
The effects of Mg2+ on the free energy landscape for folding a
purine riboswitch RNA·

Desirae Leipply‡ and David E. Draper*,§

‡Program in Molecular Biophysics and Department of Biophysics Johns Hopkins University
Baltimore, MD 21218
§Department of Biophysics and Department of Chemistry Johns Hopkins University Baltimore,
MD 21218

Abstract
There are potentially several ways Mg2+ might promote formation of an RNA tertiary structure:
by causing a general “collapse” of the unfolded ensemble to more compact conformations, by
favoring a re-organization of structure within a domain to a form with specific tertiary contacts,
and by enhancing cooperative linkages between different sets of tertiary contacts. To distinguish
these different modes of action, we have studied Mg2+ interactions with the adenine riboswitch, in
which a set of tertiary interactions that forms around a purine-binding pocket is
thermodynamically linked to the tertiary “docking” of two hairpin loops in another part of the
molecule. Each of four RNA forms with different extents of tertiary structure were characterized
by small-angle x-ray scattering. The free energy of interconversion between different
conformations in the absence of Mg2+ and the free energy of Mg2+ interaction with each form
have been estimated, yielding a complete picture of the folding energy landscape as a function of
Mg2+ concentration. At 1 mM Mg2+ (50 mM K+), the overall free energy of stabilization by Mg2+

is large, −9.8 kcal/mol, and about equally divided between its effect on RNA collapse to a partially
folded structure and on organization of the binding pocket. A strong cooperative linkage between
the two sets of tertiary contacts is intrinsic to the RNA. This quantitation of the effects of Mg2+ on
an RNA with two distinct sets of tertiary interactions suggests ways Mg2+ may work to stabilize
larger and more complex RNA structures.

The stabilization of RNA tertiary structure by low concentrations of Mg2+ ions was first
described in early studies of tRNA folding (1–4). Much attention has been focused on those
factors which promote strong Mg2+ interactions with native structures: a high charge density
causes accumulation of Mg2+ in an “ion atmosphere” (5), and the tertiary fold of an RNA
may create special environments with unusually strong ion interactions (6, 7). To understand
how Mg2+ stabilizes RNA structures, it is also important to consider partially unfolded
forms of the RNA, which also interact strongly with Mg2+ (8–10). Particularly intriguing is
the ability of Mg2+ to cause the “collapse” of RNAs from extended forms to compact
intermediates that lack fully formed tertiary contacts (11–15).
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A relatively simple RNA with which to explore the varied effects of Mg2+ on the formation
of both a native RNA structure and its folding intermediates is the aptamer domain of
riboswitches that sense purine ligands (16–18). These RNAs have a simple topology with
two distinct sets of tertiary hydrogen bonds (Figure 1A): the two hairpin loops dock with
each other, and a binding pocket becomes organized around the bound purine ligand. From
FRET and NMR studies of several purine riboswitch RNAs, it is known that Mg2+ favors
the docked conformation in the absence of ligand (19–21). Furthermore, docking of the
loops strengthens the ligand affinity of the binding pocket (22). The purine riboswitch is
thus a particularly simple case in which Mg2+ - dependent formation of a compact but not
fully native intermediate is coupled to formation of a core functional tertiary structure.

In this work, we ask how Mg2+ alters the folding landscape of an adenine-specific
riboswitch (A-riboswitch, Figure 1A) by measuring the free energy of Mg2+ interaction with
the native structure and each of several partially folded forms that are potentially part of the
equilibrium folding pathway. We use a titration method that monitors the thermodynamic
activity of Mg2+ in the presence of RNA and yields the extent of charge neutralization by
Mg2+ (the “excess” Mg2+) for a particular RNA conformation. An advantage of this
approach for our purposes is that the effect of Mg2+ on the free energy of individual RNA
forms at different positions in the folding landscape (e.g., extended, collapsed, or native
conformations) can be examined over a wide range of Mg2+ concentrations (8). Together
with structural characterization of the RNA forms by small angle x-ray scattering (SAXS)
and hydroxyl radical probing, we have developed a quantitative picture of the folding
transitions taking place in the A-riboswitch in the absence of Mg2+ (50 mM K+), and the
ways these folding equilibria shift as Mg2+ is titrated. Mg2+ strongly stabilizes both the
docked and binding pocket tertiary structures, and because of a large cooperative linkage
between these structures (−5.3 kcal/mol) the ion may enhance the ligand binding affinity of
the RNA by as much as −9.8 kcal/mol (1 mM Mg2+, 50 mM K+). In the Discussion, we note
some parallels between the A-riboswitch folding intermediates and collapsed intermediates
seen in larger RNAs.

Materials & Methods
Materials and solution preparation

Preparation of plasmid DNA encoding the A-riboswitch RNA, its transcription with T7
RNA polymerase, and purification of the RNA have been described (10). Plasmids encoding
RNAs with the mutations C60G or G38C were prepared by the same methods. Buffers and
salts were high purity (> 99%, Fluka). Standard buffer conditions included 20 mM MOPS
(pH 6.8) or MES (pH 6.0) buffer adjusted to the desired pH with KOH; sufficient KCl was
added to bring the total concentration of K+ to 50 mM in all experiments.

