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Hinge Stiffness Is a Barrier to RNA Folding
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Cation-mediated RNA folding from extended to compact, biologically
active conformations relies on a temporal balance of forces. The Mg2+-
mediated folding of the Tetrahymena thermophila ribozyme is characterized
by rapid nonspecific collapse followed by tertiary-contact-induced
compaction. This article focuses on an autonomously folding portion of
the Tetrahymena ribozyme, its P4–P6 domain, in order to probe one facet
of the rapid collapse: chain flexibility. The time evolution of P4–P6 folding
was followed by global and local measures as a function of Mg2+

concentration. While all concentrations of Mg2+ studied are sufficient to
screen the charge on the helices, the rates of compaction and tertiary
contact formation diverge as the concentration of Mg2+ increases; collapse
is greatly accelerated by Mg2+, while tertiary contact formation is not.
These studies highlight the importance of chain stiffness to RNA folding;
at 10 mM Mg2+, a stiff hinge limits the rate of P4–P6 folding. At higher
magnesium concentrations, the rate-limiting step shifts from hinge
bending to tertiary contact formation.
© 2008 Elsevier Ltd. All rights reserved.
Keywords: compaction; persistence length; RNA folding; time-resolved
hydroxyl radical footprinting; time-resolved small-angle X-ray scattering
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Introduction

RNA folding describes the process by which a
biologically active tertiary structure assembles
from a single, covalently bonded strand of
ribonucleotides. Because secondary structure can
form on the microsecond time scale,1 tertiary
folding may be viewed as the structuring of a
series of short, rigid duplexes joined by more
flexible single-stranded regions, loops, hinges or
junctions.2,3 Flexibility of the interhelical regions is
necessary to accommodate the backbone contor-
tions that accompany RNA folding. From the
perspective of this physical model, a structure is
folded when the pieces of the molecule assume a
unique and stable orientation with each other.
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These studies highlight the importance of flexible,
non-base-paired regions to RNA folding. The flexible
regions facilitate but are not directly involved in
tertiary contact formation. The approach described
herein provides insight into the importance of chain
flexibility to RNA folding.
RNA folding in vitro is typically initiated from a

low-salt condition under which the macromolecule
contains secondary but little or no tertiary struc-
ture. In the physical model for this unfolded state,
short, rigid helices are arranged in extended
structures, reflecting the electrostatic repulsion
between their residual negative charges. At mono-
valent salt concentrations ≤8 mM, the L-21 Sca1
ribozyme from Tetrahymena thermophila as well as
the ribozyme's P4–P6 domain are rigidly exten-
ded.4,5 Following mixing with additional mono- or
multivalent cations that screen the negatively
charged phosphate oxygen atoms on the poly-
nucleotide backbone, the molecules relax to less
conformationally restricted ensembles.4 Electro-
static relaxation occurs within 10 ms in the L-21
Sca1 Tetrahymena ribozyme.6 A second compaction
that coincides with tertiary-structure formation
follows on a 100-ms time scale.7
d.
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Fig. 1. The P4–P6 domain. (a) A two-dimensional
representation showing secondary structure. The locations
of the two tertiary contacts are indicated by the large arrows.
In the mutant RNA, the tertiary contacts are disrupted by
the following sequence modifications: nucleotides
AAUAAG (183–188) are replaced by UUUUUU and
GGAAAC (149–154) are replaced by CUUCGG. Bases
comprising the P5abc sub-domain are shown in red. (b)
Reconstruction of the P4–P6 domain based on amonomeric
subunit of 1GID.pdb9 generated by RasMol. (c and d)
Simplified models of the extended, unfolded and compact
folded structures, respectively, following the representation
of Ref. 4.
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We have carried out a series of experiments using
time-resolved small-angle X-ray scattering (SAXS)
and hydroxyl radical (UOH) footprinting to probe the
Mg2+-dependent folding of the Tetrahymena ribozy-
me's P4–P6 domain (Fig. 1a), with the goal of under-
standing the interplay of charge neutralization,
tertiary contact formation and hinge flexibility. This
domain folds in isolation, independent of the rest of
the ribozyme.8 The availability of an atomic resolu-
tion structure makes P4–P6 an attractive model
system for biophysical analysis (Fig. 1b).9 P4–P6 is
composed of two roughly parallel stacks of helices
joined by a non-base-paired hinge referred to as J5/
5a. The P5abc subdomain of P4–P6, highlighted in
red in Fig. 1a, is composed of three single-stranded
regions, the loops L5b and L5c and the “A-bulge,”
which participate in tertiary interactions and have
been suggested to enhance catalytic activity of the
full ribozyme.10–12 Mg2+-mediated folding studies of
P4–P6 find folding rates that depend on both
temperature and cation concentration.13–15 An ana-
lysis of folding that followed the fluorescence of an
extrinsic probe attached to P4–P6 showed that the
observed folding rate increased with increasing
Mg2+ concentration up to 10–30 mM after which it
reached a plateau; these authors concluded that
folding was limited by Mg2+ binding at low cation
concentrations.14

