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ABSTRACT: The Mg**-induced folding of RNA tertiary structures is readily observed via titrations of RNA
with MgCl,. Such titrations are commonly analyzed using a site bindm% formalism that includes a parameter,
the Hill coefficient 7, which is sometimes deemed the number of Mg~ ions bound by the native RNA at
specific sites. However, the long-range nature of electrostatic interactions allows ions some distance from the
RNA to stabilize an RNA structure. A complete description of all interactions taking place between Mg> " and
an RNA uses a preferential interaction coefficient, I',_., which represents the “excess” Mg neutralizing the
RNA charge The dlfference between I',, for the native and unfolded RNA forms (AI',,) is the number of
Mg”" ions “taken up” by an RNA upon folding. Here we determine the conditions under which the Hill
coefficient n can be equated to the ion uptake AI';, and find that two approximations are necessary: (i) the
Mg** act1V1ty coefficient is independent of concentration during a tltratlon and (ii) the dependence of Al'; ,
on Mg>" concentration is weak. Titration experiments with a Mg>"-binding dye and an adenine-binding
riboswitch were designed to test these approx1mat10ns Inclusion of a 30-fold excess of KCl over MgCl, was

and

sufficient to maintain a constant Mg*"
varied from near zero to ~2 6 as the Mg> "
determine AT, from Mg?
conditions.

For many years, researchers have studied the striking depen-
dence of RNA tertiary structural stability on Mg>" ions (1—3).
The Schimmel laboratory was one of the first to consider the
effects of Mg”" on RNA folding reactions using equations
originally derived to describe ligands binding to a fixed number
of specific sites on a multisubunit protein (i.e., the Hill equa-
tion) (4). Since then, it has become customary to think about
ion—RNA interactions as binding events characterized by equi-
librium constants and fixed stoichiometries, an approach we term
the “binding formalism”. In particular, the Hill equation and Hill
coefficient (5) have become a standard means of characterizing
Mg**-induced RNA folding reactions and are often interpreted
in terms of the binding formalism. But Schimmel himself
recognized that “these equations are, essentially, semiempirical
and as such provide little insight into the actual mechanism of
the binding equilibria. Nevertheless, in order to catalog the
information and to compare results of various investigations,
they provide a useful common framework” (6). The question of
whether the adjustable variables of the Hill equation have
meaningful molecular interpretations or should be considered
simply empirical parameters remains.

A thorough consideration of the effects of ions on RNA
folding must take into account the fact that ions interacting with
an RNA can experience a variety of different environments,
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act1v1ty coefficient. We also observed that Mg uptake by the RNA
concentration increases over an ~100-fold range. It is possible to
*—RNA titrations, but the values are only applicable to a limited range of solution

ranging from partially dehydrated ions essentially buried within
the RNA to fully hydrated ions some distance from the RNA
surface (7). The binding formalism presupposes a model that
excludes the possibility of ions interacting via long-range electro-
static interactions and therefore does not provide a complete
description of Mg —RNA interactions. Consequently, it has
been useful to develop a more general formalism for addressing
the effects of ions on RNA stability, one that does not specify any
particular model of ion—RNA interactions.

A general approach for describing interactions between ions
and macromolecules is based on parameters known as prefer-
ential interaction coefficients (8). We previously extended this
formalism to address the effect of Mg>* on RNA folding
reactions and derived an equation that simplifies to the form of
the Hill equation when two approximations are made (9, 10).
Where the approximations are valid, the Hill coefficient n
quantifies the “uptake” of Mg*" ions that accompany a folding
reaction but has a different molecular interpretation than that
attributed to n by the binding formalism.

In this paper, we experimentally test the two approximations
necessary for interpretation of the Hill coefficient. In the first
approximation, Mg>" concentrations are substituted for thermo-
dynamic activities. Because of the strong interactions taking
place between ions (e.g., Mg>" and CI"), the effective concentra-
tion of an ion, known as its activity, is usually very different from
its concentration. We present experiments showing how the
inclusion of a monovalent salt (such as KCI) can suppress
the errors that can arise when Mg*" concentrations are used in
the Hill equation. The second approximation is that the Hill
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coefficient is a constant, independent of the concentration of
Mg*" present in solution. Using two independent methods for
measuring the ion uptake that accompanies folding of a ribo-
switch RNA, we find that it varies from nearly zero to a
maximum of ~2.6 ions per RNA as the Mg>" concentration
required to fold the RNA increases. This strong Mg>" depen-
dence of the Hill coefficient restricts use of the Hill equation to
analysis of folding data over a narrow Mg>" concentration range
and prevents extrapolation of the derived coefficient to other
Mg*" concentrations.

BACKGROUND

Empirical Hill Equation. The Hill equation was originally
proposed as an empirical way to fit titration data. It has the
general form

K(C)"

KO W

where 6 is the extent of a binding reaction, normalized to values
between 0 and 1, C is the molar concentration of a ligand, and
K and n are empirical parameters (5). If n is fixed at 1, the
equation simplifies to a standard isotherm for the binding of a
ligand to a single site on a macromolecule. When 7 is allowed to
vary, the equation is able to fit any set of titration data for which
the apparent free energy of a macromolecular conformational
change has an approximately linear dependence on the log of the
titrant concentration (see eqs 9 and 10). This condition frequently
holds when the effects of salt on nucleic acids are considered
(8, 11). In this section, we outline two different approaches that
have been used to describe Mg®"-induced RNA folding. Both
ultimately yield a relation with the form of eq 1, but the
approaches are based on different premises, apply different
approximations, and have divergent interpretations of empirical
parameters K and 7.

Derivation of the Hill Equation from a Preferential
Interaction Formalism. We start with a general scheme that
formally distinguishes RNA folding from Mg*"—RNA interac-
tions. A thermodynamic cycle (Figure 1A) allows the definition
of unambiguous free energies for these two aspects of Mg*'-
induced RNA folding. Structures in the top row represent
partially unfolded forms of the RNA, the so-called “interme-
diate” or I state, which contains only secondary structure. The
vertical arrows represent tertiary contact formation, the folding
of the I state to the native structure (N state), in the presence
(right) or absence (left) of Mg”" ions. The free energies associated
with the vertical arrows are the energies typically measured
experimentally, on the basis of the ratio of folded and unfolded
RNA concentrations (Cyn and Cj, respectively) present at a
specific concentration of Mg*':

c
AGo . = —RTIn(Ky,) = —RT1n<FII“> )

The horizontal arrows represent the interactions of the I state and
the N state with Mg>". The I',., terms are parameters, sometimes
called “preferential interaction coefficients”, that quantitate the
accumulation of excess Mg”" ions by the native or intermediate
forms of the RNA, as defined below. From the way the cycle is
drawn, nothing is implied about the nature of the interactions
between the Mg®" ions and the RNA.