Spectroscopic measurements
RNA melting curves and isothermal titrations of RNA with MgCl2 were both monitored by
UV absorption in a Cary 400 spectrophotometer as described (10). Measurement of Γ2+
using the fluorescent dye 8-hydroxyquinoline sulfonic acid (HQS) to monitor Mg2+ activity
has been described in detail (10, 23). Both UV and HQS-monitored Mg2+ titrations were
carried out at 20 °C. Three or four data sets were collected at each of two pH values (pH 6.0
with MES, and pH 6.8 with MOPS) for each condition. Changing pH alters the affinity of
the dye for Mg2+ and allows the measurement of Γ2+ over a wider range of bulk Mg2+

concentration (C2+). No pH dependence of the stability of the A-riboswitch tertiary structure
has been observed by UV melting analysis. To merge all the data sets, data collected at a
single pH were first compared and the data range with the lowest scatter in Γ2+ was selected.
For pH 6.8, the range was logC2+ between −7.0 and −3.7; at pH 6.0, the corresponding range
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was −4.0 to −2.8. All selected data were combined and fit to a sixth-order polynomial (in
logC2+) with no linear term (to force a slope of zero at the x-axis) using the software proFit
from Quantum Soft. The reported error bars were calculated by taking the square root of the
sum of the squares of the residuals over a window of nine points.

X-ray scattering
RNA samples (at 1 – 2 mg/mL) for small-angle X-ray scattering (SAXS) measurements
were extensively exchanged into standard MOPS-KCl buffer (50 mM K+) supplemented
with the indicated MgCl2 and ligand concentrations. The samples were allowed to
equilibrate at room temperature for an hour prior to the experiment. SAXS measurements
were performed at beamlines 12-ID and 18-ID of the Advanced Photon Source (APS) at
Argonne National Laboratory. The wavelength of the incident X-ray radiation was set to
1.033 Å (which provides a beam energy of 12 keV), the exposure time was set to 0.15
seconds, and samples were moved through an X-ray flow cell while in the path of the beam
to minimize radiation damage. The ambient temperature of the experiment was ~29 °C.
Twenty data sets were collected for each sample or buffer solution in order to obtain good
statistics. Calculation of Rg and distance distribution functions from the data have been
described (24). Structural models were computed from the scattering profiles using
DAMMIN (25). For each model shown herein, the program DAMMIN was run in jagged
mode, on scattering data up to q = 0.3 Å−1. Twenty converged solutions were computed,
superimposed using SUPCOMB, and then averaged using DAMAVER (26) to obtain the
final solution.

Hydroxyl radical probing
Hydroxyl radical footprinting experiments were carried out with 5' 32P-labeled RNA as
described (10). Cleavage products were quantitated using the software SAFA (27).

Results
Characterization of A-riboswitch loop mutants

The goal of this study is to examine Mg2+ interactions with A-riboswitch RNAs in each of
the four possible combinations of two distinct sets of tertiary structures, the docked loops
and binding pocket (Figure 1A). Besides the native structure (N) and the RNA without any
tertiary structure (the extended state, E), there are two intermediate RNA forms: one with
docked loops but a disordered binding pocket, Idock, and another with bound ligand but
undocked loops, ILBP (Figure 1B). The binding pocket is easily switched between native and
disordered forms by the presence or absence of ligand, but a mutant sequence is needed to
enforce an undocked loop conformation. Following work on the similar pbuE A-riboswitch
(19), we prepared two variants that disrupt a base pair between the loops, C60G and G38C
(Figure 1A).

All experiments reported here were carried out with a background of 50 mM K+ (the anions
are Cl− and the sulfonate forms of either MOPS or MES buffer). UV-monitored isothermal
titrations of the RNAs with Mg2+ in the presence of ligand (either 2, 6 diaminopurine, DAP,
or adenine) showed that both mutations strongly affect the ability of the RNA to fold to the
native conformation (Figure 2). [DAP is known to bind the A-riboswitch with higher affinity
than adenine (17), and has been useful for studying other purine riboswitch variants with
weak ligand binding affinity (22). In comparisons of wild type RNA titrated in the presence
of either 82 μM adenine or 11 μM DAP (10), we found that DAP binds 34 fold more tightly
over a wide range of Mg2+ concentrations.] Comparing titrations of the wild type RNA (in
the presence of 82 μM adenine) and C60G RNA (82 μM DAP), the midpoint of the C60G
RNA titration is shifted to higher Mg2+ concentration and the hypochromic change is less
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than half (Figure 2). The extent of folding of the two RNAs can be directly compared at 0.1
mM Mg2+ (Figure 2); taking into account the 34 fold tighter affinity of DAP over adenine,
C60G RNA has ~570 fold weaker affinity for ligand than does wild type RNA at this Mg2+

concentration. Similar experiments with G38C RNA failed to observe any reproducible
folding transition at Mg2+ concentrations up to 1 mM. A trend of increasing stability for
G38C, C60G, and wild type RNAs was found in UV melting experiments in the presence of
1 mM Mg2+ and ligand, and a very weak affinity of G38C RNA for DAP (~26 mM−1) was
estimated from melting experiments carried out in 10 mM Mg2+ (Figure S1 of Supporting
Information). Overall, these titration and melting experiments imply that the mutation G38C
severely weakens the docked loop conformation while C60G has a substantial but less
drastic effect, consistent with ligand affinities reported for analogous mutations in other
purine riboswitch sequences (19, 28). In subsequent sections we present evidence that C60G
RNA bound to ligand is in the desired ILBP form, with native-like tertiary structure formed
around the ligand but undocked hairpin loops.