The present study explores the nature of the rate-
limiting steps at low and high concentrations of
Mg2+ by concordant application of a global probe
of conformation and a local probe of tertiary
contact formation. Previous thermodynamic folding
studies of P4–P64 are hereby extended to the time
domain. Hydroxyl radical footprinting reports
phosphodiester backbone solvent-accessibility
changes with single-nucleotide resolution at times
as short as a few milliseconds.16 SAXS distinguishes
compact from extended nucleic acid confor-
mations.17 By studying folding under conditions
where the residual charge on the helices is fully
screened,18 the interplay between tertiary contact
formation and the flexibility of the J5/5a hinge is
probed. Wild-type P4–P6 and a mutant in which the
domain's two stabilizing tertiary contacts cannot
form were analyzed. Under these experimental
conditions, the rate of compaction in the absence of
tertiary contact formation reflects the flexibility of
the J5/5a hinge. As the concentration of Mg2+

increases, compaction accelerates relative to tertiary
contact formation, suggesting that a large ionic-
strength-dependent energy is associated with the
bending of these non-base-paired joints to achieve
the∼150° overall bend at the center of the domain.13

A simple calculation of this energy is presented.
Although joint flexibility has been considered experi-
mentally (e.g., Refs. 4,19) and computationally,20 the
present studies find that it can be rate limiting when
P4–P6 folding is initiated by the addition of 10 mM
Mg2+, a common experimental condition. At higher
Mg2+ concentrations where the hinge stiffness
decreases, structuring of the P5c subdomain be-
comes limiting by its minimal dependence on cation
concentration. An unexpected interplay between
collapse and structuring of P5c is observed.

Results

Global compaction

Global compaction of the P4–P6 domain accele-
rates with increases in the concentration of Mg2+

used to initiate folding. Figure 2a shows progress
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curves for folding initiated by the addition of 10
mM (open circles), 50 mM (open squares) or 100
mM Mg2+ (open triangles). The fraction unfolded
(PU) is computed as the component of the unfolded
scattering profile required to best fit each scattering
profile with the two-state model (see Materials and
Methods). Measurements of Io, the y intercept of
the scattering profile (see Materials and Methods)
confirm that the P4–P6 domain remains mono-
meric for ∼160 ms after the addition of 10 mM
Mg2+; increases in Io on longer time scales indicate
the onset of dimerization (data not shown). Only
data obtained prior to the onset of dimerization are
analyzed, for times less than 40 and 15 ms at 50
and 100 mM Mg2+, respectively. All three progress
curves are best fit by a single exponential
(continuous lines). The folding rate of the wild-
type P4–P6 domain increases rapidly as the ionic
strength is increased; its value is 18±3, 56±18
and 140±81 s−1 at 10, 50 and 100 mM Mg2+,
respectively.
The Mg2+-mediated compaction of wild-type P4–