A good way to conceptualize the meaning of an interaction
coefficient is to consider an equilibrium dialysis experiment. If an
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FIGURE 1: Two schemes for describing the effect of Mg*" ions on an
RNA folding reaction. In each panel, the RNA in the top row
represents the intermediate (I) state containing only secondary
structure and the bottom row diagrams the native (N) state with
tertiary structure. Gray and black dots represent excess monovalent
and Mg>" ions, respectively. (A) Thermodynamic cycle that distin-
guishes the free energies of Mg> —RNA interactions (horizontal
arrows) from RNA folding free energies (vertical arrows). The
individual free energy (AG) and preferential interaction (I') terms
are defined in the text. The free energy contribution of Mg>* ions to
the RNA folding reaction is defined by the equation AAG,, =
AGN—2+ — AG1—21 = AGypsn — AGgps . (B) “Cycle” assumed by
the binding formalism (see eqs 8 and 9). Mg>* ions bind only at
specific sites on the RNA, and AGf,q does not resolve the ion
interaction free energy from the intrinsic folding free energy.

RNA solution is dialyzed against a buffer containing MgCl,, at
equilibrium some “excess” Mg>" ions will accumulate inside the
dialysis bag relative to the number of ions in an equivalent
volume outside of the bag. (The Mg*" concentration outside the
bag is called the “bulk” concentration, written C,, here.) There
will also be an excess of monovalent cations inside the bag and,
because of repulsive interactions, a deficiency of chloride ions.
The number of excess cations or excluded anions per RNA is the
preferential interaction coefficient for that ion. Because the net
charge of a solution must be neutral, the relation

M, +T. -T. =|Z] (3)

holds. In other words, the total negative charge on the RNA
macromolecule, Z, is neutralized by an excess of cations (divalent
I, and/or monovalent T',) and the exclusion of anions (note
that I'_ is negative) (9). Clearly, I, cannot exceed 0.5 ion per
RNA nucleotide.

T, is formally defined as the number of Mg*" ions that must
be added along with an RNA to prevent a change in the chemical
potential of Mg>* in the solution:

om
Doy = ( = ) (4)
OMRNA/ 4, .

where my, and mpna are molal concentrations of Mg*" and
RNA, respectively, and y,. is the chemical potential of Mg**. In
terms of an equilibrium dialysis experiment, this partial deriva-
tive has the following meaning: if the addition of one RNA
molecule to the RNA solution is accompanied by I';, ions, there
will be no net flow of Mg*" ions across the membrane (. is
constant). At the relatively low concentrations of ions and RNA
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used in this work, molar and molal concentration scales are
essentially equivalent; although T'», is defined in terms of molal
units, we will use molar units throughout this paper.

In principle, I';, can be measured independently for the folded
and unfolded forms of an RNA, yielding I'y—,, and T'j_,, as
depicted in Figure 1A. The difference between them is AT, , the
net ion uptake upon folding. Because less and less Mg>"
accumulates with an RNA as the concentration of Mg*"
decreases, I'n—2, ['1-24, and AL, all approach zero as the
concentration of Mg>" approaches zero.

Elsewhere, we have derived a linkage relationship between Al ,
and the observed free energy of RNA folding, AGQps 2+ (9, 10):

1 [0AGGy 5, 1 [0AGG 1,
ATy, = — [ | [0t ) o () (o2
RT)\dln aMgCly RT dln Cy
(5)

In the second equality above, the molar bulk concentration of
Mg”" ion (C,.) has been substituted for the thermodynamic
activity of MgCl, (amgci,). The conditions under which this
approximation is justified will be explored in the Results. A
summary of the relation between activity and concentration is at
the end of this section.

Equation 5is a linkage relation, one of a class of equations that
describe the way a macromolecular equilibrium might be shifted
by any small molecule, including solvent and ions as well as
specific ligands. The application of linkage equations to all
varieties of small molecules has been thoroughly considered by
Record et al. (8) and is based on a general approach first taken by
Wyman (see section 6 of ref 12). Of particular importance to this
work, the derivation makes no assumption about the nature of
the interactions involved, whether short-range or long-range, a
criterion for discussing electrostatic interactions.

Substitution of eq 2 into eq 5 followed by integration gives a
relation with the form of the Hill equation

K(Cyu )

RGP ©

Orold =

where g = Kops/(1 + Kops). The constant K is related to the
value of C,. at the midpoint of the titration curve, ng, by K =
(C5.) 2. To carry out the integration that yields eq 6, AT
must be treated as a constant. As mentioned above, Al is
expected to approach zero at low Mg”" concentrations; there-
fore, it is important to define the conditions under which the
assumption of a constant Al',, is reasonable. This is the second
approximation that will be experimentally tested in the Results.

Another useful equation that follows from eq 5 relates the
preferential interaction coefficient I',, to the free energy of
Mg*"—RNA interaction:

Gy
AGRNA—2+%’_RT/ [, d(In Gy ) (7)
0

where AGrna—2+ may apply to RNA in either the I or N state
(Figure 1A) (9, 10). As implied by Figure 1A, AGgps2. — AGopso =
AGN-24 — AGj—,,. Equation 7 includes the approximation that
Mg*" concentration can be substituted for MgCl, activity. It is
important to note that I'», is a Mg”"-dependent variable, and
because the lower limit of the integrationisat C,,. = 0and ', = 0,
it cannot be factored out of the integration.

Derivation of the Hill Equation from a Site Binding
Formalism. Currently, a widely used approach for analyzing
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a Mg”*-induced RNA folding experiment starts by assuming the
equilibrium reaction depicted in Figure 1B:

Kobs
(Cry)"

where K, is the molar ratio of N and I state RNAs, as in eq 2.
The stoichiometric coefficient z is considered the number of ions
“bound” to the folded RNA structure, and C,, is the concentra-
tion of “free” (unbound) ions. We refer to eq 8 as a binding
formalism, because it assumes that all ions can be classified as
either bound to the RNA or completely noninteracting (free). [In
some formulations an unspecified number of “nonspecific” ions
are presumed to interact similarly with the I and N states and
therefore not affect the apparent RNA folding free energy (/3).]
Equation 8 is an approximation of the MWC model for the
linkage of ligand binding to the conformational change of a
macromolecule (14, 15), in which ligands are assumed to bind to
the macromolecule in an infinitely cooperative, all-or-none
fashion. As represented in Figure 1B, the RNA in this model
can adopt either the I state conformation without any associated
ions or the folded N state with a full complement of n bound ions.
The model excludes the possibility that changes in long-range
electrostatic interactions between the ions and the RNA might
contribute to stabilization of the native state.