As previously noted in melting experiments with the Figure 1A A-riboswitch sequence (10),
Mg2+ may induce tertiary structure formation in the absence of ligand. The Mg2+-
dependence of this folding is seen by Mg2+ titration of the wild type RNA (Figure 2). We
argue below that the RNA conformation adopted at 1 mM Mg2+ is the desired Idock form.

RNA dimensions from small angle X-ray scattering
We used small-angle X-ray scattering (SAXS) to monitor docking of the hairpin loops by
changes in the overall solution dimensions of the RNAs. In these experiments, wild-type A-
riboswitch in the presence of both ligand and Mg2+ has the same radius of gyration (Rg) as
calculated from the crystal structure (PDB 1Y26, 20.3 Å). In the absence of either Mg2+ or
ligand (DAP), the RNA adopts a much more extended conformation (Rg = 24.9 Å). Titration
with Mg2+ in the absence of ligand gradually brings Rg close to that of the native form
(Figure 3A). In contrast to the wild type RNA, C60G RNA dimensions in the absence of
ligand are much less sensitive to the presence of Mg2+ (Figure 3A); even conditions that
saturate C60G RNA with ligand (1 mM Mg2+, 250 μM DAP) leave the RNA in an extended
conformation (Figure 3A).

The distance distribution function derived from the scattering data, P(r), contains a more
detailed description of macromolecular conformation than reported by the single parameter
Rg. Comparing P(r) for wild type and C60G RNAs, it is clear that the extended forms found
in the absence of Mg2+ and ligand are not identical; the wild type A-riboswitch has a slightly
more compact form than C60G RNA (Figure 3B). Addition of 1 mM Mg2+ has very little
effect on the P(r) function of C60G RNA in the absence of ligand (Figure 3B and C), unlike
the strong effect of Mg2+ on the wild-type RNA.

Another point of consequence is that P(r) curves for wild type RNA in 1 mM Mg2+ are
nearly identical whether or not ligand is bound (Figure 3C). Thus, any organization of the
binding pocket that accompanies ligand binding does not affect the dimensions of the RNA
in a way that is detectable by SAXS; the experiment is primarily sensitive to the disposition
of the two loops.

We attempted to calculate low resolution models of the wild type and variant A-riboswitch
RNAs that satisfy the constraints of the various scattering data sets (see Materials and
Methods). The shape found for the wild type RNA in the presence of Mg2+ and ligand
corresponds to the overall dimensions of the crystal structure (Figure 3D). Similar shapes
were calculated for wild type RNA in 1 or 10 mM Mg2+ without ligand (not shown).
Reconstructions of C60G and G38C RNAs in the absence of Mg2+ gave similar extended
structures suggestive of undocked hairpin loops (Figure 3E). It is ambiguous which of the
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three arms of this T-shaped structure might be the 5'–3' terminal helix. A proposed model of
ligand-free purine riboswitch based on FRET measurements (21) has the 3' 20 nucleotides of
helices P1 and P3 (A64–C83) remain co-axially stacked as they are in the native crystal
structure (18), and the P2 helix protruding at right angles. However, the P1–P3 helices span
~70 Å, while the extended state RNA reconstruction has a long dimension of ~100 Å; it
seems unlikely that the sequence in question could be stretched enough to cover this
distance. Alternatively, the 29 nucleotides of backbone extending between the P2 and P3
hairpins (A35–U63) could form a stacked structure of about the right dimensions. Although
the identity of the three helical segments in the E state structure is not crucial for the present
work, the nature of the three helix junction structure that enforces the extended
conformation is an interesting question for further investigation.

Calculations with scattering data collected on either the wild type A-riboswitch without
ligand or Mg2+, or C60G RNA saturated with ligand at 1 mM Mg2+, did not yield unique
structures, a possible indication that an ensemble of disparate structures is present in
solution (29).

Hydroxyl radical probing of tertiary structure in C60G RNA
To further delineate conformational differences between wild type and C60G RNAs, we
measured the reactivity of the two sequences towards hydroxyl radical, a probe sensitive to
ribose exposure to solvent (30). Loop nucleotides G37 and G38 were protected in the native
structure of the wild type RNA (relative to unfolded RNA in the absence of both Mg2+ and
ligand), but neither residue changed reactivity in response to high Mg2+ concentration and
saturating ligand concentration in the C60G RNA (Figure 4). Six different residues within
the binding pocket became protected in the wild-type RNA in the presence of ligand; the
same residues were protected to about the same extent in C60G RNA bound to ligand
(Figure 4). Disruption of the docked loops apparently does not affect the structure of the
RNA around the bound ligand, at least at a level detectable by hydroxyl radical reactivity.

Direct measurement of excess Mg2+

The excess Mg2+ accumulated by different conformations of the wild type and mutant
RNAs was measured using a fluorescent chelator that monitors the effect of an RNA on the
thermodynamic activity of Mg2+ ions (8, 23). The results are reported in terms of the
interaction parameter Γ2+, which is the excess number of Mg2+ ions present in compensation
for the RNA negative charge at a given level of bulk ion concentration C2+. It is essentially
the same as the ions accumulated in a dialysis experiment in response to the presence of an
RNA, where C2+ is the ion concentration in the solution external to the RNA dialysis
solution (31). Similar interaction parameters describe the excess monovalent ion (Γ+) and
excluded anion (Γ−), though they are not measured here.