P6 was compared with that of the “double mutant”
Fig. 2. (a) Folding time courses for wild-type P4–P6 at
representing the percentage of the unfolded scattering profile
shown following the addition of 10 mMMg2+ (circles), 50 mM
the time courses can be explained by a model in which the flex
folding time course following addition of 10 mM Mg2+ for
corresponding time course from the mutant that lacks the abili
profiles, displayed as Iq versus q, for the earliest (unfolded, blac
addition of 10 mM Mg2+ to wild-type (c) and mutant (d) P4–
with the crystal structure (Fig. 1b), no change in the conforma
in which both principal tertiary contacts are knocked
out. Figure 2b compares progress curves for both
RNA molecules following the addition of 10 mM
Mg2+ to the unfolded RNA. Whereas the wild-type
molecule folds to the native form, with PU approach-
ing zero at the longest time (open symbols), there is
no change in PU for the mutant on this time scale
(filled symbols). Comparison of the full scattering
profiles (as Iq versus q, Fig. 2c and d) of the wild-type
and mutant RNA molecules in the initial (unfolded)
and longest time-point states (t=160 ms) shows that
only for wild-type P4–P6 is a change observed that is
consistent with folding. As expected from the PU
computation, the scattering profiles of the mutant at
both the shortest and longest time points are
identical (Fig. 2d); the addition of 10 mM Mg2+

does not affect the global conformation of the double
mutant RNA. At 50 and 100 mM Mg2+, small
changes in the conformation of the mutant are
detected that occur within the mixing dead time.
This observation is consistent with a small initial
decrease in PU. The zero angle scattering, Io, begins
to increase within tens of milliseconds, indicating
different magnesium concentrations. The coefficient PU,
required to fit each time-resolved profile (see the text) is
Mg2+ (squares) and 100 mMMg2+ (triangles). Changes in
ibility of the J5/5a hinge varies with ionic strength. (b) The
the wild-type P4–P6 (open circles) is contrasted with the
ty to form tertiary contacts. (c and d) Comparison of SAXS
k) and longest time point (t=160 ms, orange) following the
P6. While wild-type P4–P6 folds to a structure compatible
tion of the mutant is detected.



‡ Supplementary Table 1 summarizes the rate constants
obtained for all of the nucleotides that were analyzed.
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dimerization at rates similar to those measured for
the wild-type RNA (data not shown).
In summary, wild-type P4–P6 compacts to its

native dimensions on the millisecond time scale
under the present experimental conditions. The
observed rate constant is dependent on Mg2+

concentration. In contrast, only small changes in
the global conformation are measured at high
Mg2+ concentrations for the P4–P6 mutant in
which the principal tertiary contacts are disrupted.
In 10 mM Mg2+, no compaction of the mutant is
measured relative to the unfolded state. In order
to explore the relation of these changes in global
conformation to formation of discrete tertiary
interactions, ancillary UOH footprinting experi-
ments were conducted under consistent experi-
mental conditions and on a comparable time scale.
These concomitant studies reveal that the relation-
ship of global compaction and formation of local
tertiary contacts is Mg2+-dependent.

Local contact formation

Mg2+ folding isotherms were determined to assess
the saturation of tertiary contact formation at the three
Mg2+ concentrations analyzed kinetically. These
isotherms are shown in Supplementary Fig. 2. Both
wild-type P4–P6 and the isolated P5abc domain were
assayed under the experimental conditions of the
kinetics measurements. For P4–P6, values of KMg
ranged from 0.22 ±0.03 mM (nH=1.29±0.19) at
nucleotides 180–181 to 1.64±0.15 mM (nH=0.95±0.1)
at nucleotide 155. For isolated P5abc, values of
KMg ranged from 0.66±0.06 mM (nH=1.12±0.13) to
1.2±0.17 mM (nH=1.5±0.18) for the same contacts,
respectively. Inspection of the P4–P6 isotherms
shows tertiary contact saturation greater than 87%,
96% and 99% at 10, 50 and 100 mM Mg2+,
respectively. Inspection of the isolated P5abc iso-
therms shows tertiary contact saturation greater than
95%, 99% and 99% at 10, 50 and 100 mM Mg2+,
respectively.
Time-resolved UOH footprinting studies were

conducted at the three concentrations of Mg2+

analyzed by SAXS. Every nucleotide of the RNA
was individually analyzed; time progress curves
were generated for each nucleotide that displayed a
significant change in sensitivity to UOH cleavage (see
Supplementary figures). Sequential sets of nucleo-
tides that display identical time dependence are
grouped together into a “protection.” This proce-
dure simplifies the analysis and facilitates structural
interpretation. We interpret these reactivity changes
to reflect changes in the solvent accessibility of the
backbone sugars.10

