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Counterions are required for RNA folding, and divalent metal ions such as
Mg?* are often critical. To dissect the role of counterions, we have
compared global and local folding of wild-type and mutant variants of P4-
P6 RNA derived from the Tetrahymena group I ribozyme in monovalent and
in divalent metal ions. A remarkably simple picture of the folding
thermodynamics emerges. The equilibrium folding pathway in mono-
valent ions displays two phases. In the first phase, RNA molecules that are
initially in an extended conformation enforced by charge—charge repulsion
are relaxed by electrostatic screening to a state with increased flexibility but
without formation of long-range tertiary contacts. At higher concentrations
of monovalent ions, a state that is nearly identical to the native folded state
in the presence of Mg” ™ is formed, with tertiary contacts that involve base
and backbone interactions but without the subset of interactions that
involve specific divalent metal ion-binding sites. The folding model
derived from these and previous results provides a robust framework for
understanding the equilibrium and kinetic folding of RNA.
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Introduction

The discovery of catalysis by RNA in 1982 by
Cech and co-workers engendered excitement on

several fronts: an “RNA world” as a potential
solution to the evolutionary problem of whether
genetic information (nucleic acids) or molecular
function (proteins, according to the old view) came
first;' potential roles for RNA in modern-day

1 K.T. & R.D. contributed equally to this work.
Abbreviations used: CE, 10 mM sodium cacodylate,
0.1 mM EDTA bulffer; SAXS, small-angle X-ray scattering.

E-mail addresses of the corresponding authors:
herschla@cmgm.stanford.edu; mrc@aecom.yu.edu

biology that extend beyond simply carrying infor-
mation; and molecular questions of how a polymer
far simpler than proteins could fold into discrete
three-dimensional structures and direct complex
and highly efficient catalysis.” Consideration of this

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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last problem led to an early focus on the roles of the
2'-hydroxyl group of RNA and of divalent metal
ions, both of which were believed to be required for
RNA’s special functional properties. These views
have matured over time.

There are many examples of RNA tertiary
structures with intimate roles for 2’-hydroxyl
groups, and, indeed, 2’-hydroxyl groups have
catalytic roles.>* However, any absolute view of
the necessity of the 2’-hydroxyl group for catalysis
was vitiated by the discovery, through in wvitro
selection, of DNA catalysts,5 and these findings
were consistent with earlier work showing that
DNA of the Correspondinbg sequence can adopt
structures similar to tRNA.

Early work with catalytic RNAs demonstrated
that addition of divalent metal ions such as Mg ™"
stimulated RNA structure formation and catalytic
activity.” One extreme view was that all of RNA
catalysis could be reduced to the appropriate
placement of catalytic divalent metal ions.® How-
ever, Co(Ill) hexammine, an exchange-inert metal
ion, or high concentrations of monovalent cations
were shown to promote tertiary structure formation
for several RNAs,”"® and even to promote
RNA catalysis in the absence of divalent metal
ions.”"1* ™ In addition, group I ribozymes were
shown to form extensive tertiary contacts at high
concentrations of monovalent cations in the absence
of divalent cations.'?>'*'” Nevertheless, Mngr was
required to complete the folding of the group I
catalytic core required for activity."

To distinguish the factors and forces that control

RNA folding, the Na*-promoted equilibrium fold-
ing pathway of the P4-P6 domain of the Tetrahymena
intron has been dissected. The P4-P6 domain
(Figure 1) was chosen for these studies, as its
three-dimensional structure is known at atomic
resolution with well-defined, specific Mg " -bind-
ing sites'®'” and its Mg " -dependent folding has
been well-characterized.”* 2 Yet, our initial studies
indicated that it collapsed upon addition of mono-
valent ions alone. Further, this molecule is simple
enough, with two regions of long-range tertiary
contacts, to allow thorough testing of the roles of
these interactions. We have coupled global and local
probes with mutagenesis to dissect the behavior of
the P4-P6 domain in the presence of monovalent
cations. The results, in conjunction with other recent
studies, allow us to draw general lessons about the
forces that dictate the folding behavior of RNA
molecules.