The wild type RNA was titrated with Mg2+ either in the absence of ligand or in the presence
of a high enough concentration of DAP that the RNA was in the native structure without
Mg2+ present (10) (Figure 5A). As expected, the more compact native form accumulated
more Mg2+ than the unfolded form of the RNA. The difference between these two curves,
ΔΓ2+, is the uptake of Mg2+ upon folding. Excess Mg2+ for the native RNA structure is 15.5
± 0.2 ions/RNA at 1 mM Mg2+ (Table 2, Supplementary Information), which corresponds to
43% of the RNA phosphate charge neutralized by Mg2+. The data shown here extend our
previous measurements of Γ2+ with this RNA to much higher Mg2+ concentrations (10).

Because the C60G RNA tertiary structure does not form tertiary structure in the absence of
Mg2+, even at very high ligand concentrations, the Γ2+ curves obtained with this RNA in the
presence or absence of DAP were initially identical to each other (Figure 5B) and to the
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titration curve of unfolded wild type RNA (Figure 5A). The two C60G RNA curves diverge
significantly when C2+ exceeds ~50 μM Mg2+; based on UV-monitored titrations (Figure 2
and data not shown), the midpoint of ligand binding is expected at ~90 μM Mg2+ at the
ligand concentration of the experiment. Notably, the ligand-bound form of C60G RNA,
which is essentially the only form present above C2+ ≈ 0.6 mM, did not reach the same level
of Γ2+ as the wild type RNA (at 1 mM Mg2+, Γ2+ was 13.4 ± 0.2 ions/RNA for C60G
RNA). This observation is consistent with SAXS measurements that showed a more
extended structure for ligand-bound C60G RNA (Figure 3A). In the absence of ligand, the
wild type and C60G RNA Γ2+ curves matched at low Mg2+ concentrations but diverged
above ~ 0.1 mM (Figure 5A), again implying a different, probably more extended structure
for the mutant.

An important point is that the uptake of Mg2+ upon ligand binding (ΔΓ2+, as calculated
from Figure 5 data) is about the same for C60G RNA (2.6 ± 0.3 ions/RNA) as wild type (3.2
± 0.3 ions) when evaluated at 1 mM Mg2+ (Table S2). However, ΔΓ2+ only appears
insensitive to the mutation because Mg2+ interactions with both the ligand-bound and
unbound states of the RNA have been altered to comparable extents, presumably because
C60G RNA loops remain undocked whether or not ligand is bound.

Free energies of Mg2+-RNA interactions
If no conformational changes take place in an RNA during its titration with Mg2+, the Γ2+
curve may be integrated to give the total free energy of Mg2+-RNA interaction (ΔGRNA-2+)
as a function of bulk Mg2+ concentration (8, 31). Based on scattering measurements (Figure
3A), neither the native, ligand-bound structure (labeled N in Figure 5A) nor the ligand-free
form of C60G RNA (E in Figure 5B) is affected by the presence or absence of Mg2+;
ΔGN-2+ and ΔGE-2+ have been calculated from these respective Γ2+ curves (Fig 5C). The
other two forms of the RNA observed at 1 mM Mg2+, Idock for wild type RNA in the
absence of ligand and ILBP for C60G RNA saturated with ligand (Figure 5A and 5B), were
achieved only when Mg2+ was present. We calculated ΔGRNA-2+ for these two RNA forms
by noting that the ΔGN-2+ and ΔGE-2+ curves differ by a uniform factor (1.95±0.19 fold)
independent of Mg2+ concentration (Figure S3, Supplementary Information). We assume
that corresponding curves for the two intermediate forms will also have similar shapes and
differ from ΔGN-2+ or ΔGE-2+ by a constant factor over the entire range of Mg2+

concentrations. The free energies ΔGIdock-2+ and ΔGILBP-2+ (shown in Figure 5C) have
therefore been scaled from an average of the ΔGN-2+ and ΔGE-2+ curves; the interaction free
energies found at 1 mM bulk Mg2+ (Table S1) were used to calculate the scaling factor.

Intrinsic free energies of formation of intermediates from extended state RNA
To fully evaluate the effects of Mg2+ on the A-riboswitch folding landscape, it would be
useful to know the initial free energy differences between the four RNA forms (Figure 1B)
before Mg2+ is added. Equilibria between the extended form of the RNA and the two
intermediates, Idock and ILBP, strongly favor the extended form in the absence of Mg2+ and
are therefore difficult to measure directly. However, using SAXS or UV absorbance, we
have observed these equilibria shift towards the intermediate form as Mg2+ is titrated
(Figures 2 and 3A). The Mg2+-dependence of the observed equilibrium between an extended
(E) and intermediate (I) form is derived as

(1)

where the ΔG values are the known free energies of Mg2+-RNA interaction with either
RNA form (Figure 5C) and R is the gas constant. KE-I is the Mg2+-dependent, observed

equilibrium constant for interconverting the extended and intermediate forms.  is the
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intrinsic equilibrium constant in the absence of Mg2+, and the only unknown in the equation.
A two-state equilibrium between E and I is assumed; potential limitations imposed by the
assumption are considered below. In deriving the equation (see Supplementary Information),
the reference state is defined as our standard experimental conditions (50 mM K+) in the
absence of Mg2+. The free energy associated with the conformational equilibrium in the

absence of Mg2+, , is therefore a standard state free energy, ΔG°E-I. The corresponding
free energies in the presence of Mg2+ are denoted by ΔGE-I, which varies with the Mg2+

concentration.

