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ABSTRACT. RNA molecules in monovalent salt solutions generally adopt a set of partially folded
conformations containing only secondary structure, the intermediate or | state. Additior?osiviongly
stabilizes the native tertiary structure (N state) relative to the | state. In this paper, a combination of
experimental and computational approaches is used to estimate the free energy of the interactfon of Mg
with partially folded | state RNAs and to consider the possibility thafMigwors “compaction” of the

| state to a set of conformations with a higher average charge density. A sequence variant with a drastically
destabilized tertiary structure was used as a mimic of | state RNA; as measured by small-angle X-ray
scattering, it adopted a progressively more compact conformation over a witfeddlgcentration range.
Average free energies of the interaction of Mgvith the | state mimic were obtained by a fluorescence
titration method. To interpret these experimental data further, we generated molecular models of the |
state and used them in calculations with the nonlinear PoisBolizmann equation to estimate the change

in MgZ*—RNA interaction free energy as the average | state dimensions decrease from expanded to compact.
The same models were also used to reproduce quantitatively the experimental difference in eXtess Mg
between N and | states. On the basis of these experiments and calculations, | state compaction appears to
enhance Mg —I state interaction free energies by-120%, but this enhancement is at most 5% of the
overall Mg?t-associated stabilization free energy for this rRNA fragment.

The folding of a RNA tertiary structure has been described Much of the effort has been concerned with establishing a
as an equilibrium between partially folded molecules with physical basis for strong interactions of ions with folded
only secondary structure, sometimes called an | (intermedi- RNAs (6—8). Interactions of ions with the | state have not
ate) state, and the fully folded native conformation, or N received as much attention, though early work with transfer
state , 2). RNA tertiary structures tend to be strongly RNA (analyzed in ref9) and recent studies of two other
stabilized by low concentrations of Mgion (3, 4), which RNAs (10, 11) have found relatively strong interactions of
implies that the N state interacts more favorably with®g  Mg?" with partially unfolded forms of these RNAs, and
than does the | stat&), The origins and magnitude of this suggest that | state RNA properties will have to be considered
difference in interaction free energies have been the subjectin any quantitative description of the effects of Mg@n RNA
of experimental and theoretical work for a number of years. stability.

As part of our effort to understand the energetics ofMg
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Ficure 1: Variants of the 58-nucleotide fragment of large subunit
ribosomal RNA fromE. coli (nucleotides 105321108) used in this
study. Mutations from th&. coli sequence are colored black. (A)
U1061A RNA drawn to indicate base pairs (black horizontal lines)
and tertiary basebase hydrogen bonding (red bars) in the folded
RNA (14). Arrows indicate the 5to 3 direction of the backbone.

(B) A1088U RNA, in which the A1088U1060 tertiary interaction

has been disrupted, drawn with the secondary structure used in
modeling of | state conformations (see the text).

The equilibrium folding of a RNA tertiary structure in
response to added Migmight therefore be conceptualized
as consisting of two steps: formation of a compact | state
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quantitative model for interactions of Mgion with the N
state of the same RNAS). Together, these models provide
the most comprehensive view yet developed for the equi-
librium means by which Mg ions stabilize a native RNA
tertiary structure.

MATERIALS AND METHODS

Materials and BuffersAll buffers and salts were purchased
as reagents of at least 99.5% purity. High-quality water (18
MQ resistivity) was used throughout. 8-Hydroxyquinoline-
5-sulfonic acid (HQS) was purchased from Sigma and
purified as described previousl$)( The standard buffer for
RNA experiments contained 20 mM MOPS or MES,
adjusted to the desired pH with KOH, 20/ EDTA, and
various concentrations of KCl. The total"kconcentration
(from the pH-adjusted buffer and added KCI) is specified
for all the experiments.

Nucleic Acid PreparationsTwo 58-nucleotide RNAs were
transcribed from plasmid DNA. The sequences are variants
of nucleotides 10511108 of theEscherichia col23S rRNA,
U1061A or A1088U 15). RNAs were prepared by runoff
transcription from plasmids linearized with Rsal endonu-
clease using the following condition$g): 200 mM HEPES
(pH 7.5), 28 mM MgC}, 40 mM DTT, ATP, CTP, GTP,
and UTP (6 mM each), 2% PEG-8000, 49/mL linearized
template DNA, and an optimized concentration of T7 RNA
polymerase modified with a His6é tag and purified as
described previouslyl({). Transcripts were purified under
denaturing conditions using a DEAE column matrix from

intermediate, followed by formation of tertiary contacts that Qizggen, as described previously),(and appeared at least
stabilize the N state. In such a scheme, two extreme scenario$°% Pure when run on denaturing polyacrylamide gels.

could be imagined with regard to how Mfgstabilizes the
native state. It has been suggested that compact-Mg
dependent RNA conformations are common equilibrium
folding intermediates from which conformational searches
for sets of tertiary interactions take plac&3). In this
scenario, Mg" stabilization of a compact RNA ensemble
pays for much of the overall thermodynamic cost of
overcoming the electrostatic and entropic barriers to folding.
Alternatively, if Mg?™ affected the distribution of | state
conformations to only a small degree, most of the stabiliza-
tion energy would come from strong interactions of g
with the folded N state. To evaluate these two potential roles
for Mg?" in the folding of a RNA, here we explore how the
strength of M§"—RNA interactions varies with compaction

Double-stranded DNA was prepared from plasmid pUC18
purified by density gradient centrifugation in CsCl. To reduce
the solution viscosity for titrations with Mgg;lthe plasmid
was first digested with Banl, Hhal, and Nlalll endonucleases
at 37°C, heated to 658C, and digested with Tagl (New
England Biolabs). The digested DNA was purified over a
DEAE column as described previoush) to remove small
restriction fragments and proteins. This procedure produced
DNA fragments ranging in size fromy75 to 200 bp.

RNA Folding Monitored by UV Absorbancehe U1061A
rRNA fragment studied here adopts a compact conformation
with an extensive set of tertiary contacts, as seen in a crystal
structures of the RNA bound to a ribosomal protein domain,
L11—-C76, normally associated with the RNA domain in the

of the | state ensemble and compare those free energies toibosome {4). Hydroxyl radical footprinting experiments

those of interactions of Mg with the native state.

The RNA studied in this paper is a 58-nucleotide fragment
of rRNA, diagrammed in Figure 1. It folds into a very
compact structure stabilized by noncanonical hydrogen

indicate that the same set of tertiary contacts is formed in
the presence or absence of the protein, ifMign is present
(18). In melting experiments with U1061A RNA, Mg
induces the appearance of a new unfolding transition with

bonding between bases (red bars in Figure 1A) and a numbedistinctive optical properties, viz., hyperchromicity at 260

of other tertiary interactionsl@). The three-helix junction

in the partially unfolded form of this RNA (Figure 1B) has
the potential to adopt either extended or compact conforma-
tions. We use a combination of experimental and computa-

nm, virtually no absorbance change at 280 nm, a129%
hypochromicity at 295 nm (Figure S1 of the Supporting
Information). We identify this structural transition with
disruption of tertiary structure for two reasons, in addition

tional approaches to evaluate changes taking place in theto its Mg?" dependence: it is strongly coupled to FAC76

average properties of the | state as#¥s added to a RNA
and estimate the increases in MgRNA interaction free
energies as the | state becomes progressively more compac
Our analyses of interaction of Mgwith the | state structural
models developed in this work complement a previous

binding (9, 20), and the stability of the structure depends
on the monovalent ion type in a way that is consistent with
the observation of a chelatedKon within the tertiary fold

(18, 21). Because no other structural transitions in this RNA
are associated with changes in absorbance at 295 nm, we



10268 Biochemistry, Vol. 46, No. 36, 2007

monitor this wavelength as an assay of tertiary structure
formation.