In using the binding formalism to analyze titrations of RNA
with Mg>", the expression for Kpoq (eq 8) is either rearranged to
the format of the Hill equation

Kioia(Co1)"
14 Kioia(Cr 1 )"

I+nMg*"=N-(Mg*"),

1

Ko = (8)

©)

Orold =

or differentiated to yield an expression for the Hill coefficient

1 dAG°
= ~(w)

obs, 2+
6(ln &) n )
where AG,ps 2. has the same meaning as in eq 2 and Ogq is
defined by eq 6. In these formulas, the empirical Hill coefficient
n is interpreted as either the stoichiometric uptake of Mg*" ions
coupled to RNA folding or a measure of ion binding coopera-
tivity. The fitted Hill coefficient is then commonly used to
extrapolate the free energy of folding to different solution
conditions (13, 16, 17).

Equations 5 and 10 are similar in form; however, n, interpreted
as a stoichiometric coefficient, is assumed to be independent of
the Mg>" concentration, whereas the corresponding quantity,
AT, in eq 5 must approach zero at low Mg*" concentrations
(see comments on I', | following eq 4). The experiments presented
in the Results will test how strongly A, depends on Mg*"
concentration.

Activities versus Concentrations. Thermodynamic equilib-
rium constants and free energies are properly defined in terms of
the activities of the components added to the reaction mixture,
rather than their concentrations. The activity of a species, some-
times called its “effective concentration”, is related to its con-
centration by the activity coefficient

(10)

aMeCl, = Ymgect, CMecl, (11)

If the activity coefficient y is unity, the behavior is ideal and
the concentration is equal to the activity. Solutions with a
moderate concentration of salts do not exhibit ideal behavior
primarily because of strong long-range interactions between ions
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(such as the attraction between Mg®" and CI”), though all other
sources of attractive and repulsive interactions (e.g., excluded
volume and ion pair formation) are also subsumed into y. At the
concentrations of salts typically encountered in RNA studies, the
activity of MgCl, is lower than its actual concentration because of
mutual electrostatic “screening”: a Mg*" ion surrounded by Cl~
ions is less “effective” in solution, and vice versa. The screening
becomes more effective as the salt concentration increases, a
phenomenon that causes the Mg>" ion activity coefficient to vary
strongly with the MgCl, concentration. Wyman’s derivation
of linkage relations started with ligand activities and intro-
duced concentrations as an approximation applicable to neutral
molecules at low concentrations (/2). As mentioned above, the
derivation of eqs 5—7 includes an approximation in which the
MgCl, activity has been replaced by the molar bulk Mg>"
concentration (C,;) (9). In the Results, we show that this
approximation is justified if an excess of a monovalent salt is
included in the solution, such that the total CI~ concentration
remains approximately constant as MgCl, is added.

MATERIALS AND METHODS

Materials and Solution Preparation. All solutions were
prepared using distilled, deionized water at 18.3 MQ resistivity.
High-purity (>99%) KCl, KOH, and MOPS were purchased
from Fluka. 8-Hydroxy-5-quinolinic acid (HQS)' was purchased
from Sigma and recrystallized before use as described pre-
viously (/8). Buffers used in the experiments were made account-
ing for the K™ present in the KOH used to adjust the buffer pH to
6.8 (1.4 mM KOH for 5 mM MOPS). Thus, all the ClI™
concentrations were 1.4 mM lower than the noted K™ concen-
trations in HQS titrations. KMOPS buffer was 5 mM MOPS
(pH 6.8) for HQS titrations and 20 mM MOPS (pH 6.8) for UV
melting experiments and RNA—HQS titrations. Buffer solutions
all contained 2 uM EDTA to scavenge heavy metals. At this
concentration and pH, a negligible fraction of the added Mg>" is
bound to EDTA (K ~ 10° M), while transition metals are
stoichiometrically bound (K ~ 10"—10** M) (19). Riboswitch
ligands (2,6-diaminopurine, 2-aminopurine, adenine, and purine)
were purchased from Sigma and dissolved in 1% (v/v) HCI
solutions (5 or 10 mM stocks depending on solubility). MgCl, in
hexahydrate form was purchased from Sigma. Because of the
hygroscopic nature of this compound, MgCl, solution concen-
trations were determined by stoichiometric titration of EDTA as
described previously (18).

The A-riboswitch RNA used in the experiments was obtained
by in vitro transcriptions with T7 phage RNA polymerase from a
plasmid DNA template. The transcribed sequence was that of the
add riboswitch from Vibrio vulnificus (20) with a Pl stem
sequence modified to enhance transcription efficiency and allow
runoff transcription after plasmid cleavage with Smal restriction
endonuclease. The desired sequence was cloned into a pUCI8
plasmid construct (pLL2) that has a T7 RNA polymerase
promoter followed by a Stul restriction site (15). The integrity
of the cloned sequence was confirmed by DNA sequencing. Run-
off transcriptions were purified on denaturing 12% polyacryla-
mide gels (/8). Bands corresponding to RNA were excised and
subjected to electroelution to recover the sample, which was
concentrated and extensively exchanged into the buffer of choice

! Abbreviations: HQS, 8-hydroxyquinoline-5-sulfonic acid; 2-AP, 2-
aminopurine; DAP, 2,6-diaminopurine; A-riboswitch, adenine-binding
domain of an adenine riboswitch.
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using Millipore MW3 Centricon filter units (Amicon). Before
being used in titration experiments, RNA samples were renatured
in KMOPS buffer that included the specified K* and ligand
concentrations, by being heated to 65 °C for 5 min and then held
at room temperature for 15 min.

Spectroscopic Titrations. Automated Mg® titrations of the
fluorescent indicator dye HQS (50 uM) were conducted at 20 °C
in an Aviv ATF-105 fluorimeter equipped with two computer-
controlled Hamilton titrators dispensing the Mg*" titrant. Sam-
ples were prepared in 1 cm x 1 cm cells and stirred continuously
over the course of the titration. Binding curves were collected in
standard S mM KMOPS buffer at various salt concentrations as
specified in the figure legends. Titration data were fit to different
binding isotherms, as specified, after evenly spaced points on a
log scale had been selected to avoid weighting different parts of
the curve unequally. We then normalized the data by dividing by
the maximum fluorescence returned by fitting of the isotherm.
Residuals of fits of the data to the Hill equation were calculated in
Kaleidagraph. Bootstrap analysis, as implemented in Regress+
version 2.3 (causaScientia.org), revealed no systematic correla-
tions in the data. The reported Hill coefficient errors are the
standard deviations of at least three repeated experiments.