For the docking reaction, E ⇌ Idock, we compare eq (1) with the Mg2+-dependences of UV
absorption (Figure 2) and Rg (Figure 3A) measurements with wild type RNA in the absence

of ligand. When  was systematically varied, the best fit values were 0.12 (ΔG°E-Idock
= 1.3 kcal/mol) or 0.065 (ΔG°E-Idock = 1.6 kcal/mol) for the UV and SAXS data,
respectively. The Mg2+-dependence of ligand binding to C60G RNA (Figure 2) corresponds

to the equilibrium E ⇌ ILBP; we obtain the intrinsic equilibrium constant  for
the binding of DAP. Given that adenine binds the wild type RNA 34 fold more weakly than
DAP, we estimate ΔG°E-ILBP = −0.7 kcal/mol as the standard state affinity of C60G RNA
for adenine in the absence of Mg2+.

There is reason to think that the docking reaction, E ⇌ Idock, might not be strictly two-state:
single-molecule FRET experiments with a similar A-riboswitch sequence as used here
detected a population of molecules with hairpin loops in an intermediate conformation
between docked and extended (19). We have therefore considered the folding pathway

in which the intermediate I' is assigned an Rg half-way between those of the E and Idock
forms, and various Mg2+ interaction energies between ΔGE-2+ and ΔGIdock-2+. Although it
is possible to find combinations of the intrinsic equilibrium constants for the E ⇌ I' and I'
⇌ Idock reactions that give slightly better fits to the scattering data than the two-state model

(Figure 3A), the product of the two equilibrium constants is always within 10% of ;
the maximum population of the I' state in these simulations was less than 10%. Although
intermediate states between the fully extended and docked RNA forms may well exist, we
conclude that the overall free energy estimated for the E ⇌ Idock reaction is reasonable.

Discussion
Γ2+ and Rg define four forms of the A-riboswitch RNA

To determine the ways Mg2+ might affect folding of the A-riboswitch, we used the
complementary methods of X-ray scattering and excess Mg2+ ion (Γ2+) measurements to
characterize the A-riboswitch – ligand complex and its various partially unfolded forms.
Four species have been studied, each with a distinct combination of size (Rg) and excess
Mg2+. We first summarize essential characteristics of the four RNA forms and their
interconversions, and in the following section consider the different ways Mg2+ stabilizes
the RNA tertiary structure and enhances ligand binding affinity.

The form of the RNA with the highest value of Γ2+ is the native structure N, the ligand
complex formed with the wild type RNA (Figure 6A). The wild type RNA in the absence of
ligand adopts a docked-loop conformation at 1 mM Mg2+, as anticipated from FRET and
NMR studies of related purine riboswitch sequences (19–21). This form of the RNA, Idock,
has similar dimensions and shape as the native form (Figure 3C), but accumulates Mg2+ to a
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lesser extent than the native structure (Figure 6A); the smaller Γ2+ must be due to structural
differences in the binding pocket when ligand is absent.

The C60G riboswitch variant maintains an extended structure with dimensions that are
insensitive to Mg2+ in the absence of ligand (E in Figure 6A). The convergence of
reconstructions on a unique structure with plausible dimensions (Figure 3E) argues that the
RNA adopts a single conformation, within the resolution of SAXS experiments. C60G RNA
can be saturated with ligand at 1 mM Mg2+, but based on hydroxyl radical probing and
scattering measurements (Figure 3C and Figure 4), the loops remain undocked with an
average angle between helices P2 and P3 that must be intermediate between the docked and
fully extended structures (ILBP in Figure 6A). The binding pocket, however, probably retains
the same tertiary structure around the bound ligand as the native RNA (Figure 4).

The free energy differences between an extended E state and each of the other three forms in
the absence of Mg2+ can be estimated, if two-state equilibria are assumed. (As described in
Results, we use ΔG° to refer to our standard buffer conditions, 50 mM K+ without Mg2+.
ΔG° for formation of the two ligand-bound states, N and ILBP, includes the standard free
energy of adenine binding.) Two of these ΔG° values were calculated by extrapolating the
equilibria observed over a range of Mg2+ concentrations to zero Mg2+ (see Results). We can
also estimate ΔG° for a third transition, E → N. Upon melting of the wild type RNA in the
presence of 11 μM DAP without Mg2+, RNA unfolding from the native, ligand-bound
conformation to an equilibrium mixture of E and Idock states was observed with a Tm of 20.9
°C (31). After correcting for the small amount of Idock calculated to be present and for the 34
fold weaker binding affinity of adenine, ΔG° for E → N is estimated as −4.7 kcal/mol (20
°C).

We combine our ΔG° estimates for interconversion between different RNA forms with the
Mg2+ - RNA interaction energies of each form (ΔGRNA-2+) to construct a free energy
landscape for A-riboswitch folding.1 The relative free energies of the four RNA forms are
shown in Figure 6B; the free energies of the two ligand-bound species have been adjusted to
reflect 10 μM adenine rather than the standard state 1 M, as an order-of-magnitude
approximation of the in vivo adenine concentration (32, 33). In the absence of Mg2+, the
extended E state is the most stable RNA conformation; as Mg2+ is added the relative
stabilities change until the ligand-bound N state becomes by far the most stable
conformation.