RNA absorbance versus temperature profiles (melting

Grilley et al.

CZ+,sampIe_ C2+,ref

(2)

RNA _
A= Crna

curves) were measured at 260, 280, and 295 nm with a Carywhere Cy+ sampeand C+ ref @re the molar concentrations of
Bio400 spectrophotometer. Both heating and cooling curves Mg?* in the sample and reference cuvettes, respectively, and

were obtained, to check the reversibility of the transitions.
The temperature was ramped at a ratedf.6 °C/min.
Experiments determining the extent of RNA folding during
isothermal titration with MgGlwere carried out in the same
spectrophotometer equipped with a computer-controlled
Hamilton syringe, by described method®), These melting

Crna is the concentration of RNA molecule8s. ref is the
“bulk” Mgt ion concentration; we refer to this quantity using
the shorthand notatio@,..

Titrations at different K concentrations were carried out
at different pHs, to optimize the sensitivity of the experiment
to measurements in different ranges®i by adjusting the

and titration experiments were used to determined appropriateaffinity of HQS for Mg?*. The pHs and buffers used were

solution conditions for carrying out measurements ofMg
RNA interactions (next section). At the lowest monovalent
cation concentration that was used, 20 mM, K5 °C was
below the onset of any unfolding transitions observed in
melting profiles of A1088U and U1061A RNAs in the
absence of MY (Figure S2 of the Supporting Information).
Titration of U1061A RNA with Mg" under the same
solution conditions showed that 260 and 295 nm monitored
the same tertiary folding transition, but in a similar titration
at 25°C, folding of secondary structure (monitored at 260,

as follows: pH 7.2 with MOPS, pH 7.0 with MOPS, pH
6.8 with MOPS, and pH 6.15 with MES. The stability of
the RNA tertiary structure studied here is not pH-dependent
in this range (unpublished observations). In general, a higher
pH was used at lower Kconcentrations. Titrations carried
out at different pHs but the same*Kconcentration gave
consistent results.

ACXM approaches the thermodynamic quaniify when
there is an at least 30-fold excess of KCl over Mg@he

solutions are sufficiently dilute that molar and molal
RNA

270, and 280 nm) preceded tertiary folding as assayed atconcentration units are interchangeable, ah@;," is

295 nm (Figure S3 of the Supporting Information). Therefore,
15 °C was chosen for the Mg—RNA titrations described
below, to ensure that titration with Mgg€did not induce
additional secondary structure in A1088U RNA and that
U1061A RNA folded in a single, two-state transition.

UV-monitored titrations of U1061A RNA were used to
find the fraction of RNA folded (and thus the free energy of
folding, AG°sps2+) @s a function of the Mg concentration,
as described previoushlQ). The Wyman linkage relation,
as derived for Mg" interacting with RNA under conditions
of constant excess KCILQ)

1 aAGoobs,ZF N |
(RT)( dInC,, =Tz ~Io

was then used to calculate the difference in the excess Mg
(AT24, defined below in eq 3) between the folded and
partially folded states of the RNA.

Fluorescence Measurements of MgRNA Interactions.
A method for assessing the interactions betweeA™Nagns
and a RNA and an interpretation of the experimental data in

AT, (1)

terms of thermodynamic quantities have been described in

detail 6, 10). In brief, the approach takes advantage of a

independent of RNA concentratiot@); all of these condi-
tions apply to the experiments reported here. For the four-
component system used in these studies (watérsddt of
RNA, KCI, and MgC}), I',+ is defined as

s

Iy = (— 3)

arT‘RNA)T,F%,m3

where the temperaturel), pressure F), MgCl, chemical
potential f4), and KCI molality (ns) are held constantr,,
is the Mg* molality, andmgna is the RNA molality. mp;
approaches the bulk Mg concentration as the RNA
becomes infinitely dilute and is equivalent@, under the
limiting experimental conditions used herE,+ is also
obtained from the electrostatic calculations described below;
thus, the experimental and theoretical results can be directly
compared. A more detailed discussiolef and its relation
to ACSM appears in refl0.

Free energies of Mg—RNA interactions were obtained
by integration of plots oACX\* as a function of INCy.)
(10)

Cot

AGgya-24 = —RT [{7ACTdINC,)]  (4)

fluorescent dye, HQS, in detecting the effective concentration This equation is applicable only to dilute solutions with an

of Mg?" ion in the presence of RNA. Data are collected from
an Aviv ATF105 fluorimeter equipped with computer-
controlled Hamilton syringes. Two cuvettes are prepared with
identical concentrations of buffer and dye; RNA equilibrated

with the same buffer is added to the sample cuvette. Titration

of buffer containing MgG into both cuvettes results in
enhanced fluorescence from the dye. More Mg@ust be

excess of KCI over MgG| as mentioned above. Integrals
were obtained from fits of the data to a polynomial which
asymptotically approaches the abscissa at low values of In-
(Co1), y=b(x — a)? + ¢c(x — a)® + d(x — a)~.

Small-Angle X-ray Scattering Measureme®mall-angle
X-ray scattering (SAXS) experiments were performed on the
Biocat 1D18 beamline at the Argonne National Laboratory’s

added to the sample cuvette to reach the same level ofAdvanced Photon Source for both the U1061A and A1088U

fluorescence seen in the reference cuvette lacking RNA,

because interactions between Mgpns and the RNA lower

RNAs. Measurement of the scattering intensity was per-
formed for RNA samples pre-equilibrated in 20, 40, 60, and

the M@t activity. When sample and reference cuvettes have 150 mM K buffers and 40 mM K buffer with 0.01, 0.1,

identical fluorescence intensities, the “excess” 2Mger
RNA, ACSM, is defined as

1.0, and 10 mM bulk M. GNOM (22) was used to
calculate the radius of gyration from the SAXS intensities;
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intensities with momentum transfers between 0.017 and 0.2steps in Cartesian space at 1600 K were carried out, followed
A-1 were used in the calculations. The parameters for the by 8000 steps with the NOE, improper, and bond angle
upper and lower bounds, the baselines, and the weightingweights increased. The system was then slowly cooled in
function were varied. All of theR, values from estimated 50 K steps to 100 K while the Van der Waals radii were
fits with a score 0 0.75 were used to compute the reported reduced and the level of steric repulsion was increased. The

average and standard deviation. final step was a minimization with the weights for all of the
Molecular ModelingMolecular models of possible | state  constraints set to 1. Of the 617 total structures, 480 were
conformations were generated using XPLOR-NIBRB)( rejected for angles and distances deviating from the initial