Results

Preformed secondary structure in P4-P6

RNA “unfolded’ states often have stable second-
ary structure, which simplifies study of folding
process. Dimethyl sulfate (DMS) and ribonuclease
T1 mapping of the isolated P4-P6 domain verified
the presence of intact secondary structure in
concentrations of Na™ as low as 2 mM (data not
shown; see also Jaeger et al.).**

J5/5a
¢
A+G-ACA +———
G-C A
P5a c-C U-A
A-Bulge/U $Suas UG8 0
o008 . PS5 ug Figure 1. The Tetrahymena ribo-
c-G ® C-G C-G zyme P4-P6 domain and mutants
Su 0 O Sa.0 AbulgeP4 U-Gp examined in this study. The base-
u 1 5 g Interaction ﬁ:ﬁ pairing pattern present in the
u A 2+ 9 . .
U 1] A c-G P4 Mg~ "-induced native state is
U-A " u- 0- AC-G h h 1
GC g G- c-G-110 shown, and the two long-range
180-8-0 G-C A tertiary contacts are drawn as
AApGGGUA 13H J ﬁ:ﬁ U™ 260 arrows. The boxes show the
17°'cGu[|é(';4_(;. A { )< mutant names used and the color
G+A-140 G:U U din; d in subsequent Figures.
P5c .. P63: Ap coamg use q )
Double mutant H_u cc GA G The P5abc base-pairing pattern in
A‘BU_!_Qe" U a = La & the absence of Mg®™" is likely to be
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U+G Interaction C+G -250 J6a/b native secondary structure does
AC'G Y : Receptor not affect the interpretations or
T AA . G- conclusions of th.15 study. Mutation
G-¢ Tetralo p U-A J6a/b-U of G174 to A, which favors the non-
G U-150 (L5b) c-G native secondary structure and
cu 230- A-U c-G o . S
P6b A-U GG -250 destabilizes Mg~ " -induced fold-
L5b/UUCG ce LT ing,* has no detectable effect on
AG.cu-uu uu A the Na%t-induced compaction
U.u u behavior of P4-P6 (unpublished
¢ g results).
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Two thermodynamic phases of Na " -induced
compaction for P4-P6 RNA

The changes in size of the P4-P6 RNA as a
function of the concentration of sodium ions were
examined using analytical ultracentrifugation
(Figure 2(a)). The hydrodynamic radius, corre-
sponding to the molecule’s compactness, decreased
in two major phases; the first ghase occurs with a
midpoint of 10-20mM Na™,*' and the second
phase with a midpoint of ~600 mM Na*. To
understand the forces driving these compaction
events, we compared the compaction behavior
of wild-type P4-P6 RNA to that of a series
of mutants. Global information obtained by
analytical ultracentrifugation and small-angle
X-ray scattering (SAXS) was combined with
detailed structural information from hydroxyl
radical footprinting to reveal the molecular basis
of the compactions.

The first phase: electrostatic relaxation

Despite the reduction in hydrodynamic radius in
the first phase of compaction, there are minimal
changes in the hydroxyl radical reactivity of the
RNA backbone (Figure 2(b)). Thus, the compaction
occurs without formation of stable tertiary contacts.
To further test for potential roles of tertiary contacts
in this phase of compaction, we monitored the size
of a mutant form of P4-P6 lacking both long-range
tertiary interactions (Figure 1, Double mutant). A
transition coincident with that for wild-type RNA
was observed (Figure 2(a)), providing additional
evidence against the involvement of tertiary inter-
actions in the first phase.