As a caution about applying the data in Figure 6B to physiological conditions, note that the
free energies determined in 1 mM Mg2+ are probably larger than those attained in vivo. The
K+ activity in our standard 50 mM buffer is about three-fold lower than the K+ activity
present in bacteria under typical growth conditions (34). K+ competes with Mg2+ for
interactions with any RNA; thus, the higher cellular levels of K+ would shift our Γ2+ curves
to a higher Mg2+concentration range. An increase in Γ2+ by one ion is coupled to a decrease
in Γ+ by ~1.8 K+ ions (35, 36); therefore a three-fold increase in K+ activity should cause a
~6 fold (31.8) increase in the Mg2+ concentration needed to attain a given Γ2+ value.
Estimates of the effective Mg2+concentration in vivo span 0.5 to ~2 mM (37–39); in our
experiments, the same accumulation of excess Mg2+ as occurs with an RNA in vivo would
be expected in the range 83 μM – 0.33 mM.

1We assume that the extended states of wild type and C60G RNAs have the same standard state chemical potential, set to zero in
Figure 6B, so that free energy changes measured with each RNA may be compared. This assumption implies that the two RNA E
forms have similar structures and interaction with ions. Although the C60G mutation may extend the P2 helix by one base pair, we
found no significant difference in Γ2+ between the two RNAs up to ~30 μM Mg2+ in the absence of ligand (Figure 5A), and suggest
that the assumption is a reasonable approximation within the errors of the Figure 6B free energy landscape.
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How Mg2+ affects the A-riboswitch energy landscape
Having defined four A-riboswitch conformations with different combinations of tertiary
interactions, we are now able to quantitatively parse the Mg2+ - dependence of RNA folding
and ligand binding into several components. We consider all four conformations in Figure
6A as structures that are accessible to the wild type sequence and capable of
interconversion; the diagram then becomes a four-sided thermodynamic cycle that is
defined, in the simplest possible model, by three ΔG values. There is a free energy
associated with docking of the hairpin loops (ΔGdock), a free energy for ligand-binding
pocket formation (ΔGLBP, which includes interactions with the ligand and therefore depends
on the concentration of ligand present), and a coupling factor that links loop docking and
ligand binding (ΔGw). Each of these three free energies can be deduced from the relative
free energy values of the four RNA forms (Figure 6B). The Mg2+-dependence of each Δ
represents a different potential mechanism for translating Mg2+ - RNA interactions into an
enhancement of ligand binding affinity; each is considered in turn below.

First, the binding of ligand to an RNA with undocked loops (Δ°LBP) is intrinsically very
weak but strongly enhanced by Mg2+. It is known from structure mapping [(22), and Figure
4], NMR (20), and fluorescent tag (40) studies that ligand binding induces distinctive
structural changes in the binding pocket; presumably the organization of the binding pocket
needed to accommodate ligand is energetically costly. Mg2+ strongly favors the structural
rearrangements that accompany binding; ΔGLBP is enhanced −5.1 kcal/mol by 1 mM Mg2+.
Backbone surrounding the bound ligand forms two sharp bends which bring phosphate
oxygens as close as 3.6 Å (18); such regions of high charge density could be responsible for
the sensitivity of the binding pocket structure to Mg2+ (40) and the accumulation of excess
Mg2+.

Second, docking of the hairpin loops (ΔGdock) is also an intrinsically unfavorable reaction
but strongly favored by Mg2+, as expected from other studies (20, 21, 41). Here we find that
1 mM Mg2+ stabilizes the docked conformation by ~ −3.5 kcal/mol. However, the docking
reaction will influence ligand binding only to the degree that loop docking and formation of
the binding pocket are favorably linked (ΔGw < 0, Figure 6A). From studies of a purine
riboswitch RNA with both hairpins deleted, this linkage has been estimated as −3.3 kcal/mol
in the presence of 10 mM Mg2+ (125 mM K+) (22); it has not been known whether a
favorable ΔGW depends on Mg2+. From our estimations of ΔG°dock and ΔG°LBP, we
deduce ΔG°W ≈ −5.3 kcal/mol (see arrow in Figure 6B). This value becomes more negative
by −0.5 kcal/mol in 0.1 mM Mg2+, or −1.2 kcal/mol in 1 mM Mg2+. (These free energies,
because they are small differences between large ΔGRNA-2+, have uncertainties comparable
to their size.) The increase in Γ2+ that accompanies loop docking also appears somewhat
larger when the binding pocket is occupied (2.1 ions/RNA, at 1 mM Mg2+) than unoccupied
(1.8 ions/RNA), though the difference of 0.3 ions is comparable to the measurement error.
We conclude that a strong linkage between the two tertiary structures is inherent to the RNA
structure, but the linkage may be enhanced by Mg2+ to a small degree.

The value of ΔG°w we calculate assumes that the DAP complex with C60G RNA mimics a
ligand-bound state that is accessible to the wild type riboswitch sequence. The G38C RNA
is more difficult to saturate (ΔG°LBP more positive) and would therefore yield a somewhat
more negative value of ΔG°w if used as a mimic of the ligand-bound intermediate. The
conclusion that there is strong coupling between the two sets of tertiary structure in the
absence of Mg2+ nevertheless remains.