Similar automatic titrations of A-riboswitch RNA with MgCl,
were monitored by UV absorption in a Cary 400 spectrophoto-
meter interfaced with a Hamilton titrator. Samples were
assembled in 1 cm path length cuvettes, kept at 20 °C, and stirred
continuously during experiments. The instrument was used in
double-beam mode, with a nontitrated reference cuvette contain-
ing the appropriate monovalent salt and ligand concentrations.
The MgCl, titrants included exactly the same salt and ligand
concentrations as the titrated sample. Absorbance data were
collected at 260, 280, and 295 nm; for some ligand conditions, the
change in the 280 nm signal was too small for reliable analysis. In
the case of titrations performed in 2-aminopurine (2-AP), the
substantial absorbance of this ligand at longer wavelengths
precluded collection of the 295 nm signal. Ligand concentrations
were chosen so they were in sufficient excess over the RNA to
minimize changes in the free ligand concentration over the course
of the titration experiment. The titration data were fit to either of
two formulas based on the Hill equation that included a linear
baseline term, iy, as well as initial and final absorbances, /; and
Iy, respectively:

K(G. )"
Abs = I+ [——————|(Iy — I C 12
S 1+[1—|—K(C2+)”](f i) +mpCay (12a)
Kbso+K(C2+)v
Abs = o Iy =1 C 12b
g l+[1‘|‘K0bs‘0+K(C2+)VJ(f 1)+mbl 2 ( )

In either equation, the term in brackets is 0,4 as defined by eq 6.
Equation 12b was used when a significant fraction of the RNA
was present in the native conformation before addition of the
MgCl, titrant. Kps o is the equilibrium constant for folding in the
absence of Mg”" (eq 2), and the equivalent of the Hill coefficient
is calculated from the fitted parameters as the derivative

a(ln Kobs) _
a(h] C2+) B

K(Cy )
Kops,0+K(Cay )"

Insufficient data could be collected prior to the folding
transition to accurately determine an initial (/ state) baseline.
In eq 12, we assume that the same slope characterizes the folded
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and unfolded state baselines, but similar results are obtained for
these data sets if the I state baseline is assigned a slope of zero.
Omission of the baseline term had little or no effect (<4%) on the
Hill coefficients obtained for data collected at 260 or 280 nm, but
the term was essential for analysis of data collected at 295 nm.

The accumulation of Mg®"™ by A-riboswitch RNA, known as
the preferential interaction coefficient I, (eq 3), was measured
via parallel fluorescence Mg titrations of HQS in the presence
and absence of RNA, as described in detail elsewhere (/8). These
titrations were conducted in the Aviv ATF-105 fluorimeter at
20 °C with the buffers specified in the legend of Figure 6. RNA
concentrations were in the range of 16—32 uM (1—2 mg/mL).
Four data sets were collected for titrations performed in the
presence or absence of a DAP ligand. The presence of DAP has
no effect on the affinity of HQS for Mg”" ion, as measured in
control titrations. To average data from different titrations, I’
values were linearly interpolated at the same regular concentra-
tion intervals in each data set, using about the same number of
points (~200) that were present in the original data set. The
average and standard deviation for the four sets were then
calculated at each of the interpolated concentrations.

UV Melting Curves. Thermal denaturation of A-riboswitch
RNA was conducted in the Cary 400 spectrophotometer using
the following program of temperature changes: a renaturation
stage (5 min at 65 °C followed by cooling to 5 °C at a rate of
1 deg/min) and then heating at a rate of 0.66 °C/min from 5 to
95 °C. Stoppered cuvettes (1 cm or 2 mm path length) were used,
as appropriate, and data were collected at 260, 280, and 295 nm if
possible. For ease of visualization and data analysis, melting data
are plotted as the first derivative of the absorbance at each
wavelength with respect to temperature. Transitions are revealed
by peaks in this melting profile. These peaks can be treated
as sequential two-state transitions, each characterized by an
enthalpy (related to the width of the peak) and a T, (the position
of the apex of the peak). Global fits of data obtained at two
wavelengths retrieve the relevant 7}, values and enthalpies for the
first transition (which reports formation of tertiary structure),
which were then used to calculate RNA folding free energies
from the formula AG® = (AH°)(Ty/Ty — 1), where Ty is
293 K. Reported errors are the result of bootstrap analysis of
individual melting profiles. Software for taking the derivative of
the absorbance data, fitting multiple transitions to data
sets, and bootstrap analysis of errors has been described
previously (21).

RESULTS

Concentration versus Activity in MgCl, Titrations. We
first examine the question of the potential errors that are
introduced in the analysis of a titration experiment when Mg>"
concentrations are used instead of activities. A sensitive way to
look at this question is by use of a fluorescent dye, 8-hydroxy-
5-quinolinesulfonic acid (HQS), which chelates Mg>" ion (22).
The stoichiometry of the complex is 1:1 (18); therefore, titrations
of the dye with Mg>" should fit a single-site binding isotherm
(eq 9 with n set to 1). Because Mg”" binding enhances the HQS
fluorescence signal by a large factor (~40-fold), it is possible to
detect small deviations in the titrations from the expected
isotherm. Data obtained in titrating solutions of HQS and buffer
with MgCl, do in fact systematically deviate from a 1:1 binding
curve (1.4 mM K curves in Figure 2A,B). We attribute the
deviations to the fact that Mg>" activity is decreasing as the
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FIGURE 2: Mg®"—HQS binding isotherms. (A) Titrations of HQS
with MgCl, in either buffer alone [S mM KMOPS buffer and 1.4 mM
K" (pH 6.8) (black symbols)] or the same buffer with added KCl
[100 mM total K* (gray symbols)]. The curves are least-squares best
fits of a single-site binding isotherm (eq 9, where n = 1). Fluorescence
intensity data were collected and normalized as described in Materi-
als and Methods. (B) Residuals of single-site binding isotherms fit to
HQS titrations conducted with various concentrations of added KCI.
The total K concentrations, which include 1.4 mM contributed by
the buffer, are indicated in the legend (see Materials and Methods for
further details). The dashed black line indicates the residuals of a fit of
€q 9 to the titration in 1.4 mM K™, for which the Hill coefficient 7z was
allowed to float; the same data fit with n = 1 are indicated with a solid
black line. The solid gray line indicates the quality of fit for the single-
site binding isotherm for the data collected in 100 mM K. (C) The
HQS—Mg"" titrations were fit to eq 9, treating the Hill coefficient
n as a variable. n approaches 1 as the concentration of KCl increases.
The K" concentration is equal to the initial anion concentration (the
sum of the chloride and MOPS anion concentrations). Error bars are
from bootstrap analysis (see Materials and Methods).