The formation of discrete tertiary contacts were
followed by footprinting for wild-type P4–P6, its
double mutant (L5b/UUCG and A-bulge/U), and
the isolated P5abc domain (Fig. 1). While the
footprinting analysis yields a cornucopia of local
measures, only those that bear directly upon the
hinge bending hypothesis are discussed in this
article; these results are summarized in Fig. 3
(top)‡. Structuring of the J5/5a hinge of P4–P6 was
followed at three discrete sites; nucleotides 126 and
200–201 are protected against UOH cleavage during
Mg2+-mediated folding, whereas nucleotide 122
becomes more solvent accessible. The tertiary con-
tact formed between the tetraloop and its receptor is
monitored by protection progress of nucleotides
153–155 and 224–225, respectively. Nucleotides 180–
187 within the A-bulge interact with nucleotides
212–213 of P4 to form the second tertiary contact;
these nucleotides become protected against UOH
radicals upon Mg2+ addition. Formation of the P5c
subdomain is reported by nucleotides 163–164,
166–169 and 175–176 (Fig. 3, top).
No significant change in UOH reactivity is ob-

served for the P4–P6 domain double mutant at any
of the Mg2+ concentrations analyzed. The local
changes in solvent accessibility observed for wild-
type P4–P6 folding at 10 mM Mg2+ range from 7 to
12 s−1 (Fig. 3, top). Although the differences
between fastest and slowest footprinting rates
under this condition exceed the confidence limits
of the measurement, these differences do not group
to the different regions of the domain (hinge,
tetraloop and tetraloop receptor, A-bulge and re-
ceptor and P5c).
Differences among the discrete regions of the P4–

P6 domain become accentuated when folding is
initiated at higher Mg2+ concentrations and in
general increase with increasing [Mg2+]. None-
theless, the protection rates measured by footprint-
ing increase much less than compaction as a
function of increasing Mg2+ concentration (Fig. 4).
For example, the rates measured for hinge nucleo-
tide 122 are 11, 21 and 27 s−1 at 10, 50 and 100 mM
Mg2+, respectively. Nucleotides in the hinge
showed the same overall trends but the rates
were not identical. For example, hinge nucleotide
126 displays rates of 12, 31 and 42 s−1. In contrast,
the tetraloop and tetraloop receptor protections
increase more modestly and in lockstep. Thus,
portions of the hinge become structured at twice
the rate of the tetraloop–tetraloop receptor interac-
tion at 100 mM Mg2+. Formation of contacts that
comprise the interaction between the A-bulge and its
receptor displays a relatively uniform, even more
moderate response to Mg2+ concentration. Structur-
ing of P5c is the least sensitive to Mg2+ concentra-
tion; at 100 mM Mg2+, folding of this subdomain is
rate limiting. Thus, the rough ordering of folding
events at high concentrations of Mg2+ is rapid
collapse, structuring of the hinge, formation of the
tetraloop–tetraloop receptor interaction closely fol-
lowed by formation of the A-bulge–receptor interac-
tion and, lastly, structuring of P5c.
Whether collapse of the P4–P6 domain influences

folding of the P5c subdomain was investigated by
analysis of isolated P5abc. Its expected tertiary