The hydrodynamic radius of 50 A estimated for
the starting state at a very low concentration of Na™
(<10 mM) is indicative of an extended RNA
molecule with the double helical elements splayed
away from one another (calculated value 53 A,
versus 29 A for the folded molecule; see Materials
and Methods). This extended structure is consistent
with charge repulsion determining the orientation
of the helices. The results described above suggest
strongly that the transmon upon increasing the
concentration of Na* to 100 mM is a structural
relaxation that is unaccompanied by formation of
tertiary contacts. This relaxation is allowed because
of enhanced screening of long-range electrostatic
repulsion between the RNA secondary structural
elements by the denser Na™ counterlon cloud
present at higher concentrations of Na™.* Figure
2(c) shows the distribution of distances between all
pairs of atoms within the molecule being probed,
P(R), obtained from the SAXS experiments at
100mM Na™ and from structural models. The
P4-P6 RNA in 100 mM Na ™ is less compact than its
native state but considerably more compact than
predicted for an extended state. The observed
experimental profile is the same as that predicted
for a relaxed ensemble of P4-P6 molecules in which

electrostatic repulsion is screened but no long-range
tertiary interaction is present (Figure 2(c)).

Divalent cations also induce the relaxation. The
double mutant RNA examined at 1 mM Mg>* by
SAXS has an R; value and P(R) dlstrlbutron
comparable to that observed at 100 mM Na™*
(Figures 3(a) and 4(a)). Thus, the first phase of
compaction reflects an electrostatic relaxation
mediated by charge neutralization independent of
metal ion valence.

The second phase: compaction induced by
tertiary contact formation

At concentrations of Na™ above 100 mM, further
compaction beyond the relaxed state is observed
(Figure 2(a)), accompanied by the appearance of
protections from hydroxyl radical cleavage
(Figure 2(b)). These observations indicate that
specific interactions are formed within P4-P6 in
the presence of Na™*. This compaction could be
mediated through structure formation at the junc-
tions between helices, formation of one or both of
the long-range native tertiary contacts or the other
non-native tertiary contacts. The observation that
the second phase of compaction is absent from a
mutant with both long-range tertiary contacts
disrupted strongly suggested that one or both of
these contacts was responsible for the observed
compaction (Figure 2(a)).

To examine the role of the individual tertiary
contacts, we investigated P4-P6 constructs with
tertiary contacts disrupted separately (Figure 1).
Disruption of the tetraloop or its receptor abolished
the second phase, whereas disruption of the A-rich
bulge had no effect (Flgure 4(a)). These results
suggested a simple model in which Na™ supports
formation of the tetraloop/tetraloop-receptor but
not the contact between the A-rich bulge, which
normally binds Mg”™, and its docking site.

The hydroxyl radical cleavage pattern for the
wild-type and mutant P4-P6 RNAs provided a
further test of the above model as well as a
detailed structural comparison to the native state.
Remarkably, hydroxyl radical protectlons for wild-
type P4-P6 in high concentrations of Na™ and in
Mg>* were indistinguishable throughout most of
its structure, including the “hinge” region between
the P4/P5/P6 coaxial stack and Pbabc (residues
126-128, 196-97 and 200-202) and the
tetraloop/tetraloop-receptor (residues 153-155 and
222-224; Figures 2(b), 4(b) and (c)). Thus, the
structure in the presence of a high concentration
of Na appears to have the same overall fold as the
Mg " state: parallel neighboring coaxial stacks of
P4/P5/P6 and Pbabc juxtaposed by the hinge that
covalently connects them and the tetraloop/tetra-
loop-receptor that non-covalently joins these stacks
at their distal ends.