MgCl, concentration increases; thus, more MgCl, must be added
to achieve the same effective concentration as the titration
progresses, and the curve is broader than expected.

Mg*" activity is largely determined by its interactions with
anions, both CI™ and ionized MOPS in the Figure 2 titrations.
Over the course of a titration with MgCl,, the concentration of
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CI" changes dramatically (from 0 to > 100 mM, compared to
1.4 mM MOPS anion), and the activity of Mg>" progressively
decreases. If a change in Mg”" activity was the reason for the
broadened titration curve, then the effect should be suppressed
with inclusion of a large amount of monovalent salt in the
titration conditions; a high initial concentration of Cl™ will
minimize the effect of further screening of Mg®™ by chloride
ions from added MgCl,. Indeed, with the addition of 98.6 mM
KClI (see the gray curve in Figure 2A), a single-site isotherm gave
an excellent fit to the titration data, as indicated by the dramatic
decrease in the systematic deviations between the fitted curve and
data points (cf. residuals in Figure 2B). Thus, to minimize
changes to Mg”" activity during a titration, experiments are best
performed in a sufficient excess of chloride to keep the total anion
concentration fairly constant.

The titration data from panels A and B of Figure 2 were
reanalyzed with the Hill equation (eq 9). All fits were excellent,
regardless of KCl concentration (e.g., dashed line in Figure 2B),
as long as the empirical Hill coefficient (n) was allowed to deviate
from 1. The best-fit values of n were significantly less than 1 under
low-salt conditions but approached the true binding stoichio-
metry at higher salt concentrations, when the Mg"" activity
coefficient was nearly invariant during the titration (Figure 2C).

Equilibrium Folding of the A-Riboswitch. In the titration
of an RNA with MgCl,, the exponent in the Hill equation (n or
AT, eqs 6 and 9) is expected to increase if the folding transition
midpoint is shifted to higher Mg”" concentration. How strong is
this dependence? An RNA that lends itself to such a study is the
adenine-binding riboswitch (A-riboswitch), a regulatory RNA
found in the 5" UTRs of several bacterial mRNAs encoding
proteins involved in purine metabolism (23). Upon binding
adenine, the aptamer portion of the switch (Figure 3A) adopts
a specific tertiary structure that affects the expression of the gene
under regulation. The advantage of the A-riboswitch for our
purposes is that the RNA folds in different Mg>" concentration
ranges depending on the affinity and concentration of the ligand
(adenine, or an adenine derivative) that is present.

The stability of the A-riboswitch tertiary structure is sensitive
to both Mg*" and purine ligand. In their absence, a single peak in
the UV melting profile represents disruption of the secondary
structures present in the partially unfolded (I state) RNA
(Figure 3B). Folding of the riboswitch tertiary structure can then
be induced via addition of either a purine ligand [2,6-diamino-
purine (DAP) in Figure 3C] or Mg** (Figure 3D), as indicated by
the appearance of a new, low-temperature peak in the profile.
This peak is identified via the formation of tertiary structure
because its 7, depends on the concentration of DAP present
(data not shown). The unfolding transitions can be observed by
monitoring three different wavelengths: the hyperchromic
changes at 260 and 280 nm have different sensitivities to base
stacking, and the more unusual hypochromic change observed at
295 nm reports on an entirely different interaction between
bases (24). Observation of the transition at 295 nm is convenient
since this change in absorbance is unique to tertiary structure
formation in this RNA. These melting experiments and others
established the solution conditions under which the riboswitch is
folded at 20 °C, information that was needed for the design of
subsequent titration experiments.

A series of isothermal Mg”" titrations with the riboswitch in
the presence of different ligands was performed (Figure 4). The
ligands used in these experiments (in order of increasing affinity)
are purine, adenine, 2-aminopurine (2-AP), and DAP. In total,
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FiGuRre 3: Folding of the adenine-binding riboswitch (A-riboswitch)
tertiary structure. (A) Schematic of the aptamer domain of the
A-riboswitch. Arrows denote 5’ —3’ backbone connectivity. Horizon-
tal black bars represent canonical Watson—Crick base pairing. Black
dots represent noncanonical pairs. Gray bars represent tertiary
interactions. The outlined A denotes the ligand. Panels B—D are
representative melting profiles of the A-riboswitch in the presence or
absence of a purine ligand and MgCl,. Data were collected at three
wavelengths: 260 nm (black circles), 280 nm (white circles), and
295 nm (gray circles). (B) Representative melting profile of the
A-riboswitch secondary structure in the absence of either MgCl, or
a purine ligand (20 mM KMOPS buffer with 3 uM RNA and 50 mM
K™). (C) A new A-riboswitch unfolding transition appears (~30 °C)
in the presence of a DAP ligand and in the absence of MgCl, (20 mM
KMOPS buffer with § uM RNA, 50mM K, and 200 uM DAP). The
melt was performed in a 2 mm path length cuvette because of the high
absorbance with DAP present; the change at 295 nm was too small to
detect. (D) A-Riboswitch tertiary structure forms in the absence of
ligand if MgCl, is present (20 mM KMOPS buffer with 3 uM RNA,
50 mM K, and 2 mM MgCl,). The signal at 295 nm is hypochromic
upon unfolding and reports on the same tertiary transition detected
by the hyperchromic changes at 260 and 280 nm.

the four ligands under five conditions were used to access folding
reactions with a range of folding midpoints between 10 and 200
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Table 1: Measurements of Hill Coefficient n and AT, for A-Riboswitch Folding?

UV titrations RNA—-HQS titrations

condition wavelength (nm) midpoint (uM) average n AT,

11 uM purine 260 15245 2.00£0.13 2.65+0.48
295 217+8 1.624+0.16

11 uM adenine 260 419+14 1.94£0.08 2.51£0.26
295 459+59 1.59+£0.22

82 uM adenine 260 28.1+£24 1.65+£0.02 2.30 £0.22
280 312445 1.444+0.15
295 259+0.4 1.53+£0.20

82 uM 2-AP 260 209+1.2 1.4940.05 2.06+£0.21

11 uM DAP’ 260 10.0 0.73+£0.05 1.524+0.17

“All titrations with MgCl, were performed in 20 mM KMOPS buffer and 50 mM K at 20 °C. The ligand identity and concentration were the only variables
among the data sets, as listed in the first column. RNA folding was monitored by absorbance changes at one to three different wavelengths (see Materials and
Methods for details). The midpoints and Hill coefficients of the titration curves are the parameters (1/K)"" and n, respectively, obtained from independent fits
of eq 12a to each data set. The errors reported are the standard deviations of values obtained from three repetitions of each experiment. Al',, values were
calculated at the averages of the titration midpoints for each condition from the data shown in Figure 7 (AT, = I'y—», — I'1—5,). The reported errors are
standard deviations of four repeated experiments. “Titration data were plotted as shown in Figure 4C, fit with eq 12b, and the Hill coefficient was calculated

from eq 13 at the chosen Mg*" concentration (10 zM).