Fig. 3. Folding rates of P4–P6 (top) and P5abc (bottom) at 10 mM (black), 50 mM (light gray) and 100 mMMg2+ (dark
gray). The numbering corresponds to the nucleotide location shown in the secondary-structure representation.
Protections are indicated by columns above, exposures by columns below the base line.
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structure (and the absence of contacts with the P4
and P6 helices present in the intact domain) was
observed at all the Mg2+ concentrations analyzed
(Fig. 3, bottom). Overall, folding of P5c is slower
within P5abc relative to P4–P6 under these experi-
mental conditions with minimal Mg2+ concentra-
tion dependence (Fig. 3). For example, the time
progress curves measured for nucleotides 163–164,
175, 176 and 179 are characterized by rates of 3–6 s−1

at 10 mM Mg2+ and 6–8 s−1 at 100 mM Mg2+. It is
striking that collapse of P4–P6 facilitates rather than
impedes folding of P5c (compare top and bottom of
Fig. 3). The observed slow folding of P5c within
isolated P5abc is the opposite of a previous Mg2+-
mediated folding analysis conducted in a back-
ground of very low ionic strength.13 In contrast to
the other corresponding A-bulge nucleotides in P4–
P6, no significant change in solvent accessibility of
nucleotides 185–187 of the isolated P5abc domain
could be monitored as a function of Mg2+ concentra-
tion; the detectable A-bulge protections fold at rates
of 4–6 and 7–9 s−1 at 10 and 100 mM Mg2+,
respectively.
The single-nucleotide analysis shows that several

nucleotides (167, 173 and 177) within P5c become
more solvent-exposed upon folding. The time
progress curves for these nucleotides show a
large dependence on Mg2+ concentration. An
unexpected observation is that nucleotide 155
within the tetraloop also exhibits an increase in
solvent exposure upon the addition of Mg2+. Its
slow rate of formation relative to that of the
tetraloop–tetraloop receptor interaction in P4–P6
is only minimally dependent on Mg2+ concentra-
tion. Since the tetraloop receptor is not present in
P5abc, this transition cannot be related to forma-
tion of a native tertiary contact.
Finally, we note that the Mg2+-mediated folding

kinetics of P4–P6 tertiary contact formation con-
ducted with a background salt concentration of
∼20 mM presented herein are significantly faster
compared with published studies conducted at
≤8 mM.13 SAXS studies at the ≤8 mM salt
condition of the previous footprinting kinetics
studies are complicated by strong interparticle
interference effects and thus not reliable. The
relative rates of P4–P6 and isolated P5abc folding
differ significantly between ∼20 and ≤8 mM salt.
At ≤8 mM salt, P5c within isolated P5abc folded
>50-fold faster than P4–P6. In the present study
at 20 mM salt, folding of P5c is slower within
isolated P5abc compared with the P4–P6 domain.



Fig. 4. Comparison of time constants for molecular
compaction measured by SAXS (dashed line) with time
constant for structuring of three residues in the hinge
region of P4–P6, nucleotides 122 (gray), 126 (light gray),
and 201–202 (black). At 10 mM Mg2+ (top panel) the rate
of compaction is slightly faster than hinge structuring;
however, as the ionic strength in the folding buffer
increases to 50 mM Mg2+ (middle panel) and 100 mM
Mg2+ (bottom panel), the rate of compaction far exceeds
the structuring of the hinge measured byUOH footprinting.

§ The RNA concentrations employed for OH footprint-
ing are much lower than those required for SAXS.
Dimerization was not detected by native gel shift assays
at the RNA concentrations employed for footprinting
(data not shown).
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The characteristic(s) of the initial conformational
ensemble present at ≤8 mM salt that impede P4–
P6 but not P5abc folding are unknown and were
not explored in the present study.
Discussion

P4–P6 is in an extended but not rigid conforma-
tion under the initial condition of these studies.4 At
the ∼20 mM free K+ concentration present in the
initial folding solution, strong electrostatic repul-
sion between the helices is expected18: a repulsive
energy of about 10 kT is computed from studies of
a model system of two DNA helices coupled by a
completely flexible tether.17 Reconstructions of the
unfolded state from its scattering profile are
consistent with an extended structure (J. Lamb,
manuscript in preparation). Additional evidence
supporting the extended unfolded state comes
from measurements of the J5/5a BP mutant of P4–
P6, within which the J5/5a hinge is locked into an
extended conformation by complementary base
pairing.21 The physical properties of the unfolded
J5/5a BP mutant and the wild-type P4–P6 are
indistinguishable.13,21 Upon the addition of Mg2+,
the isolated P4–P6 domain folds to its well-docu-
mented compact structure. The measured SAXS
profile of P4–P6 at 10mMMg2+ is in good agreement
with the scattering curve predicted by CRYSOL22