Overall, we conclude that Mg2+ enhances the A-riboswitch affinity for adenine principally
by two mechanisms of nearly equal effectiveness: stabilization of the docked loop structure,
and stabilization of the ligand binding pocket (cf. ΔGIdock-E2+ and ΔGILBP, Figure 5C).
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The Mg2+ interaction free energies are large compared to the intrinsic stability differences
between the various RNA folds, and above ~ 0.1 mM Mg2+ the relative stabilities of the
RNA forms reflect, to a large degree, differences in the strengths of their interactions with
Mg2+.

Parallels to Mg2+ -induced collapse in larger RNAs
Mg2+-induced “collapse” of an RNA to compact, non-native structures has been
documented in several larger sequences (~200–400 nt), with implications for the kinetic and
equilibrium pathways by which tertiary structures form in response to Mg2+ (11, 15, 42, 43).
There is a structural parallel between these larger RNAs and the A-riboswitch RNA, in that
large RNAs tend to use pseudoknot, tetraloop receptor (44), and A-minor (45) motifs to link
peripheral elements together structurally. Such tertiary crosslinks presumably restrain the
RNA dimensions and the organization of the central core of the structure [see, for instance,
the structures of RNase P (46) and Azoarcus group I intron (47)]. In a similar way, a
peripheral crosslink in the A-riboswitch (the docked loops) is linked to formation of a core
tertiary structure (the ligand binding site). Are there also parallels between the Mg2+-
induced collapse phenomenon and the response of the A-riboswitch RNA to Mg2+?

Although specific characteristics of the collapse phenomenon vary between RNAs, usually
two distinct types of collapse can be distinguished. Partial collapse takes place at lower
Mg2+ concentrations, does not depend on tertiary contacts (11, 15, 48), and is promoted by a
variety of ions, presumably because it relies on simple screening of the electrostatic
repulsion between phosphates (48, 49). At higher Mg2+ concentrations, further collapse
takes place to a form with nearly the same dimensions as the native structure. This second
collapse phase depends on the potential of the RNA to form specific tertiary contacts (11,
15, 48). However, chemical probing of the near-native collapsed form does not uncover any
fully-formed tertiary contacts (15, 48, 50). Among several tertiary interactions mutated in
one study of a group I intron, only disruption of a peripheral tetraloop-receptor contact
destabilized the compact intermediate in addition to the native structure (15). These near-
native intermediates apparently sample peripheral contact(s) without fully forming either
peripheral or central core tertiary structures. The thermodynamic linkages between
peripheral contacts and the central core are therefore important parameters that determine
the cooperativity of the folding pathway in response to titration with Mg2+.

The Mg2+-dependent equilibrium folding pathway of the A-riboswitch is similar to that of
larger RNAs in that it is predicted to proceed through a compact intermediate with docked
loops. Based on calculations with the free energy landscape, the Idock RNA form may reach
30% of the total RNA at some ligand and Mg2+ concentrations. In the case of the A-
riboswitch, we were able to estimate the cooperative free energy that links the peripheral and
core structures; it is large (−5.3 kcal/mol) and only weakly dependent on Mg2+. In the A-
riboswitch, at least, the core and peripheral structures take advantage of Mg2+ for stability,
while the linkage between them is largely built into the RNA structure.

In contrast to the two collapse phases seen with larger RNAs, we do not observe the first,
electrostatic collapse that is independent of peripheral tertiary contacts; the extended E state
of the A-riboswitch appears completely insensitive to Mg2+. Screening of the RNA negative
charge by ions must not be able to alter the intrinsic stiffness of the unliganded junction in
this RNA. A similar finding has been made in a study of the S domain of RNase P, which
concluded that a Mg2+-independent, extended conformation of a folding intermediate is
maintained because of a specific, non-native structure within a three-helix junction, and that
electrostatic repulsion plays a minor role in enforcing the extended conformation (51).
Modulation of the stiffness vs. flexibility of folding intermediates is another way RNA
sequence may adjust the stability of native structures in the presence Mg2+.
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Concluding remarks
Γ2+ measurements provide a useful perspective for considering the effects of Mg2+ on RNA
folding. As illustrated with the A-riboswitch RNA in this work, a knowledge of Γ2+ as a
function of Mg2+ concentration can be used to extract the intrinsic (Mg2+-independent) free
energy of folding reactions which might not be directly observable. Γ2+ measurements also
reveal the strong Mg2+-dependences of ion uptake (ΔΓ2+) and Mg2+ - RNA interaction free
energies (ΔGRNA-2+), which are usually not apparent from folding reaction analyses based
on the Hill equation (10). Lastly, Γ2+ provides benchmarks for computational efforts to
quantitatively model Mg2+ interactions with known RNA conformations (9).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The adenine riboswitch aptamer domain (A-riboswitch) used in these studies. A, Secondary
structure of the RNA. The sequence is that of the add switch (18) with modification of the
5'-3' base pairs to aid transcription (52). Arrows denote 5'-3' backbone connectivity,
horizontal black bars represent canonical Watson-Crick base pairing, black dots represent
non-canonical pairs, and thick red bars represent base-base tertiary interactions. The large
green A denotes the ligand. Yellow boxes enclose two distinct sets of tertiary contacts.
Bases in blue were mutated to disrupt the docked loops tertiary structure. B, schematic
drawings of potential forms of the RNA with different combinations of the two sets of
tertiary contacts: N and Idock, docked loops formed; N and ILBP, binding pocket organized
around bound ligand.
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Figure 2.
Titration of wild type A-riboswitch (open symbols) or C60G RNA (gray circles) with
MgCl2 in buffer containing 50 mM K+ (20 °C), monitored by absorbance at 260 nm. Mg2+-
dependent baselines have been subtracted from the data sets (see Materials and Methods).
Wild type A-riboswitch was titrated in the presence of 82 μM adenine (open circles), or no
ligand (open squares); the C60G RNA titration included 82 μM DAP (gray circles).
Titration of the wild type RNA with ligand has been fit to the Hill equation (midpoint 29.0
μM Mg2+, n = 1.58). The other two curves are optimum fits of a Mg2+-dependent two-state
equilibrium between E and Idock forms (wild type RNA) or E and ILBP forms (C60G RNA)
(see Results for further explanation).
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Figure 3.
SAXS studies of wild type and variant A-riboswitch RNAs in standard buffer; ligand is 250
μM DAP, where present. Samples were equilibrated with the indicated bulk Mg2+