1M Mg*" (Table 1). Data collected at each of three wavelengths
were independently fit to a modified Hill equation that included
baseline corrections to account for changes in extinction coeffi-
cient (eq 12, Materials and Methods). (Under some conditions,
the change in the signal at one wavelength was too small to be
reliable and, thus, was omitted.) If folding is two-state, analysis of
all three signals should be self-consistent. Midpoints determined
at different wavelengths were the same within error with the
exception of the titration in the presence of purine; in addition, a
wavelength-dependent variation in n suggests deviation from
two-state behavior in the case of 11 uM adenine. There is a trend
toward larger n values as the midpoint of the titration shifts to
higher Mg® " concentrations (Figure 5 and Discussion).

For one set of titration conditions [11 uM DAP (Figure 4C)],
melting experiments under the same conditions show that the
RNA tertiary structure has a T}, of 20.7 °C, corresponding to a
Kops 0f 1.32 at 20 °C (data not shown). Because eq 6 assumes that
Oro1q varies from 0 to 1 over the course of the titration, we used a
modified equation that takes on a value for Oy1q of Kops/(1 4+ Kops)
when C,, = 0 (see Materials and Methods, eq 12b). The fit of this
equation to the data set is shown in Figure 4C, which is graphed
like a standard Hill plot (12) in that the slope of this plot at a
particular value of Cp, is AT, (cf. eq 5). The slope clearly
approaches zero at low C,, and increases steadily over the range
of accessible C,. values.

Direct Measurement of Excess Mg”" Tons (I'5.). A direct
way to measure Mg>" accumulation by an RNA is to use the
aforementioned fluorescent dye HQS as a sensor of Mg activity
in solution. In the absence of RNA, HQS binds Mg>" as
predicted by a single-site binding isotherm, reported by an
increase in fluorescence (Figure 2A). In the presence of RNA,
the titrated Mg> " interacts with both the HQS dye and the RNA,
so a higher Mg®" concentration is needed to achieve the same
level of HQS fluorescence. It is not necessary for Mg>" ions to be
in direct contact with the RNA for the dye to detect a change in
ion activity; long-range electrostatic interactions between Mg”"
and RNA will also reduce the apparent Mg —HQS binding
affinity. The difference between the two titration curves obtained
in the presence and absence of RNA is related to the preferential
interaction coefficient (I',,) (9).

With the A-riboswitch, RNA—HQS titrations can be per-
formed with either folded or unfolded RNA. T, for the unfolded

form is obtained in the absence of ligand, and data for the folded
form are gathered in the presence of a large excess of DAP, the most
stabilizing of the ligands. Melt analysis (Figure 3C) as well as small-
angle X-ray scattering data (data not shown) reveals that the RNA
is completely folded at 20 °C in the absence of Mg®" ion when
250 uM DAP and 50 mM K™ are included; if DAP is omitted, the
RNA tertiary structure does not form at the highest Mg>"
concentrations accessed in these experiments (~300 uM). The
titrations were all performed in excess monovalent salt (50 mM
K ™) to prevent the Mg>" activity problem discussed previously.

Excess Mg”" curves for the folded and unfolded A-riboswitch
are shown in Figure 6A. Of note is the substantial accumulation
of Mg*" by the unfolded (I state) form of the RNA. The
difference between the two curves in Figure 6A is the uptake of
Mg*" (AT',.) during the folding reaction, as a function of Mg>"
concentration (Figure 6B). An important outcome of these
measurements is the variation seen in A, which approaches
zero at very low Mg®" concentrations and reaches a maximum
value at ~0.1 mM Mg”>" (see the Discussion).

Integration of the I',, data sets in Figure 6A yields the free
energy of Mg>" interaction with either of the forms of the RNA
(Figure 7). These free energies, AGj—», and AGn—,., are asso-
ciated with the horizontal arrows of the thermodynamic cycle in
Figure 1. Clearly, the magnitude of AG;—,, makes it a substantial
consideration in the overall thermodynamics of the Mg*-induced
folding reaction (see the Discussion). The difference between the
free energy curves for the folded and unfolded RNA states is the
free energy contribution of Mg>" to the RNA folding reaction
[AAG,, (Figures 1 and 7)]. This free energy difference, obtained
by direct measurements of Mg® —RNA interactions, can be
compared with the same quantity obtained by an independent
method, the stabilization of the RNA by Mg”" in thermal melting
experiments (Figure 7). Where the two data sets overlap, the
agreement is very good. Unlike the thermal melting analysis, the
I, measurements reveal the individual contributions from the
native and unfolded forms to the overall stabilization free energy.

DISCUSSION

Riboswitches are potentially useful systems for studying the
influence of Mg*™ on RNA folding reactions, since added ligand
can shift the folding equilibrium and allow a wide range of salt
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FIGURE 4: Representative titrations of A-riboswitch RNA with
Mg>" in the presence of different ligands. The spectroscopic
signals at 260 nm (black circles), 280 nm (white circles), and
295 nm (gray circles) were collected and analyzed. Solid lines are
least-squares fits of two-state transitions to the data; for the sake
of clarity, linear baselines have been subtracted (see Materials
and Methods, eqs 12a and 12b). All titrations were conducted in
buffer containing 1 «uM RNA, 20 mM KMOPS, 50 mM K*, and
the indicated concentration of ligand. (A) Titration of RNA in
11 uM purine. Folding in the presence of purine shows the largest
discrepancy in transition midpoints (Table 1). The change in
absorbance at 280 nm was too small to be recorded. (B) Titration
of RNA in 11 uM adenine. (C) Titration of RNA in the presence
of 11 uM DAP. The graph isin the form of a “Hill plot”, the slope
of which corresponds to Al .
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FIGURE 5: Comparison of the empirical Hill coefficient n for
A-riboswitch folding with a direct measurement of AI',,. Circles
show the plot of Hill coefficient n vs titration midpoints (C, ) taken
from Table 1. Subscripts of n refer to the wavelength at which
titration data were collected. The dashed line shows AI';, calculated
from measurements of I',, for folded and partially unfolded RNA
(Figure 6). Error bars are shown at selected C,, values for compar-
ison with n values.

concentrations to be explored. The A-riboswitch is a particularly
good candidate for such studies because the purine ligand is a
natural RNA base; therefore, no interactions take place in the
ligand complex that are not typical of folded RNA molecules. In
this paper, we use the A-riboswitch to investigate the Mg>'-
dependent thermodynamics of an RNA folding equilibrium.