starting from randomized backbone conformations and constraints by specified criteria. Eight additional structures
distance and angle constraints chosen to maintain base pairingvere rejected because they contained topological knots,
in selected parts of the RNA. Previous NMR studies of leaving 129 models.
fragments of the 58mer RNA24—26) and thermal dena- For comparison with experimental measurements of
turation of the RNA and its fragment27) have defined U1088A RNA, theR; of the calculated models was computed
helical segments likely to be present in the | state. There isusing CRYSOL 29) which calculates the scattering from
some uncertainty about U1082-A1086 and G1087-C1102 an atomic-resolution structure and a first hydration layer
base pairs (Figure 1A), which are unlikely to remain paired around the macromolecule. No allowance is made for
in the absence of tertiary interactions and have the potentialaccumulation of ions near the RNA surface.
to mispair with other bases in the junction loop. MfoB) To determine the range of conformations adopted by the
was used to calculate the free energies of the most likely junction, angles were calculated between vectors normal to
alternatives, and on that basis, distance and angle constraintthe C1052-G1107, U1058-A1080, and C1091-G1100 base
were chosen to be consistent with the secondary structurepairs. The vectors normal to the base pairs were calculated
shown in Figure 1B. with 3DNA (30). There were no significant correlations
A1088U RNA sequences with randomized backbone between any two pairs of angles (not shown).
and y angles were used as a starting point for generating Calculations with the NLPB Equatiorkinite difference
models in XPLOR-NIH. Ideal bond distances and angles, solutions to the nonlinear PoisseBoltzmann (NLPB)
atomic radii, and improper angles were taken from the equation for our RNA structural models in various ion
parnahlerl _mod_new.inp parameter file included with solutions were obtained using QnifR1, 32). This program
XPLOR-NIH. Synthetic distance and torsion angle con- maps the surface of the RNA onto a 6565 x 65 grid.
straints were created to maintain nucleotides in the helical The RNA was treated as a low-dielectric medium) (within
segments in an A-form conformation. Distances and geom-a volume enclosed by its water-accessible surface (probe
etries for standard WatseiCrick residues were obtained radius= 1.4 A). Results are presented for aq of 2, a
from ideal A-form RNA helices output by the Insight Il  physically reasonable value that accounts for the effects of
software package (Biosym). Noncanonical base pair andelectronic polarizability 33, 34). The cvff9l parameter set
hairpin loop constraints were obtained from analysis of the for the nucleic acid was used to define the atomic charges
58-nucleotide RNA/L13+C76 cocrystal structure (PDB entry  and sizes. The surrounding solvent was treated as a con-
1HCB8) or from NMR constraints for a hairpin similar to the tinuum with a uniform dielectric constantg of 80. The
helix of nucleotides 10571081 @4). Hydrogen-hydrogen surrounding K, Mg?", and CI~ were distributed according
distances of less tha5 A in the base-paired helices were to a Boltzmann weighted average of the mean electrostatic
used in creating the constraints. The range allowed for eachpotential. A 2.0 A ion exclusion radius was added to the
distance was at most 20% of the measured distance, withsurface of the macromolecule to account for ion size.
tighter constraints used for hydrogen bond constraints. Addition of protons and fixed ions to the native structure
Intranucleotide distances for residues at the end of a helix (PDB entry 1HC8) was carried out as described previously
were eliminated to allow the terminal base pairs additional (6).
flexibility. Because they frequently resulted in the rejection A two-step focusing procedure was used to calculate the
of structures that would otherwise satisfy all other constraints, potentials around the RNA. The RNA was initially mapped
distances involving either theé-®H group or stereospecific  onto a grid of~0.1 grid/A and the NLPB equation solved
hydrogens were also eliminated. In addition, backbone andwith the boundary condition that the potentials are zero at
x torsion angles obtained from the models described abovethe edge of the grid. The RNA was then mapped onto a
were constrained to the following range&10° for residues higher-resolution grid with the boundary potentials taken
in canonical A-form helices:t20° for residues in hairpin ~ from the results of the initial grid; the grid spacings were
loops, andt30° for the oe andf angles of U1060 (based on  chosen so that the boundary of the new grid mapped exactly
the NMR constraints). The, 3, andy angles or the and onto a set of lattice points from the initial grid. This
¢ angles were unconstrained for residues at trer 3 ends procedure was repeated a third time with a final resolution
of helices, respectively. These constraints, coupled with the between 0.65 and 1.2 grids/A (I state) or between 1.0 and
high weights put on them, were designed to force the 1.2 grids/A (N state), chosen so that charge neutrality was
formation of helices without biasing their arrangement. maintained within 2%. The relevant integrals for calculating
The final structures were generated by a restrained the K- and Mg*-dependent contributions to RNA stability
molecular dynamics protocol. As the only goal was the were evaluated as a summation over discrete lattice points
creation of sterically allowed structures, only bond lengths, as described previously3%, 36). In each case, the ion
bond angles, and van der Waals interactions were specifiedatmosphere was integrated over the lattice generated in the
in addition to the constraints detailed above. The protocol two focusing runs and summed together. Electrostatic
was as follows. First, 16 000 minimally constrained dynamics potentials were iterated to a convergence of less thafd 10
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kT/e. The results presented here varied by less than 1% for
focusing procedures where charge neutrality was maintained
within 2%.

BACKGROUND

The conformations composing the | state ensemble of a
RNA potentially undergo a continuous shift to more compact
dimensions as My concentrations increase. The object of
this study is to compare the free energy contributed by"Mg
to the stabilization of compact RNA conformations with the
additional stabilization free energy Nigaffords the N state.
To incorporate a compaction free energy into a thermody-
namic framework for Mg"-dependent RNA folding, we first
define two different ensembles of | state RNA conformations
which represent limits for computing changes in gl
state interaction free energies. ib the set of expanded
conformations present at a particular temperature ahd K
concentration in the absence of Mgand t is the ensemble
of compact conformations from which the tertiary structure
folds at a specific bulk M concentration C,+). As a
convenient point for comparing compaction and folding
stabilization free energies, we defing &4s the ensemble
present at the midpoint of the folding transition, where the
Mg?* concentration isC3, and the ¢ and N states are
equally represented.

I'>+ is a thermodynamic function, the “excess” Mgper
RNA (Materials and Methods, eq 3), which represents the
interactions taking place between all Mgons in solution
and a RNA. Extremes in the possible Mglependence of

Grilley et al.
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Ficure 2: Thermodynamics of interactions of Kfgion with folded

and partially unfolded states of a RNA. (A and B) Relation between
I'>+ and Mg™—RNA interaction free energies for hypothetical cases
in which compaction of the RNA | state plays a minor (A) or major
(B) role in the Mg@™-dependent folding energetics. Hypothetical
T',+ curves are shown for expanded and compact folded states (I
and L, respectively) and the native (N) state of a RNA. The

I',; for the defined ensembles are presented in panels A andbehavior ofl',. for the N state aC,. below the folding transition

B of Figure 2.T',+ curves for thed (Co+ = 0) and k (Co+
=C2+) ensembles (solid lines) are drawn as if the distribu-

is unknown. The dashed red lines represenithecurve that might
be experimentally observed for a RNA unable to fold to the native
state. The dashed blue lines are the obseFgedurves for a RNA

tion of conformations in each ensemble remains fixed in the {ht foids to the native state. Shaded areas are proportional to free

defined state. Because the RNA undergoes a shift from the
Ie to Ic ensembles with the addition of Mg the observed
values ofl,; of the | state ensemble (red dashed line) should
lie between ", for the two defined ensembles. For a native

energies of interaction of Mg with different RNA states (eq 4):

the dark gray area correspondstaG,.—.+/RT, and the light gray

area is the differenCAAGcomp 2/RT = —(AGj—2+ — AGj—2+)/
RT (free energies are defined in panel C). (C) Thermodynamic cycle
for Mg2t-induced RNA folding by the equilibrium pathway t+-

sequence RNA, the N state appears as the dominant RNA|_— N. The upper square describes RNA compaction and the lower

conformation as the Mg concentration approache@g .
andTI',. increases further (dashed blue line). Compaction of
the RNA | state could be associated with small (Figure 2A)
or large (Figure 2B) changes i+, compared to the increase
in I'y; taking place in the folding reaction.