derived from the crystal structure. Agreement was
also observed between the solvent-accessible surfaces
reported by UOH footprinting at the three Mg2+

concentrations investigated and the crystallographi-
cally defined structure§.
That significant compaction of P4–P6 requires

formation of stabilizing tertiary contacts is shown
by the indistinguishable scattering profiles of the
P4–P6 double mutant before and after the addi-
tion of 10 mM Mg2+ (Fig. 2d). This conclusion is
confirmed by the absence of discernible changes
in the UOH reactivity of the double mutant upon
the addition of the tested concentrations of Mg2+.
Charge screening due to ionic strength alone is
insufficient to overcome the energetic folding
barrier to stable compaction of the P4–P6 domain.
Thus, the wild-type P4–P6 folding reactions

discussed herein progress from an initial distribu-
tion of extended but flexible conformations to a
common unique folded structure (Fig. 1c and d). At
10, 50 and 100 mM Mg2+, P4–P6 shows fully
formed tertiary contacts (Supplementary Fig. 2).
The different dependencies of global compaction
and tertiary contact formation on the Mg2+

concentration used to initiate folding was exploited
in order to separate compaction and tertiary
contact formation and thereby clearly define their
relationship. The concordant SAXS and footprint-
ing analysis of wild-type P4–P6 delineates an
emergent hierarchy to tertiary contact formation.
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A model for ionic-strength-dependent hinge
stiffness

The global compaction of the P4–P6 domain to a
state consistent in size and shape with that of the
native structure occurs in an apparent single phase
(Fig. 2a) nearly 2 orders of magnitude slower than
the initial compaction measured for the full-length
Tetrahymena ribozyme at 10 mM Mg2+ under
comparable experimental conditions.6,23 The latter
compaction reflects electrostatic relaxation from
extended structures due to the complete screening
of residual backbone charge by the added Mg2+;
tertiary contact formation is not observed to overlap
with the fast transition.7

The large discrepancy between the initial compac-
tion rates of the P4–P6 domain and that of the full-
length ribozyme suggests that the isolated domain
does not undergo relaxation upon initiation of Mg2+-
mediated folding. The increase in P4–P6 compaction
rate with Mg2+ concentration occurs at concentra-
tions far in excess of those required to neutralize the
charge on the RNA. Thus, another process limits
molecular compaction of P4–P6. We propose that this
process is the inflexibility of the J5/5a hinge. This
hypothesis is consistent with the absence of detect-
able relaxation of the double mutant upon the
addition of 10 mM Mg2+ (Fig. 2b) and its minimal
compaction at the higher concentrations of Mg2+.
The folding barrier due to electrostatic repulsion

drops to values below kTevenwithmodest increases
in ionic strength.17 Here, we consider an additional
barrier to P4–P6 folding, the energy expended in
bending the flexible non-base-paired strands present
in the J5/5a hinge that subtend an angle of ∼150° in
the folded structure (Fig. 1). The J5/5a internal loop
consists of four unpaired bases along one strand and
five along the other.21 Our model depicts this region
as parallel single strands of RNA that act as entropic
springs. We assume that the springs are initially
unbent and that the junction is unstructured in the
unfolded state (e.g., there is no base stacking).21

These assumptions are consistent with the models of
the initial state discussed above.We also assume that
the bending energy of both strands together is at least
the sum of the energies required to bend each
individual strand. This model strives to capture the
importance of chain flexibility to folding. Thus, the
strands are treated in the most general terms as
homopolymers without regard for effects due to
base-specific stacking or exclusion or for sequence
optimization through evolution.21 This simple
model also does not account for ion-specific effects,
such as stabilization of the junction by Mg2+ or dis-
placement of K+ ions.
Intuitively, the energy required to bend a polymer

strand should depend on its stiffness or resistance to
bending, quantified as persistence length (lp).