In the Background, we discussed two accounts of Mg*" ion
interactions with RNA: a simplified, all-or-none ligand binding
model (Figure 1B, eq 9) and a thermodynamic cycle that is
developed in terms of preferential interaction factors and a
Wyman linkage equation (Figure 1A). The two accounts lead
to equations with the form of the empirical Hill equation (eqs 6
and 9) even though very different assumptions underlie the
derivations. The formalism using interaction coefficients is a
more rigorous and general method for treating ions, since I’
describes the overall Mg*" —RNA interactions in a way that
includes long-range electrostatics as well as any specific site
binding. The binding formalism, in contrast, starts with the very
restrictive assumption that only a stoichiometric number of
n Mgt ions, bound to specific sites in the native RNA, are
thermodynamically important. The primary goal of this work is
to determine the experimental conditions under which it is valid
to use the Hill equation in data analysis and interpret the Hill
coefficient as having physical significance. To derive eqs 5 and 6,
which can be used to extract AT, from experimental data, it was
necessary to make two approximations. (i) The Mg>" concentra-
tion can be substituted for MgCl, activity, and (ii) the data being
analyzed cover a sufficiently narrow range in Mg>" concentra-
tion that AT,, can be treated as a constant. The next sections
discuss experiments that quantitatively establish the conditions
under which (i) and (ii) are good approximations.

Substitution of Mg>" Concentration for Activity. Mg*"
concentrations can be substituted for MgCl, activity in the
linkage equation (eq 5) when the activity coefficient for MgCl,
(ymec1,» €q 11) is independent of Mg*" concentration. The
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FIGURE 6: Preferential interaction coefficients (I' ) for the A-ribos-
witch, as calculated from RNA—HQS titration experiments. Titra-
tions were conducted at 20 °C in buffer containing 20 mM MOPS (pH
6.8) and 50mM K*. (A) T',, measured in the presence (black circles)
or absence (gray circles) of 250 uM DAP. Error bars are standard
deviations calculated from four interpolated data sets. (B) A5, the
difference between I's, for folded and unfolded A-riboswitch RNA
(A), as a function of Mg>* concentration.

activity of a Mg* " ion is affected by the presence of its counterion,
ClI", due to screening: in the concentration ranges considered here,
the more concentrated the CI~ ion becomes, the less effective Mg* "
will be. In titrations of a metal chelating dye with MgCl,, the
broadened titrations in low-salt solutions (Figure 2A) suggest that
the effectiveness of Mg”" in binding the dye decreases as higher
Mg*" concentrations accumulate. This behavior is consistent with
the expected decrease in Mg*" activity coefficient as the total CI~
concentration increases. The titration curves approached the
expected shape of a single-site binding isotherm when a large
excess of monovalent salt was included, as anticipated when the
CI” concentration remained nearly constant during the titration.
The deviation of 1 from the expected value of 1 was fairly small in
the HQS—Mg®" complex considered here, only ~10% when
Mg** and K" concentrations were in similar ranges. However,
a KCl excess over added MgCl, of more than 10-fold was needed
to bring  within experimental error of 1 (Figure 1C). We therefore
expect that low concentrations of the monovalent salt could
introduce some bias in extracting AT, from Mg**—RNA titra-
tions. Though somewhat counterintuitive, the way to minimize the
contribution of chloride ion is to have it present in excess so the
activity coefficient of Mg>" stays constant throughout the titration
experiment.

Early folding studies with tRNA generally used a large excess
of monovalent over divalent salts (2, 25). Subsequent studies have
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FIGURE 7: Free energy changes upon addition of MgCl, to folded
(black curve, in the presence of ligand) and unfolded (gray curve, in the
absence of ligand) A-riboswitch, as calculated by integration of data in
Figure 6. The difference between the curves (AAG,.) is also plotted
(light gray). Other data points (black diamonds) were calculated from
thermal melting experiments at pH 6.8 in 20 mM MOPS, 50 mM K,
and 20 uM DAP, from the increment in 7y, of the tertiary unfolding
transition upon addition of Mg>* (see Materials and Methods).

shifted to using concentrations of monovalent salt, including
buffer ion, comparable in magnitude to the MgCl, concentra-
tion (26—28). These concentrations are sufficiently low to make
interpretation of the Hill coefficient problematic. An additional
benefit of using an excess of KCI over MgCl, is that the physio-
logical K™ and Mg*" activities are ~0.15 M and ~0.5—1 mM,
respectively, so experiments with excess monovalent salt are
actually more relevant to in vivo folding conditions (29—31).
Dependence of AT>. on Mg®t Concentration. With
regard to the dependence of AI',, on Mg>" concentration, we
find that AT, (as calculated from independent measurements of
I'n_». and Ty, ) approaches zero at low Mg>" concentrations,
as expected, and increases monotonically to a maximum value at
approximately 0.1 mM Mg*" (Figure 6B). For the purpose of
data analysis using the linkage equqtion (eq 5) or the Hill
equation (eq 6), A, can be considered a constant if the range
of Mg>" concentrations being analyzed is either narrow or in the
region where Al has reached a maximum value. When titration
curves were simulated with AI';, varying approximately in the
way seen in Figure 6A, fits of the Hill equation to the simulated
curves gave Hill coefficients that only slightly differ from the
actual value of AT, at the midpoint of the curve. In the fitting of
the Hill equation to a data set, the Hill coefficient tends to be
heavily biased by the slope of the data at the midpoint of the
titration curve, and relatively insensitive to the shape of the curve
at B¢, values of >0.9 or <0.1. For this reason, eq 5 works well
in assigning a correct value of AT, to a data set, but the value
applies only to the Mg*" concentraton at the titration midpoint.
A different way to approach the calculation of Ay, is to recast
the titration data as a plot of In(Kys) as a function of In(C,.).
The slope of such a plot taken at any one value of C,, is Al
which is clear from the linkage equation (eq 5). In principle, the
Mg®" dependence of AT, should cause the plot to appear
curved. In most cases, accurate values of In(K,.s) cannot be
obtained over a sufficiently wide range of Mg”" concentrations to
reliably observe the expected curvature. An exception is the
titration shown in Figure 4C, in which the RNA is partly folded



1852 Biochemistry, Vol. 49, No. 9, 2010

in the absence of Mg>". Because there is an independent measure
of K, before MgCl, is added, the Mg*" dependence of AT, can
be observed from the lowest Mg>" concentrations. It is apparent
that AT, approaches zero at low C,, values and increases
sharply over the ~100-fold range of C,, for which In(Kys) is
available, consistent with the variation of AT, with C,, seen by
direct measurements (Figure 6B).