The relative free energies of the three RNA ensembles
(Ig, lc, and N states) are defined in the thermodynamic cycles
of Figure 2C. The vertical arrows represent transitions
between extendedd), compact (¢), and native (N) confor-

square tertiary structure folding. Vertical arrows are standard state
free energies for equilibria between the different RNA forms in
the presence (right) or absence (left) of Wgpn. Horizontal arrows

are the free energies of interactions of Mgvith each of the three
RNA states.

energies defined in the bottom half of the cycl®)( (We
emphasize again that &nd k are defined as fixed ensembles
of conformations, independent of Nfg concentrations.

mations, in the presence (right side of the cycle) or absenceThough some states represented in the thermodynamic cycle

(left side of the cycle) of a given Mg concentration (at a
constant concentration of K. The horizontal arrows define
the free energies of interaction of Kgwith the I, Ic, and

N state ensembles of RNA conformations. The free energy
contributed by M§" toward compaction of the RNA is the

difference between free energies associated with either theI

vertical or horizontal arrows
AAGcomp,Zi— = AG'ocomp,2+- - AG'Ocomp,0=
AG|sz+ - AG|E72+ ®)

A similar set of equations applies to the RMedependent
stabilization of N over thed state AAGyoq 2+, USINg the free

cannot be experimentally observed, ih the absence of
Mg?*, for instance, they are necessary for using computa-
tional means to parse experimental data into separate Mg
interaction and folding free energies.)

The free energies of interaction of Ffgwith the | and
c ensembles are proportional to the areas underTthe
versus logC,+) curves in panels A and B of Figure 2
(Materials and Methods, eq 4). ThUSAGcomp, 2 iS repre-
sented by the gray areas between thard L state curves
in panels A and B. In the extreme case in which there is a
large degree of | state compaction (Figure 2B), much of the
overall work done by Mg in stabilizing the native fold
occurs in compaction of the RNA.
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In this study, we use two strategies to resolve the experi- 025 G
mentally observed’,, curve for a RNA into individual >+ - & X P
curves for the 4 and k structural ensembles. First, we £ 0.20- _,i-‘ ﬁi ;-f b
analyze interactions of Mg with the variant A1088U RNA g ;’ & ﬁ} 41100 B
as a mimic of the | state. This RNA has a mutation in a key g 0.5 R i’} 4 Y
tertiary Hoogsteen base pair and consequently does not™, ;;ﬁ }f ﬁfji" 75 %
exhibit any evidence of a tertiary unfolding transition in ' 0. ‘;é“ g §
melting experiments carried out at'kind Mg concentra- g K*=20mM i ft 0 s (50 o
. : , A g somMm o e o g
tions used in the experiments reported here Jiedind data K005 & R T -
not shown). This RNA can therefore be used to meakgre “,,.58** “‘,,::gis“ o 2" 150 mM | >° £
for | state RNA at M@" concentrations which would e g T

g . oL 2 0

otherwise induce folding to the N state. Second, we use a 106 105 104 103
combination of experiment and computation to determine Con M

AAGcomp,2+ from the difference betweehG,. > andGi.—2+ FIGURE 3: Excess Mg~ measured for U1061A RNA®) or
(eq 5). There is no experimental method for trapping the A1088U RNA (O) at various concentrations of'K The ordinates
distribution of conformers in the:lor Ic ensemble as the are plotted in units of either ions per nucleotiddQf,, left
Mg?* concentration is varied. Instead, small-angle X-ray ordinate) or ions per RNA moleculeAC>", right ordinate).
scattering (SAXS) measurementsRfwere used to detect From left to right, titrations were carried out with a constant

; ; _concentration of 20, 60, and 150 mMfKin standard buffer (see
compactlon of A108.8U RNA by M@L in the S.ame concen Materials and Methods). A fourth data set, collected at 40 mM K
tration range that induces folding of native sequences. ang shown in Figures 6 and 7, has been omitted for clarity. Error
Electrostatic calculations were then used to estimate bars are standard deviations from averages of five to seven data

AAGcompz from molecular models of the | state with sets.
dimensions corresponding to the experimeRght a Cy+

equal to 0 0|C2+. similar to data obtained for homopolymer RNA38| or
helical DNA (see below).
RESULTS The second RNA variant examined is U1061A RNA,

which has an exceptionally stable tertiary structure in the
Measurements df,. for N and | State RNASVe assess  presence of Mg, but no detectable tertiary structure when
Mg —RNA interactions by a fluorescence method that K+ is the only cation present§, 37). Titration of this RNA
detects the effect of a RNA on the activity of Kfgions  \ith MgCl, is therefore expected to induce tertiary folding,
(see Materials and Methods). The experimental quantity g inflections inACQEr versus logC+) curves (Figure 3)
obtained isAC3:", the “excess” M&" (per RNA) needed  syggest that a conformational transition to a form of the RNA
to bring the Md" activity in the presence of RNA $o.the with a largerACY, takes place a€;- is increased. Grilley
same level as a reference solution without RNACE, is et al. (L0) showed thaC,. at the midpoint of the apparent
identical toAC;?", only expressed as ions per nucleotide.) transition in the 60 mM K ACY. curve coincides with that
The M@** concentration in the reference solution is the bulk of the folding transition followed by hyperchromicity at 295
Mg?" concentrationC+. AC5\"" approaches the thermo- nm, a wavelength that detects only the tertiary folding
dynamic quantityl’>; (defined in Materials and Methods,  transition of this RNA (see Materials and Methods and Figure
eq 3) under the experimental conditions used here. S1 of the Supporting Information). A similar coincidence
ACY. has been measured for the two different variants of of folding transitions monitored by UV absorbance and
a 58-nucleotideE. coli rRNA domain shown in Figure 1. ACQL holds for the other K concentrations as well (data
The mutation present in A1088U RNA prevents the forma- not shown).
tion of tertiary structure37); UV melting experiments did Under the experimental conditions of a large molar excess
not detect any new unfolding transitions when ¥gvas of KCI over MgClh, the area under a plot QXCEL versus
added in the concentration ranges used in this work. At the |og(C,;) is related to the free energy of Nig-RNA