concentrations (C2+). A, Rg as a function of bulk Mg2+ concentration for wild type RNA
with (blue) or without (red) ligand, or C60G RNA with (green) or without (orange) ligand.
The solid red line is the best fit of a Mg2+-dependent two-state equilibrium between E and
Idock forms of the RNA (see text). B, distance distribution function P(r) for RNAs in the
absence of Mg2+: wild type RNA with (blue) or without (red) ligand, or C60G RNA without
ligand (orange). C, P(r) for RNAs with 1 mM bulk Mg2+ concentration: wild type RNA with
(blue) or without (red) ligand, and C60G RNA with (green) or without (orange) ligand. D,
reconstruction from SAXS data of the wild type A-riboswitch bound to ligand in the
presence of Mg2+. The RNA backbone from the corresponding crystal structure (1Y26) has
been aligned with the calculated density; the bound adenine ligand is shown as a space-
filling model. The two views differ by 90° rotation. E, reconstruction from SAXS data of the
C60G (green) and G38C (yellow) RNAs in the absence of ligand or Mg2+. The two
structures are superimposed to show their similar overall shape.
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Figure 4.
Hydroxyl radical footprinting results for the wild-type and C60G variant A-riboswitch (data
analysis was as described in Materials & Methods). Experiments were performed in standard
buffer at 0 °C, with the indicated amount of Mg2+ and 250 μM DAP present in all but the
unfolded control samples. The difference in normalized reactivity between the control
unfolded form (RNA in the absence of Mg2+ and DAP) and the sample RNA (with DAP and
Mg2+) is plotted; a positive number represents reduced reactivity in the sample RNA. Open
column, wild type RNA with 5 mM Mg2+; gray – black columns, C60G RNA with
increasing Mg2+ concentrations of 0.1, 0.2, 0.5 1.0, and 5.0 mM. Residue numbering is the
same as Figure 1A. Relative reactivities of nucleotides 32–75 are in Supplementary
Information (Figure S2).
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Figure 5.
Excess Mg2+ (Γ2+) as a function of bulk Mg2+ concentration (C2+) for wild type and C60G
RNAs in standard conditions (50 mM K+, 20 °C), with and without the ligand DAP present
(250 μM). Six or seven independent data sets were merged to obtain each titration curve;
errors are shown in the plots as lighter color bars (see Materials and Methods). A, wild type
RNA in the presence (blue) or absence (magenta) of ligand. C60G RNA in the absence of
ligand is shown for comparison (orange). B, C60G RNA in the presence (green) or absence
(orange) of ligand. Wild type RNA in the presence of ligand is shown for comparison (blue).
C, Free energies of Mg2+-RNA interaction (ΔGRNA-2+) calculated from Γ2+ curves in
panels A and B (see Materials and Methods). Blue, native RNA (N); orange, C60G RNA in
the absence of ligand (E); green, the Idock conformation, extrapolated from wild type RNA
at 1 mM Mg2+; magenta, ILBP conformation, extrapolated from C60G RNA bound to ligand
at 1 mM Mg2+.
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Figure 6.
Effects of Mg2+ on the A-riboswitch folding landscape. A, four states of the A- riboswitch,
distinguished by their dimensions (Rg) and excess Mg2+ (Γ2+ reported at 1 mM Mg2+). See
Discussion for definitions of the four states. Arrows connecting the RNA forms define a
thermodynamic cycle with three free energies, all of which are potentially Mg2+-dependent.
The number of ions taken up (ΔΓ2+) in the reaction defined by each arrow is indicated. B,
Stabilities of each of the RNA forms from panel A, relative to the extended form (E) in its
standard state (50 mM K+ buffer without Mg2+). Stabilities of the ligand-bound RNA forms
(N and ILBP) are calculated for an adenine concentration of 10 μM. Thick arrows, free
energies of the two-state equilibria between E and each of the three other forms; cyan and
blue bars, stabilization of each form by 0.1 or 1.0 mM bulk Mg2+ concentration,
respectively. Calculations of the three ΔG values defined in panel A are illustrated for 1 mM
Mg2+ (arrows labeled by ΔG). Error bars for the N and E state Mg2+-RNA interaction free
energies are based on the reproducibility of the Γ2+ data that were integrated to find
ΔGRNA-2+ (Figure 5); errors for the other two forms include an additional estimated
uncertainty from the method used to interpolate the free energies.
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