Contrasting Interpretation of the Hill Exponent in the
Binding and Preferential Interaction Formalisms. To assess
the cooperativity of binding of the ligand to allosteric proteins,
titration data are sometimes graphed as a Hill plot, In[6; /(1 — 61)]
versus In(Cy ), where 6y is the fractional saturation of binding sites
by ligand and Cy_ is the ligand activity (32, 33). The slope of this
plot, at times termed the “coefficient of cooperativity” or the Hill
coefficient ny, reaches a maximum at the midpoint of the titration
curve where it takes on the value of # in the empirical Hill equation
(eq 9). The maximum of nyy cannot exceed the number of ligand
binding sites in the protein. The minimum value of ny is unity,
which is approached at high and low ligand concentrations. The
Hill plot for ligand binding data is analogous to Figure 4C, which
substitutes Kops = Opora/(1 — Opora) for 61 /(1 — 61) and has a slope
of Al',,. The contrasting range of slopes (and values of ny
or AT',,) in the two kinds of plots illustrates a fundamental
difference between ligand—protein interactions and ion—nucleic
acid interactions.

For ligand binding proteins, the allowed values of ny are
constrained by binding stoichiometries: the minimum value is
unity because the minimum binding unit is a single ligand
molecule, and the maximum possible value is the ligand:protein
stoichiometry at saturation. In contrast, the presence of strong,
long-range electrostatic interactions between ions and an RNA
means that I, cannot be identified with a specific set of ions and
is not a binding stoichiometry. [An exception is extremely high-
salt buffers that minimize long-range interactions, where I'; , may
approach a stoichiometric ratio (34, 35).] The increase in charge
density that accompanies RNA folding causes a global reconfi-
guration of long- and short-range interactions with all ions
present in solution (36); thus, Al',, is not restricted to integral
numbers and in particular may be less than one. It is frequently
assumed that the minimum number of Mg”" ions that may be
taken up in an RNA folding reaction is one or that a Hill
coefficient near one indicates “noncooperative” binding of Mg*"
ions to an RNA (37, 38). These assumptions are based on an
allosteric protein—ligand binding model which is an inappropri-
ate representation of RNA—Mg”" interactions.

A5, Obtained by Direct Methods versus Linkage
Equations. Between the two methods discussed for measuring
ion uptake, application of the linkage equation (eq 5) to spectro-
scopic titrations always gave values of A, smaller than those
obtained from RNA—HQS titrations (Figure 5 and Table 1).
Perhaps this should be unsurprising, given the fundamental
differences between the techniques. In each of the RNA—HQS
titrations, the populations of RNA are either entirely folded or
entirely unfolded (Figure 6A); taken together, they measure the
ion uptake upon folding (AT»,) as a function of bulk Mg>"
concentration. In contrast, interpretation of the spectroscopic
folding experiments depends on the validity of the two-state
approximation implicit in eq 5. If there is a population of RNAs
at the transition midpoint that is mostly folded but not quite native
in structure, then the titration curve would be broadened and
the calculated value of AI',, will be smaller than that calculated
from the difference between I'y—», and I'1_,,. Data in Table 1

Leipply and Draper

suggest that A-riboswitch folding is not always two-state; for the
weakest-interacting ligand (purine), the global measure of folding
(260 nm signal) exhibits a lower midpoint than the local, tertiary-
specific measure (295 nm signal). These results are consistent
with single-molecule studies of a similar A-riboswitch (phuE
from Bacillus subtilis), which have detected an intermediate,
partially folded RNA at Mg®" concentrations near the transition
midpoint (39).

For the folding of a 58mer fragment of rRNA, AT, derived
from linkage analysis is within error of AI,, found by
HQS—RNA titrations (9), which suggests that the HQS—RNA
titration method itself does not introduce systematic errors in the
determination of AI',,.. We therefore attribute the differences
between direct and linkage-based measurements of A, in the
A-riboswitch to deviations from strictly two-state behavior and
suggest that this kind of comparison could be an informative way
to assess the cooperativity with which an RNA folds.

Implications of the Dependence of AT, on Mg”" Con-
centration. The dependence of AT, on Mg®" concentration has
not been generally recognized in RNA studies; the Hill coefficient
is usually thought to remain constant over a very wide range of
Mg*" concentrations. For instance, the Hill coefficient deter-
mined for an RNA at one Mg”>" concentration has been used to
extrapolate the expected free energy change for the RNA at a
different Mg2+ concentration, according to the formula

c
AAGy, = —nRT In—=2L (14)
24,2

where AAGy,»- is the difference in folding free energy for two
related RNAs whose titration curves have midpoints at C, ; and
Cy,5; the same coefficient n is assumed to apply to both
RNAs (16). This extrapolation is reasonable for ratios of C,,
to C, » near one but could become inaccurate as the difference in
the titration midpoints increases. Another potential interpretive
problem arises when folding of the same RNA domain is
considered in two different contexts. The isolated P4—P6 domain
shows a larger value of the Hill coefficient than the same region
incorporated into the full-length Tetrahymena ribozyme (28), but
the midpoint of the transition also occurs at a higher Mg>"
concentration in the isolated domain. Without knowing the
detailed dependence of AT, on Mg*" concentration, one is
not able to say whether the difference in Hill coefficient reflects
any fundamental difference in RNA—ion interactions or folding
mechanism in the two contexts.

CONCLUSION

The main focus of this work has been on the question of
whether the Hill coefficient, an empirical factor frequently
used as a measure of the Mg®" dependence of RNA folding,
can ever be related to the thermodynamic cycle depicted in
Figure 1A. We find that the empirical Hill coefficient n can
have physical meaning under the right set of conditions: if the
ratio of monovalent to divalent salt is sufficiently high and if a
narrow range of Mg>" concentrations is considered. In these
cases, n corresponds to Al'» ., a well-defined thermodynamic
parameter. The importance of the relatively strong interac-
tions of Mg>" with the partially unfolded (I state) form of an
RNA in determining the magnitude of AT, has been pointed
out for other RNAs (9, 40, 41) and is further supported by
measurements of the A-riboswitch presented here (Figures 6A
and 7). Finally, it is important to note that Al'p; describes a
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global reconfiguration of ions that accompanies the folding
reaction and includes ions interacting at long range as well as
any at discrete sites.
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