lowest Kt concentration that was used fmCQt+ measure- interactions, AGrna—2+ (€gq 4). Extraction of such free

ments, 20 mM, the least stable secondary structure in thisenergies from theACJ., curves in Figure 3 is complicated
RNA unfolds with aTm of ~28 °C (Figure S2B of the  py the fact that the ensemble of A1088U RNA conformations
Supporting Information). To avoid the possibility that titration g shifting to smaller average dimensions as the?Mg
with Mg*" might induce some secondary structure folding, concentration increases (s& measurements in the next
all measurements (and corresponding calculations) weresection), but as suggested by the diagrams in panels A and
performed at a temperature below the onset of this unfolding g of Figure 2, theACY'. observed for A1088U RNA will be
transition, 15°C. between theAC' values associated with the Bnd k
ACQt+ was measured for A1088U RNA at four different ensembles (up to the Mg concentration that defineg,!
K* concentrations from 20 to 150 mM. Plots m‘CQ‘+ C2+). Thus, the apparem{Grna—2+ Obtained by integration
versus logC+) show monotonic increases up to the maxi- of the AC}, curves is bracketed by the free energies we
mumC,; concentrations that were attained (Figure 3). Higher wish to estimateAG,.—»+ and AG,.—»+ (Figure 2C and eq
bulk Mg?* levels are required to sustain a particulsE, 5). These apparent free energies, evaluated at the transition
value as the K concentration increases, as expected from midpoint, are compiled in Table 1. The probable range of
competition between Mg and K" ions for electrostatic ~ free energies being averaged in this calculation is estimated
interactions with the RNA. These curves are qualitatively below.
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Table 1. Apparent Free Energies of KgRNA Interactions with
Partially Unfolded RNA

apparenAGgrna—2+ (kcal/mol)

[K*] (mM) CI, (uM) Cor =CY, Cor=1mM
20 28.0 -7.1 -
40 55.1 —-4.8 -23.
60 95.8 -3.2 —14.
150 245 -2.0 -5.9

a Apparent free energies were calculated fr&€5, vs log(Cz+)
data for A1088U RNA displayed in Figures 2 and 6A, using eq 4 of
the text and integrating either to the midpoint of the tertiary folding
transition in U1061A RNA €y = CJ,) or to aC,+ of 1 mM. The
transition midpoint was found from the inflection point of the}’
vs log(C.+) data displayed in Figures 3 and 6. Because the ensemble
of RNA conformations is changing during titration with MgCthe
free energies are averages of the more extended and compact ensembl
present at low and high Mg concentrations, respectively. See the text
for further discussion.
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Ficure 4: Radii of gyration measured in standard buffer atC5
for (A) U1061A RNA or (B) A1088U RNA. In each panel, the
left four measurements were taken in the absence 6fMgd the
right four measurements in the presence of 40 mM. Khe
horizontal bar is th&y calculated from the coordinates of U1061A
RNA in a crystal structure (PDB entry 1HQ8). Error bars are
approximate uncertainties in the analysis of the data.

A1088U RNA as a Mimic of Partially Unfolded RNPhe
ACY, curves for A1088U and U1061A RNAs approxi-
mately coincide at low M§ concentrations that do not
induce the U1061A RNA folding transition (Figure 3),
providing evidence that A1088U RNA is an adequate mimic
of the partially unfolded | state of ULO61A RNA over the
entire range of K concentrations used in these experiments.
Further support for the similar behavior of A1088U RNA
and unfolded U1061A RNA was obtained from small-angle
X-ray scattering (SAXS) measurements Ry for the two
RNAs under various conditions (Figure 4). Essentially the
sameRy is measured for either RNA in the absence ofVg
regardless of the Kconcentration. A M§" concentration
which induces folding of UL061A RNAQ,+ = 0.1 mM in
40 mM K*) causes the RNA to adopt a substantially more
compact form in which the measur&y (15.9 A) is similar
to that calculated from a crystal structure of the same RNA
(16.9 A) (14). [R, appears to increase slightly at much higher
Mg?" concentrations, 1 mM; a similar increase has been see
with the Tetrahymenagroup | intron @9). This effect
potentially reflects changes in the scattering properties of
the ion atmosphere and solvent shell surrounding the RNA.]
Even though thdz, for A1088U RNA does not change in
the range of 26150 mM K, a further small decrease-2
A) in Ry is seen at bulk MY concentrations that would

Grilley et al.

induce folding of U1061A RNA, and a furthé A decrease

at 1 mM Cy. Thus, very low concentrations of Mg
(relative to the amount of K present) enable the partially
unfolded RNA to adopt conformations more compact than
those observed with Kalone.

Models of Partially Unfolded RNAAs suggested above,
the apparenAGgrna—2+ calculated from data obtained with
A1088U RNA lies betweerAG.—»+ andAG,.—»+. Because
there is no experimental method for estimating how large
the difference between these two free energies might be, we
used a computational approach to answer this question. First,
we generated a set of 129 molecular models containing only
secondary structure and random conformations at the helix
junction (see Materials and Method&, values from~19

{025 A are represented within the set. ExperimeRgalalues

were in a similar range, from22 to 25 A, suggesting that
the models have sampled an appropriate range of conforma-
tions. The models were then sorted by decreastggo
correspond to the average configurational states of the
different | state ensembles present at increa€ingvalues,
using the SAXS measurements for A1088U RNA (Figure
4B) to relateRy values to specific Mg concentrations.
Finally, the free energy of interaction of Migwith each
model was calculated from solutions to the NLPB equation
(see Materials and Methods). In this section, we present the
structural models and NLPB-based calculations? MRNA
interaction free energies are estimated in a following section.

For the different sets of models sorteg bA increments
in Ry, we find that the average calculated value Iof
decreases aBy increases. This trend is seen in panels A
and B of Figure 5; for instance, th&- curve averaged from
RNAs with smallelR, values (26-21 A) lies above the curve
for RNAs with largerR, values (24-25 A). The RNA models
with largeRy values exhibit a relatively narrow rangelof,
(Figure 5A). Presumably, the RNA models with the largest
Ry have extended single strands that position the helices as
far apart as possible; such models approach the lowest
possible charge density and correspondingly small values of
I'>+. In contrast, RNAs having a more compact overall
conformation have access to a greater variety of junction
configurations and a larger variation in the electrostatic
potentials surrounding the RNA, which may account for the
widerI'o; range among RNAs with small&; values (Figure
5B).

Another way to view the correlation betweéh, andRy
among the models is shown in Figure 5C, which plbis
as a function oRy at differentC, values chosen to bracket
the M@?* concentration range over which the U1061A RNA
folding transition takes place. | state models with a smaller
Ry have largef,; values, on average. These trends suggest
that increasing Mg concentrations will favor an ensemble
of | state conformations with a smaller averalgg This
conclusion qualitatively agrees witR; measurements on
A1088U RNA (Figure 4), which showelg; decreasing from

25 A'in the absence of Mg to 22 A whenC,, reaches 1

mM

Comparison of NLPB-Based Calculations with Experi-
ment.Before estimating M§f —RNA interaction free energies
for different | state ensembles, we first show in this section
that NLPB-based calculations %, consistently underes-
timate experimentally measure&iC}, values but that the
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Ficure 6: NLPB-based calculations df,. for folded U1061A
RNA. Dashed lines were calculated using crystal structure coor-
dinates of the RNA only (PDB entry 1HCS8); the solid line was
calculated with a Mg" ion fixed at a single site in the RNAGY.