Mutation of the tetraloop/tetraloop-receptor
prevented the second phase of compaction, as
noted above, and abolished protection from
hydroxyl radicals (Figure 4(c) versus (e); see also
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Figure 2. Compaction and
tertiary structure formation in
the P4-P6 RNA as a function of
the concentration of Na™. (a) P4-
P6 compaction, monitored by
analytical centrifugation. The
hydrodynamic radius for the
wild-type P4-P6 (black) is plotted
and reveals two thermodynamic
phases of compaction, with mid-
points of ~20 mM and ~ 600 mM.
The first compaction phase is
present in the double mutant
(purple). The lines are shown as
guides; note the logarithmic scale
for the concentration of Na™*. The
experimental errors are smaller
than the heights of the symbols.
(b) Solvent exposure throughout
the RNA backbone probed by
hydroxyl radical footprinting.
Footprinting patterns of the P4-
P6 native state in 1 and 10 mM
Mg2+ are shown for comparison
as separate bars at the right. The
10 mM Na™ state is the reference
condition (color white); the Na™
folding process shows a protec-
tion pattern at high concentrations
of monovalent ion very similar to
that of the native state. Linear
interpolation is used to smooth
the data between the experimen-
tally measured concentrations of
Na™ to allow better recognition of
the transitions in this false-color
representation. The measured
concentrations are indicated at
the bottom of the map. The Na*
concentration scale matches that
in (a) to facilitate comparisons. (c)
Small-angle X-ray scattering
measurements exhibit indistin-
guishable distributions P(R) of
intramolecular distances R at
100 mM Na™ for wild-type P4-P6
(black) and variants with
mutations disrupting the L5b tet-
raloop (L5b/UUCG; red), the
Jéa/b tetraloop receptor (J6a/b-
U; cyan), the A-rich-bulge (A-
Bulge/U; green), and both the
tetraloop and  A-rich-bulge
(double mutant; purple). Note
that overlap obscures most of the
data points. The P(R) distribution
measured at 100mM Na% is
consistent with a relaxed
ensemble of P4-P6 conformations
(continuous line), but not a highly
extended state (dashed line) or the
native state (dotted line).
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Supplementary Material, Figure S1). This result pro-
vides additional evidence that the tetraloop/ tetra-
loop-receptor interaction is formed and is required
to stabilize the folded state in Na™. Conversely,

~.
Seee

0 20 40 60 80 100 120 140 160 180

Figure 3. Intermolecular distance
distributions of the P4-P6 RNA
states discussed in the main text.
Symbols show experimental distri-
butions overlaid on predictions for
extended, relaxed, and folded
(native) states. (a) The double
mutant (A-rich/U; L5b/UUCG) is
relaxed but not folded in 1 mM
Mg®*. (b) The wild-type RNA in
high Na* is compact but not native.
(c) The wild-type RNA in 1mM
Mg>* forms a conformation whose
distance distribution is consistent
with the native structure, as
expected. The experimental errors
are smaller than the heights of the
symbols.

mutation of the A-rich bulge, which had no effect on
Na™-induced compaction, also had no effect on the
protection pattern (Figure 4(c) versus (d)).

The above results are consistent with the
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involvement of Mg”* in establishing the structure
of the A-rich bulge in the native state and
contributing to folding in Mg”* but not in Na*.
As expected, protections surrounding the Mg*"
core and in its P4 docking site were diminished
greatly in the presence of Na* compared to Mg ™"

wt[2M Na*

Figure 4. Dissecting the second
phase of Na*-induced compaction
of the P4-P6 domain. (a) SAXS
measurements of the radius of
gyration for the wild-type (black),
L5b/UUCG (red), J6a/b-U (cyan),
A-Bulge/U (green), and double
mutant  (purple) molecules.
Dashed lines represent the radius
of gyration values of wild-type P4-
P6 (black) and the double mutant
(purple) in 1 mM Mg?". Radius of
gyration values in 1 mM Mg** for
the L5b/UUCG (41 A), J6a/b-U
(39 A), and A-Bulge/U (41 A)
molecules were within error of the
double mutant value (39 A). (b)—(e)
Hydroxyl radical protection pat-
tern of wild-type P4-P6 in (b)
10 mM Mg?*, (c) wild-type in 2 M
Na™, (d) A-Bulge/U mutantin2 M
Na™*, and (e) L5b/UUCG mutant
in 2M Na™. Protections are rela-
tive to reactivity in 10 mM sodium
cacodylate buffer in the absence of
Mg**. For visual comparison, the
protection patterns for the states
are all displayed as color variations
on the same backbone represen-
tation of the P4-P6 native fold in
Mg>*, although conformational
differences are indicated by the
different protection patterns. The
bright or faint gold lines represent
the interpreted presence or
absence of the tertiary contacts,
respectively.