24

Measurement of lp for single strands of RNA have
been made at only a few sodium concentrations
and/or as a function of force;25 however, the lp of
DNA single strands has been measured as a function
of monovalent ionic strength26,27 at concentrations
close to the initial state of these experiments. Thus,
we estimate lp ≈3 nm for single strands in the
unfolded state.26 Given the length of the J5/5a single
strands and an upper limit to the base-to-base
separation, b=0.7 nm (consistent with the assump-
tion of noninteracting bases in the unfolded state21)
the persistence length is greater than the distance
between neighboring monomers. Hence, we model
the RNA strands as wormlike chains (WLCs). The
WLC model accurately represents the behavior of
short strands (10 bases) of single-stranded DNA,
only a factor of 2 longer than the strands associated
with J5/5a.26 The bending energy of a WLC is
Ubend=(kTlp/4b)∑θi

2, where θi is the bend angle of
each bond (assumed to be distributed uniformly)
and kT is thermal energy.28 This simple, back-of-the-
envelope calculation predicts that ∼3kT is required
to bend J5/5a to its native conformation in the
absence of Mg2+.
Like electrostatic repulsion, lp decreases as ionic

strength increases, although its dependence is weak
at the concentrations studied herein. Empirical
descriptions are consistent with variation as the
inverse one-half power of ionic strength.27 Assum-
ing this functional dependence, lp drops to ≈2nm
upon the addition of 10 mM Mg2+ to our initial
solution. The bending energy Ubend is linearly
proportional to persistence length in this model,
and is therefore reduced from ∼3 to ∼2 kT. Fig. 5
illustrates the proposed free-energy barrier to P4–P6
folding resulting from hinge stiffness for 10 and 100
mM Mg2+. This barrier is shown in blue in Fig. 5b.
At 10 mM Mg2+, wild-type P4–P6 folds (albeit
slowly) because of the significant drop in free energy
due to native contact formation. Since the double
mutant lacks the tertiary contacts required to
stabilize the compact state, the extended state is
favored, although occasional excursions to the fully
bent position can occur.
At high salt concentrations lp approaches a limit-

ing value of 1 nm for single-stranded DNA; the
behavior of RNA is assumed to be comparable.27

Thus, the energy required to bend J5/5a drops to kT
as the ionic strength increases above 0.1 M. The
predicted decrease of barrier height with increasing
ionic strength is consistent with the measured
increase in compaction rate (Fig. 2a). The SAXS
rate increases almost 10-fold when folding is
initiated by 10 and 100 mM Mg2+, respectively,
consistent with theoretical treatments of RNA loop
stiffness computed as function of ionic strength.20
Because J5/5a bending presents a decreasing barrier
to folding as ionic strength increases, we have the
interesting scenario of the rate-limiting step of
folding “trading off” from compaction to tertiary
contact formation. The importance of persistence
length to RNA folding has also been reported by
other authors.29

To summarize the predictions of this model, the
initial compaction of the RNA that results from the
addition of Mg2+ to a low-salt solution requires that
two independent conditions be satisfied. The first
involves screening of the charge on the helices