Dots are experimental data for UL1061A RNA taken from Figure
3; data aC,; below the folding transition are not shown for clarity.
Sets of data and calculated curves were obtained in buffers
containing different concentrations of'K (red) 20, (purple) 40,
(green) 60, and (blue) 150 mM.

Co+ becomes smallei;,+ approaches one ion per RNA for
the curves calculated with a chelated WMgwhile at high
C, values, the effect of the chelated ion bp, becomes
negligible. (This observation is related to the strong interac-
tions taking place between Mg ions in different RNA
environments; see the Discussion for further comments.)

ACY, data for UL061A RNA are also displayed in Figure
6. At the highest M@" ion concentrations, the data represent
interactions of the ion with only the folded (N) state of the
RNA and parallel the corresponding curve calculated by
NLPB methods, though the calculated curves consistently
underestimate the measurements. Notelthais relatively
insensitive to assumptions about the occupancy of the

0.00 E. TR T TN T .5 chelated site at Mg concentrations large enough to induce
M9 20 21 22 23 24 25 folding to the N state.
R. A Further comparisons of calculatéd, curves with mea-
9 surements are presented in Figure 7. NLPB-based calcula-

Ficure 5: NLPB-based calculations &%, for models of A1088U tions using A1088U RNA models underestimate the mea-

RNA, at a monovalent cation concentration of 40 mM and®@5 nt ;
(A) Colored curves are calculated for the 13 structures \gh sured AG;, curves for the RNA (Figure 7A), and the

values ranging from 24 to 25 A. The black line is the average of discrepancy betweeiz, and AC;, increases withCas.
curves calculated from models wily values ranging between 20 (The comparison shown is at 40 mM*Kbut similar
and 21 A (B). (B) Colored curves are calculated for the 19 structures differences between data and calculations are seen at other
‘é"\'/tehrggg’ﬂ?gﬁr@r‘sg'cg?czfg“{‘é%egozrg ?n“(;j dillswglg'é"g‘:;ﬁr'f the salt concentrations.) A possible explanation for this increasing
betwe%n 24 and 25 A (A). (C) Calculated valuesIof forgallg dlvergencg is that ,A1088_U RNA bec‘?mes moretcompact
129 models aC,, values of 251 (red), 100 (gray), and 25 (and thus is associated with progressively larg€l,,) as
(purple). The curves are least-squares fits of second-order polyno-C,; increases, while the calculations are based on static
mials to the data; they have no physical significance and are models. Under the same buffer conditions (40 mW) Khere
Pter;?%dRznly as a qualitative indication of the correlation between is a much closer parallel between calculated and experimental
2 ' excess M@~ curves for helical DNA (Figure 7B). It is
difference A,: = I, — I'b,) can be reliably calculated ~Noteworthy that\C3; curves for DNA and A1088U RNA
(next section). We start with calculatdd; curves for the are quite different in shape: Fhe RNA is lassouated with a
folded state of the RNA (Figure 6) (see Materials and !rger number of excess Mgions, especially at lovCy.
Methods). We have previously suggested that chelation of aValues. The larger value &% implies that the charge density
Mg?* ion between a nonbridging phosphate oxygen of A1073 of the RNA helix junction is higher than that of helical DNA.
and 04 of U1094 contributes a substantial free energy to Comparison of Calculated and Measured™; Values.
the folding reaction). To show the effect the occupancy We now combine the data and calculations presented in
of this chelation site would have dfy, NLPB calculations  Figures 6 and 7 to obtaiTl',., the difference betweeR,,
have been conducted with or without an ion fixed at this and I',,. This difference determines the sensitivity of a
site (solid and dashed lines, respectively, in Figure 6). As RNA folding reaction to changes in M{jconcentration and
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Ficure 7: Comparison of experimental and calculated excess Mg

curves at 40 mM K. (A) ACy. for A1088U RNA (blue dots).
The solid lines are NLPB-based calculationd’ef from A1088U
RNA models with different ranges d?y; from the gray to black
lines, the ranges are ¥20, 20-21, 21-22, 22-23, and 24-25

A. (B) Seven independent determinationsm‘t{‘,}gz+ for helical
DNA at 40 mM K" (colored data points). For comparison, the
A1088U RNA data from panel B are shown (dark blue points).
The black curve isI',+ calculated for helical DNA using a
cylindrical model (see Materials and Methods).

can also be derived from linkage analysis (eq 1) without
directly measurind ;. BecauseAT',, is a relatively small
difference between large numbers, it is sensitive to small
changes inl"2+ and a good test of the adequacy of our |
state models.

Figure 8 compares calculated values/Adf,; with two

different experimental determinations of the same quantity.
A family of AT, curves is plotted, in which the | state

Grilley et al.
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Ficure 8: Differences in the amount of excess WMgoetween
native and | state RNA, as deduced from calculations or experiment.
All calculations and experiments refer to buffer with 40 mM.K
The solid curves are the differences between NLPB-based calcula-
tions of ', for folded U1061A RNA (Figure 6, including a chelated
ion) andI',, calculated for A1088U models in various ranges of
Ry, from the gray to black curves, the ranges used are209gray),
20—21 (brown), 2122, 22-23 (orange), 2324 (blue), and 24

25 A (black). The green points with error bars are the differences

between AC}, values measured with U1061A and A1088U
RNAs. Light green points are within th€,; range for which
U1061A is fully folded, and the data correspond Ad,+. The
vertical gray line (with an error bar) at @ of 55 uM is AT+
derived by linkage analysis from UV-monitored folding of UL061A
RNA (see the text). Red dots are placed on the calculated curves
whoseR; range corresponds to the measuRydmeasured at the
indicatedC,.. (Figure 4).

would be observed if the | state ensemble maintained the
same dimensions as Migis added.

The experimental quantity corresponding Wl 54,
A(AC},) calculated from the difference betwea€), for
U1061A and A1088U RNAs, is plotted with error bars in
Figure 8. Because U1061A RNA is completely folded only
at higher Mg+ concentrationsA(ACQL) can be compared
with AT+ only whenC,+ > ~0.2 mM (light green data
points). The data fall below the calculated curves, though
the associated errors are fairly largel’,; has also been
determined from linkage analysis of the extent of RNA
folding (monitored by UV absorption) as a function of
In(Cz+) (eq 1) (data not shown; a similar measurement of
AT'»1 at 60 mM Kt is in ref 10). This approach gives Al
of 0.062 £ 0.009 ion/nucleotide from data collected in

models used in the NLPB calculations were taken from those buffers containing 40 mM K. This AT, value is shown as

with Ry values in the range of 220 A (smallestAT'>+) up

to 24—25 A (largestAT'2,). (Because there is good evidence
for a chelated ion in the folded RNA, only the curves
calculated with a single Mg fixed in the N state structure
are shown. Without the fixed io\I",+ is smaller by~0.017
ion/nucleotide at &, of 10°® M or by 0.0037 at &, of
103 M.) Depending on the set of | state models used in the
calculations, the maximum value &+ varies by nearly
2-fold. To indicate the degree to which compaction of the |
state by M@" affects the shape of th&I',. curve, a red dot