(residues 162-165, 169-170, 176-177, 211-214 in
Figures 2(b), 4(b) and (c)). The protection pattern for
this high-Na ™, near-native state indicates a tertiary
structure similar to that of the A-bulge/U mutant
folded either by Na™ or Mg ™ (see also Supplemen-
tary Material, Figure S2).
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In summary, high concentrations of Na™ alone
support folding to a P4-P6 structure that is the same
in nearly all respects as the native fold promoted by
Mg?*. Structural elements at the ends of the
coax1ally stacked structural elements, the ”hmge
reglon and the tetraloop/ tetraloop-receptor, form in
Na ™, whereas interactions mediated by the A-rich
bulge that is directly involved in Mg® " -binding are
not present.

Discussion

Mg?* and RNA have long enjoyed a special
relationship. Mg®" is ubiquitous in physiol ﬁlcal
environments, and there are clear roles for Mg~
RNA structure and function. Nevertheless, it has
become increasingly clear that RNA can adopt
native structure and carry out function in decidedly
non-physiological ionic conditions: at high concen-
trations of monovalent ions in the absence of
Mg?*.°"® Fundamental insights can be achieved
by determining the effects of perturbations away
from physiological conditions and dissecting the
underlying causes of these effects. Here, we have
dissected the equilibrium folding pathway for the
P4-P6 RNA domain from the Tetrahymena group 1
ribozyme in monovalent cations using global and
local structural probes in conjunction with targeted
mutagenesis (Figure 5). Comparing these results
with published studies of the structure and folding
of this RNA in the presence of Mg”>* allows an
incisive evaluation of the forces and features
proposed to contribute to RNA folding.

RNA “collapse” preceding tertiary structure
formation

Secondary structure formation

A simplifying feature of RNA folding, in

(a) (b)

Very Low
lonic Strength

Electrostatic ‘ -
Repulsion ) P
QA
Electrostatic
Repulsipn
p

@

+~100 mM Na*

—=>

Electrostatic
epulsion

Extended

Na™.

Electrostatic Relaxation
due to Charge Neutralization

Relaxed

comparison to protein folding, is the ability to
form “unfolded” states with stable secondary
structure and to then follow the adoption of
compact tertiary structures by these preformed
helices. Compact intermediates have been observed
in the extensive studies of the kinetic and thermo-
dynamic folding pathways of several RNAs.'”**72%%7
For the RNase P RNA, Azoarcus and blI5 group I
introns, the observed thermodynamlc compaction
with increasing concentration of Mg®* appears to
involve, at least in part, secondary structure
formation beyond the extensive local du 315?18)(
formation present in the starting state. 2830,
contrast, DMS and RNase T1 mapping of the P4—P6
domain in the presence of sodium ion concen-
trations as low as 2 mM suggest that the secondary
structure is preformed, simplifying evaluation of
other compaction forces.

In addition to inducing a net compaction in the
RNA, secondary structure formation greatly con-
strains the RNA conformational ensemble, and
these constraints generally favor formation of
native tertiary interactions and disfavor formation
of many potentlal non-native secondary and ter-
tiary interactions.’® Although this contribution to
folding was not probed directly in this study, the
preformed secondary structure is undoubtedly a
critical feature in favoring subsequent P4-P6 RNA
tertiary structure formation.

Electrostatic relaxation

Our equilibrium study, like much of the literature
probing the kinetics and thermodynamics of metal
ion-dependent RNA folding, used an initial state
with very little salt present. For P4-P6 and the
complete Tetrahymena ribozyme, electrostatic
repulsion dominates the interactions between the
preformed secondary structural elements at low
ionic strength, forcmg them into an extended
structure (Figure 5(a)). 233 Upon the addition of

(c)

Tertiary Contact
Formation

+ ~1000 mM Na*

@(}:

Folded

Figure 5. Proposed structural ensembles of the Tetrahymena ribozyme P4-P6 domain with increasing concentrations of
+
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cations sufficient to neutralize the charge repulsion,
the RNA relaxes into a disordered family of
structures in which the helices sample alternative
conformations that allow tertiary elements to
encounter each other (Figure 5(b); see also
refs**'°2 ). This sampling yields a net observed
“collapse” as the average molecular radius is
decreased. However, the number of accessible
conformations is predicted to increase via this
relaxation process, and this prediction may be
testable by thermodynamic and biophysical probes
of the conformational flexibility of RNA.™°
Electrostatic relaxation is an overall property of
the P4-P6 structure in which the rigid charged
helices are interconnected by multiple unpaired
junctions, and this relaxation is likely to be a general
property of the kinetics and thermodynamics of
nucleic acids. Indeed, we expect that unstructured
states in vivo will be electrostatically relaxed rather
than dominated by electrostatic repulsion as
observed in the low-salt conditions used in many
in vitro folding experiments.

Counterion-induced attraction

The theories of the counterion atmosphere
surrounding nucleic acids provide possible
mechanisms of compaction beyond electrostatic
relaxation.’** Simulations of the ion atmosphere
indicate the existence of a counterion-mediated
attractive force between nucleic acid elements and
suggest strongly that only counterions of high
valence can establish such a force.*® The observation
of compaction of the P4-P6 RNA in the presence of
bothNa ™ and Mg2+ (Figures 2(a) and 3) provides no
indication of a valence-dependent counterion corre-
lation force playing a major role in RNA folding.*’

Tertiary structure formation

Long-range tertiary contacts and specific metal
ion-binding sites

The group I introns from Tetrahymena and
Azoarcus can fold into compact, near-native three-
dimensional structures in the presence of high
concentrations of monovalent ions, although the
addition of Mg>* is required for proper folding of
the conserved intron catalytic core.'*'® From these
studies it remained unclear whether Na™ alone
could induce significant folding of the isolated P4-
P6 domain. In particular, the Mg®" cluster at the
core of the P4-P6 RNA'® was expected to become
more important and possibly critical for the
domain’s folding outside the context of the multiple
other ribozyme elements that encapsulate and
stabilize the domain.”® We observe here a compac-
tion of the isolated P4-P6 to nearly native dimen-
sions upon addition of high concentrations of Na™,
demonstrating that its metal ion core is not essential
for formation of a compact fold.

The structure of the folded P4-P6 RNA in the
presence of a high concentration of Na™ can be

understood from the simplest perspective of the
potential effects of monovalent cations. More
generally, all RNAs will experience enormous
internal electrostatic repulsion between backbone
phosphate groups. As described above, moderate
concentrations of Na™ can provide the non-specific
electrostatic screening required for relaxation;
higher concentrations of Na™ can then screen charge
repulsion of phosphoryl oxygen atoms at the close
separations observed in the native fold. With
sufficient screening, structural interactions that do
not rely on binding of divalent metal ions in specific
sites can be formed to give the specific tertiary fold.
Although folding of the special tertiary motifs that
require Mg”* coordination is not required to form a
compact fold, such metal ion-binding sites can
provide added stability to folded structures when
divalent metal ions are present. Monovalent ions can
also stabilize the fold due to the presence of specific
binding sites, such as the one identified adjacent to
the tetraloop receptor of P4-P6.7*%

Local structure at junctions

The importance of structure formation at junc-
tions between double helices for RNA folding has
been increasingly recognized.*®° For the P4-P6
RNA, mutants with changes within the junction
connecting the P4/P5/P6 stack to the P5abc stack
(Figure 1) require higher concentrations of Mg ™" to
fold.** This junction also exhibits protections from
hydroxyl radical cleavage in the folded state,*® and
these protections are maintained in the Na " -folded
state (Figures 2(b), and 4(b) and (c)).

Beyond their thermodynamic importance in
stabilizing RNA folds, Lunctions may play key
roles in folding kinetics.”® In the case of the P4-P6
RNA, formation of specific tertiary contacts occurs
with an observed rate constant of 1-2s~ " when
Mg? " -dependent folding is initiated from a low-salt
condition (<10 mM); increasing the initial concen-
tration of monovalent ions to 20-30 mM increases
the rate of folding at least 25-fold.*"***' The
thermodynamic transition from an extended state
to a relaxed state with a Na™ midpoint of ~10 mM
could account for this dramatic acceleration, with
relaxation of the junctions in the extended state
providing one of the kinetic barriers to folding at
low concentrations of salt (Figure 5).