is placed on thd™,; curve calculated from | state models

a vertical bar at the transition midpoint in Figure 8; it is
within experimental error of the calculated value. The
reasonable agreement between calculated and experimental
values of A,y suggests that NLPB-based calculations,
despite their tendency to underestiméte, are adequate
for finding differences between interactions of Mgwith
different RNA states and that our | state molecular models
are acceptable representations of the electrostatic properties
of the | state (see the Discussion for further comment).
Estimation of the Free Energy of Interaction of Mgvith
Partially Folded RNA StructuredNe now use the | state

with an Ry in the same range as that measured at the models to estimate the difference in RMgnteraction free

correspondingC,+. At a Co4 of 1 mM, compaction of the
RNA is estimated to decreagel >+ by ~20% over what

energies between extended and compact | state ensembles,
AGcomp2 (Figure 2 and eq 4). These calculations were all
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carried out at a K concentration of 40 mM. On the basis of formation of UL1061A RNA tertiary structure takes place from
the SAXS measurements, we used models Rjthalues in an ensemble of conformations with properties similar to those
the range of 2425 A to represent the extended ensemble of A1088U RNA.

in the absence of Mg, lg, and models withr, values smaller Our measurements with A1088U RNA (Figures 3 and 7)
by 2 A (22-23 A) to representd at theC, needed to fold represent one of the few sets of data available on the
tertiary structure (5xM Mg?*). The difference between the interactions of Mg" with partially unfolded RNA configura-

corresponding calculated free energies of’Mipteraction, tions [other studies have examined homopolymer RNIAS (
AGi.2+ — AGj2+, gave aAAGeomp2 0f —0.5 kcal/mol 38, 41, 42) and the partially unfolded states of a pseudoknot
of RNA. In a second calculation, we estimat&dGeomp,2- (12) and tRNA @3)]. Two comments about these data are

for compaction at &, of 1 mM Mg?", at which pointR in order. First, the apparent Mg—RNA interaction free

has been reduceq!13 A (to the 21-22 A range) AAGeomp 2+ energies (Table 1) are strongly dependent on the concentra-
became more favorable;2.0 kcal/mol of RNA. The wild- tion of competing monovalent ion, as expected, but remain
type E. coli sequence of this 58-nucleotide rRNA fragment favorable by several kilocalories per mole of RNA even at
requires aC,; approximately 1 order of magnitude higher 150 mM K*. This result is consistent with recent experiments
to fold tertiary structure compared to that of UL1061A RNA on a partially unfolded group | intron RNA, which showed
[~2 mM Mg?" in the presence of 100 mM KCH#Q)]. Thus, significant interactions with Mg persisting at a very high

the more negative value AGcompzx at 1 mM Mg is salt concentratior2 M NaCl @3). Interactions of Mg" with
potentially relevant to the folding of natural rRNA sequences. the | state are thus important over a wide range of solution

An important question for these electrostatic calculations conditions.
is whether the sets of models, selected solely on the basis of A second important feature of the interactions of g
their Ry values, are representative of the most common RNA With A1088U RNA is thatl’,;. for this | state RNA mimic
conformations present in solution at different Mgoncen-  is larger than for helical DNA under the same buffer
trations. If Mg interacts more strongly with conformations ~ conditions (Figure 7B). At the RNA folding transition
having a higher charge density, then among models with Midpoint (554¢M Mg?* in 40 mM K*), the ">+ of 0.088 for
similar Ry values, those having largEg values are perhaps A1088U RNA is approximately halfway between the.
better representations of the compacted state. To see howpf 0.048 for DNA and thd of ~0.013 estimated for the
serious this problem might be, we repeated calculations of folded RNA. Thus, the helix junction in the | state must have
AAGcomp 2+ Using only the two models with the largest: a much higher charge density than a simple helix, a
in either the 222 or 22-23 A set of models. The estimate ~conclusion which may be related to tRgof the | state being
of AAGeomp 2+ at the U1061A RNA transition midpoint, 55 ~ more sensitive to M than K* (see below). It is plausible
uMMg?*, nearly doubles te-0.9 kcal/mol of RNAAAGomp 2- that the | state ensembles for different RNAs could display
at 1 mM Mgt is also more negative;3.0 kcal/mol of RNA. distinctly differentI",; profiles, depending for instance on

The apparent experimental value/AGgya_»-. for AL088U the way helical segments are joined in junctions. Realistic
RNA, —4.8 kcal/mol at 40 mM K and 55«M Mg?* (Table models of the | state for a specific RNA sequence are
1), is 5-10 times more negative than the difference thergfore important in assessing the effects of Mzn RNA
AAGeompz (between —0.5 and —0.9 kcal/mol). Since  folding. .

AGgrna_2+ must be bracketed bypG, »; and AG Influence of K and Mg" on the | State EnsembI8AXS

(Figure 2A), we estimate that the latter two free energies Measurements of A1088U RNA (Figure 4) indicate that low
fall in the ranges of-4.4 to—4.6 kcal/mol and-5.0 to—5.2 co+ncentrat|ons of MY (in the presence of'a large excess of
kcal/mol, respectively. These free energies are compared withK ) cause a small degree of compaction of the | state

other Mc*-dependent free energies of folding in the Discus- €nsemble. No effect of Kon R; on the RNA was detected
sion. over a wide range of concentrations,-2I60 mM. It is

unlikely that the distribution of conformations in the | state
DISCUSSION ensemble is completely insensitive to iKoncentration; we

conclude from these results only that Mds simply much

Measurement ofl’, and AGgrna-2+ for | State RNA more effective than K at reducingR,. We have previously

EnsemblesThis study attempts to quantitate the WMgRNA argued that the sensitivity of tRNA stability to Mgis related
interaction energies relevant to the folding of tertiary structure to the fact that the entropic cost of bringing a divalent ion
in a 58mer rRNA fragment. Three states of the RNA are of into the ion atmosphere of a RNA is more than offset by the
particular interest: the | state ensemble of conformations entropic advantage of “releasing” approximately two monov-
stabilized by monovalent cations in the absence of'Mtg), alent ions to the bulk solutior86). This entropic advantage
the | state ensemble of more compact conformations from becomes larger as the charge density of the RNA increases
which tertiary structure is formed at Mg concentrations  and the ion atmosphere is held closer (on average) to the
near the folding transition midpointd), and the folded state RNA. Because a relatively high charge density (reflected in
itself (N). To take experimental measurements on the | statehigh values of ;1) was observed for the | state mimic RNA,
RNA, we used a RNA variant unable to fold to the tertiary it is plausible that M§" is more effective than K in
structure (A1088U RNA). In the presence of Mgoncen- promoting compaction of the RNA.
trations too low to induce tertiary folding of ULO61A RNA, SAXS and analytical ultracentrifugation studies of some
I'2+ values for the two RNAs are the same (within experi- other RNAs have observed 280% decreases iRy with
mental error) at all monovalent salt concentrations, and the increasing monovalent cation concentratioA$-46), and
radii of gyration for the two RNAs (measured at 40 mM in some cases, Mggladdition may decrease thg; of
K*) are also within error. We therefore suppose that partially unfolded RNAs by 28640% without causing a
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complete set of tertiary interactions to fordd(-48). There such information, we argue that the models with the largest
are several possible reasons why much smaller effects ard’+ values at a giveRy will set a limit for the lowest possible
seen in the experiments reported here. One is that the ouMg?"—I state interaction free energy.

measurements with the rRNA fragment were taken under For the 58mer rRNA fragment studied here, our computa-
conditions in which there was no net gain in secondary tions suggest that the tendency of the partially unfolded
structure as K or Mg?" concentrations were increased. ensemble to adopt more compact conformations enhances
(Titration of the U1061A RNA with MgGl under salt and  their free energies of interaction with Mighy a maximum
temperature conditions only a little less stabilizing than those of ~20%. This is a relatively small increment, but the
reported in Figure 4 does result in substantial secondaryresulting free energy could be a significant factor in
structure formation before the onset of tertiary structure determining the stabilization of a RNA by Mg(see below).
folding; cf. Figure S3 of the Supporting Information.) Implications of Interactions of Mg with the RNA | State
Although structure mapping experiments have suggested thafor Folding to the N StateWe previously estimated that
most of the secondary structure of thetrahymenaroup | Mg?* stabilizes the U1061A RNA N state by approximately
intron is intact at low monovalent salt concentratioA8)( —23 kcal/mol relative to the ensemble of | states present at
in some of the cited studies stabilization of secondary the midpoint of the folding transition (1%, 0.1 mM Mg™,
structure by the added ions may be influenciRg All the 60 mM K*) (10). This free energyAAGyoq 2+, is only ~0.4
RNAs showing a large degree of compaction of the | state kcal/mol more negative under the conditions considered here
in response to ions are also substantially larger than the(55 uM Mg?", 40 mM K*). The comparable difference in
58mer studied here. Either the overall size or the topological Mg?" interaction free energies between tieahd E states,
complexity (e.g., the number and size of helix junctions) AAGcomp2+, IS at most 5% of this value.

might influence the magnitude of the change®RinLarger In the introductory section, two extreme cases for the way
RNAs may also have more complex responses té"Mig the addition of M@" to a RNA solution might promote
that intermediates with partial sets of tertiary interactions folding were posed. Mig could interact much more strongly
are more likely 48, 50). with compact conformations of the | state so that tertiary

Calculation of the Difference ihAGgna-2+ for Extended structure is formed from RNA conformations with dimen-
and Compact | State Ensembld® ask how much more  sions and charge densities not much different than those of
strongly Mg* interacts with A1088U RNA as its dimensions the native conformation (Figure 2B), or Mgcould have
decrease, we had to rely on electrostatic calculations with | relatively little influence on the | state conformations but
state molecular models. Two sets of concerns arise in relationstrongly stabilize the N state (Figure 2A). The 58mer RNA
to these calculations. One is the reliability of the NLPB studied here seems to fall into the latter categdry.
equation for obtaining Mg —RNA interaction free energies.  decreases significantly in response to¥doy as much as
There is good agreement between NLPB-based calculationsl 5%, but folding to the N state is accompanied by a further
and experimental data for duplex RNA, tRNA, and a ~28% decrease iR;. Likewise, the estimated free energy
pseudoknot RNA 11, 36, 51). In all these cases, the free difference in Md@" interactions between compact and
energies of Mg" interactions are dominated by diffuse extended conformations is significant, as much-dskcal/
(hydrated) ions. NLPB-based calculations tend to underes-mol, but small compared to the nearky20 kcal/mol
timate the excess Mg ions neutralizing nucleic acid charge difference in M@" interaction free energies between the N
(T'2+) in comparisons with experiments (Figure 7 andlr®f and | state RNAs.
and in comparison with theoretical calculations that take into  Although the degree of compaction of the rRNA fragment
account ion size52). Nevertheless, free energy differences, caused by addition of Mg is small, it nevertheless
including the salt dependence of peptid®NA interactions represents a significant change in RNA dimensions and
(53), pK shifts in a DNA-binding drug%4), and the Mg*- charge density. As pointed out above, the 58mer RNA
dependent difference in free energy between two RNA fragment is small and has only a single helix junction
conformations 11) have been reliably calculated from the influencing the dimensions and flexibility of the molecule.
NLPB equation. We do not expect expanded and compactlt will be interesting to see how the free energies of
forms of the | state ensemble to interact with Wdpy very interactions of M@" with larger RNA folding intermediates
different mechanisms and therefore expect the free energycompare to those observed for the rRNA fragment reported
difference calculated for interactions of Rfgwith sets of here.
models representing the &nd k states AAGcomp,2-, 10 be Discrimination between Models of I6tRNA Interaction
reliable. usingI'2+. Calculations based on the NLPB equation are in

A second concern is whether the sets of molecular modelsgood agreement with the experimentally determined values
used in the NLPB calculations represent the most probableof AI';; for 58mer RNA folding (Figure 8). A\l (or a
members of the statistical ensembles of RNA conformations similar quantity, the Hill coefficient) has in the past been
present at a particular Mg concentrationR; was the only interpreted as a measure of the number ofMgns binding
criterion for selecting the models corresponding to a set of to specific sites in the native RNA structur&€j, the
solution conditions, and as a global measure of RNA significance of this agreement requires comment. The
dimensions, it provides only a rough discrimination as to calculations used an N state model that includes a chelated
which models should be considered representative. Experi-ion in the structural coordinates. As seen in ihe curves
mental methods that measure the distributions of distancesin Figure 6, as a larger fraction of the N state RNA charge
present in a RNA, such as single-molecule fluorescenceis neutralized by Mg, theT',. values become less sensitive
energy transfer55), might provide additional criteria for  to the presence or absence of a chelated ion within the
selecting the most representative models. In the absence oftructure, and whelg,; is large, the calculated values of
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T, are nearly the same whether a chelated ion has been 15
included. The reason for this behavior of thg. curves is
the strong repulsive interaction between a site-bound ion and ;¢
diffuse ions, which reduces the number of the lat®r The

net result is that calculations with or without a site-bound 17.

ion present differ i, by only 0.007 ion/nucleotide &,
near the folding transition midpoint (Figure 8). This differ-

ence is within the error of the experimental measurements. 1g.

In contrast, Al'z+ is very sensitive to the model used for
the | state. For instance, if helical DNA had been used instead
of the structural modelsAI',+ would have been estimated
as ~0.10 ion/nucleotide aC,. of the transition midpoint

(Figure 8), approximately twice the actual value. There is 20.

also a nearly 2-fold variation i+ when | state models
with different radii of gyration are used. The agreement

between calculations and experiments in Figure 8 is therefore 21

good evidence that our | state models are reasonable but does
not support a specific model of interactions of Mgvith
the folded state.

23.

SUPPORTING INFORMATION AVAILABLE

Melting profile for U1061A RNA (Figure S1), melting
profiles of UL0O61A and A1088A RNA (Figure S2), and
normalized absorbance changes for UL1061A RNA titrated
with MgCl, (Figure S3). This material is available free of
charge via the Internet at http://pubs.acs.org.

26.
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