The slow folding of junctions may arise due to
structure formation that needs to be disrupted. The
low-salt P4-P6 structure exhibits no change in the
backbone protection pattern of the extended and
relaxed states (Figure 2(b)) and may involve
stacking of bases at the junctions. A similar kinetic
barrier arising from junction structure has been
proposed for electrostatic relaxation in the full-
length ribozyme based on time-resolved SAXS
studies.® More generally, structures formed at
junctions can aid or hinder folding kinetics and
thermodynamics, despite the typical focus in fold-
ing on the residues that make specific long-range
interactions.
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A general picture for RNA folding: a balance of
forces

The forces and features described in the preced-
ing sections balance to provide the thermodynamic
and kinetic pathways observed for RNA folding.
Positioning wvia secondary structure formation,
screening of electrostatic repulsion, long-range
tertiary interactions, junction structures and specific
metal ion-binding sites all play important roles in
the formation of a compact, stable P4-P6 RNA.
Their balance leads to cooperative folding from an
extended, unfolded state to the native state with
increasing concentrations of Mg®*. In the absence
of Mg?™, binding sites for divalent metal ions no
longer play a role, and the balance of the forces
shifts, revealing two additional states of P4-P6
(Figure 5). As the concentration of Na ™ is increased,
the RNA first compacts to an electrostatically
relaxed state and then adopts a near-native tertiary
structure lacking the metal ion core but stabilized
by Mg®*-independent tertiary interactions. These
states are normally hidden in the Mg>* equilibrium
folding pathway, but have been revealed in the
presence of Mg®t through the appropriate
mutations of metal ion-binding sites and long-
range contacts.

The ability to fold RNAs in the presence of
monovalent ions provides an analytical tool that
will aid in developing a complete quantitative
energetic description of the forces that dictate
RNA structure and dynamics. Such a description
is foundational, in turn, for developing a deep
understanding of the thermodynamic and kinetic
mechanisms underlying the function of RNA
molecules involved in complex biological
processes.

Materials and Methods

RNA preparation

Wild-type and mutant P4-P6 RNA constructs were
prepared by in vitro transcription from PCR-generated
DNA templates usin% 2phage T7 RNA polymerase, labeled
at the 5'-end with [y->*P]ATP using phage T4 polynucleo-
tide kinase for footprinting experiments, and purified by
denaturing polyacrylamide gel electrophoresis.

Analytical ultracentrifugation

The RNA stock solutions in CE buffer (10 mM sodium
cacodylate, 0.1 mM EDTA, pH 7.0) were diluted into CE
buffer containing the indicated concentration of NaCl,
heated to 95 °C for one minute, cooled on the bench for 30
seconds and then incubated at 50 °C for 15-30 minutes
prior to loading the centrifuge cells. The loaded cells
and rotor were allowed to temperature-equilibrate for
~30 minutes in the centrifuge prior to initiating a run.
Sedimentation velocity analyses were conducted using
the absorption optics of a Beckman XL-I analytical
ultracentrifuge at 25 °C, 6 pg/ml of RNA in double-sector
cells loaded into a Ti-60 rotor at a rotor speed of
40,000 rpm. The sedimentation boundaries were analyzed

as described, assuming v = 0.53 cm®/g.'>*! The sedimen-
tation and diffusion coefficients decrease with increasing
concentration of Na*, consistent with compaction of the
RNA. The presence of 0.1 mM EDTA in the ultracentri-
fuge experiments ensures that micromolar multivalent
metal ion contaminants potentially associated with NaCl
stocks are not responsible for the observed transitions.

Hydroxyl radical footprinting

Radiolabeled RNA samples were denatured at 95 °C for
one minute in CE buffer and then incubated at various
concentrations of salt at 25°C for 30 minutes. Fenton
chemistry was carried out for 30 minutes at 25 °C with
final concentrations of 2 mM Fe(NH,)>(SOy),, 2.5 mM
EDTA, and 6 mM sodium ascorbate without H,O,. The
reaction products were processed, separated by gel
electrophoresis and visualized using phosphor storage
imaging.'**> The resulting monovalent cation titration
autoradiograms were analyzed with single-nucleotide
resolution.'>*® The reactivity data are presented as a false-
color image following scaling to reference state, as
follows:"?

R

Relative protection =1 —
Rref

where R is the observed intensity and R, is the
intensity for the initial state in CE buffer. Footprinting of
the low-sodium and high-sodium states of the wild-type
and A-Bulge/U constructs at independent laboratories
with independently purified RNA led to indistinguish-
able results. As in the ultracentrifuge experiments, the
presence of excess EDTA would serve to scavenge
micromolar multivalent metal ion contaminants that
might be present in the NaCl stocks.

Small-angle X-ray scattering (SAXS)

SAXS samples contained RNA concentrations of 1 or
3 mg/ml of RNA or no RNA (for background measure-
ments) with 50 mM sodium 3-(N-morpholino) propane-
sulfonic acid, pH 7.0 (20mM Na™) and various
concentrations of sodium acetate. The reported SAXS
profiles exhibited no dependence on RNA concentration,
indicating that aggregation is negligible. While no EDTA
was present in the SAXS experiments, the high concen-
tration of phosphate (>2 mM) of negatively charged RNA
ensures that the micromolar levels of multivalent ion
contaminants that could be present in the sodium acetate
would be insufficient to influence a majority of the RNA
molecules present; the agreement in the dependence of
the ultracentrifuge results on the concentration of Na™,
for which EDTA was present, and the SAXS results
provides further strong evidence against an effect from
contaminating multivalent metal ions. Charged coupling
device (CCD) images were obtained at beamline 15-A at
the Photon Factory and beamline 12-ID at the Advanced
Photon Source and processed into SAXS profiles using
standard software packages.***> Complete Na ™ titrations
of the wild-type and A-Bulge/U constructs were carried
out at both beamlines with independently prepared RNA
samples and agreed within measurement error. Distance
distributions and radius-of-gyration (R,) values were
obtained from SAXS profiles by Svergun’s regularized
transformation.** The resulting R, values were
indistinguishable from those obtained by Guinier
analysis. SAXS profiles at low concentrations of Na*
(<100 mM) could not be used to obtain radii of gyration
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or intramolecular distance distributions because of an
RNA concentration-dependent scattering signal from
intermolecular ordering. In fact, this ordering is a
qualitative indicator of strong intermolecular Coulombic
repulsion, consistent with strong intramolecular repul-
sion proposed for the RNA extended state under these
conditions.*® Under all other conditions, the observed
scattering was independent of RNA concentration.

Theoretical SAXS distributions and radius of gyration
(Rg) values for different RNA conformations, taking into
account ion atmosphere scattering effects,*® were simu-
lated in Matlab routines. The native state structure was
taken from PDB coordinates 1GID,'® with Ry;=29 A. The
extended state was taken to be a conformation with the
orientation of P5abc adjusted to be at a maximal distance
from the stacked P4/P5/P6 helices, corresponding to a
maximum radius of gyration of 53 A. The relaxed
ensemble was simulated by uniformly sampling orien-
tations of the P5abc subdomain relative to the P4/P5/P6
helices, yielding an intermediate radius of gyration value,
Ry =43 A. Shifting the base-pairing pattern of P5abc*’ or
introducing flexibility at the P5abc and P4/P6 junctions
produced no distinguishable changes in the predicted
distribution for the relaxed state at the coarse resolution
sampled by SAXS.

DMS and RNase T, structure mapping

Dimethyl sulfate (DMS) footprinting was carried out as
described.'” For RNase T1 structure mapping, radio-
labeled RNA was incubated with 2.5nM RNase T1
(Roche) for 20 minutes at 25°C in buffer conditions
identical with those used for X-ray scattering or under
denaturing conditions,*® and analyzed as in hydroxyl
radical footprinting reactions.
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