Fig. 5. Folding of P4–P6RNAat the low- andhigh-ionic-
strength conditions of this study. (a) The Mg2+-dependent
folding pathway of wild-type P4–P6 is represented sche-
matically. The outlined transition from light gray to black
indicates the time-dependent local structure formation
within P4–P6 uponMg2+ addition. The red color highlights
the folding sequence of key elements within the RNA. On
the left, P4–P6 is depicted in the initial, extended and flexible
position. Upon addition of 10 mMMg2+ (top) the extended
conformation of P4–P6 is preferred but bending of the hinge
results in a trapped structure by two stabilizing, long-range
interactions simultaneously (red dots). At 50 mM Mg2+
(middle) the structure formation occurs in sequence: (1)
hinge, (2) tetraloop/tetraloop receptor, and (3) A-bulge/P4
helix. The relative difference in the formation of the
structural elements in sequence is more developed at 100
mM Mg2+ (bottom). (b) The physical barriers to RNA
folding are shown by a tri-state free-energy diagram. The
unfolded, extended state (U state) is pictured and represents
the reference state for this diagram. The intermediate state
(I) refers to the bent RNA structure, whereas the native
molecule (N) includes tertiary structure. The rate-limiting
step in folding shifts from hinge bending to tertiary
structure formation at high ionic strength. At 10 mM
Mg2+ the activation energy ΔG≠,I is substantial (left)
whereas the second barrier, ΔG≠,N, is limiting as ion
concentration increases (right). The lower free energy of
the intermediate state at 100 mM Mg2+ reflects the
observed accumulation of a relaxed molecule. This struc-
ture may be stabilized by base stacking in the bent
conformation. Because we do not have detailed informa-
tion about the contacts in the various states, these diagrams
are schematic representations, and the energy scales are
arbitrary.
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through counterion condensation, which decreases
electrostatic repulsion. The second requires flexibil-
ity of the regions that connect the helices, which is
modeled here as a function of the (ionic strength
dependent) persistence length of the chain.
Although both effects are electrostatic, they are
distinct. For example, even if the charge on the
helices is completely screened, compaction would
not occur if the hinge remained rigid. A limiting case
is that of the J5/5a BP mutant, which does not
collapse, even if the charge on the helices is screened,
because the joint is “locked open” by mutation. We
also note that, at the highest ionic strength con-
sidered, it is a challenge to compute the exact
number of excess cations due to the presence of
RNA. Exclusion of anions occurs when they are
present in large quantities, e.g., in a solution of 100
mM MgCl2.

30 However, a rapid collapse consistent
with electrostatic relaxation has been observed in
the full-length ribozyme at all Mg2+ concentrations
reported here (L. W. Kwok and L. Pollack, unpub-
lished data), suggesting that the RNA charge is fully
screened under these conditions.

The rate-limiting step of folding is different at
low and high Mg2+ concentrations

The increase in folding rate observed by SAXS due
to the flexibility of the J5/5a hinge as a function of
increasing Mg2+ concentration occurs at concentra-
tions of Mg2+ over which folding rate changes little
when assayed by the anisotropy change of pyrene-
labeled P4–P6.14 Thus, this fluorescence probe
appears to more closely reflect the formation of
stable tertiary contacts reported by UOH footprinting
(Fig. 3) than compaction reported by SAXS. The
Φ-value analysis of the folding of wild-type and
mutant P4–P6 derived from the pyrene anisotropy
data indicates a folding transition state in which
most of the native-state tertiary contacts are not yet
formed. Our results are consistent with this inter-
pretation at low but not high Mg2+. Therefore, a
simple two-state energy diagram is an incomplete
description of Mg2+-induced P4–P6 tertiary folding.
Figure 5a illustrates the folding scenarios for the

wild-type RNA as a function of Mg2+ concentration.
Panel B represents the proposed energetics of
folding at low and high Mg2+ concentration. At 10
mM Mg2+ the fully extended state is favored,
although the hinge samples other conformations.
In the wild-type molecule these excursions may be
trapped by formation of the stabilizing, tertiary
contacts. This scheme is supported by the substan-
tial overlap of the compaction and footprinting
progress curves (Fig. 4). Near-coincident formation
of the two primary tertiary contacts within P4–P6,
the tetraloop-receptor and A-rich bulge interactions
is observed at rates that are only one and a half times
slower than the compaction rate reported by SAXS.
These data are consistent with a stiff hinge that
limits molecular compaction of P4–P6 under these
folding conditions. Thus, folding at 10 mM Mg2+ is
rationalized by a simple model in which the stiffness
of the hinge separating the two halves of P4–P6
allows only an occasional excursion to the “fully
bent” position that brings the two sides of each
contact into proximity (Fig. 5a, top). The rate-limiting
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step is reflected by a substantialΔG≠,I towards a bent
folding intermediate (Fig. 5b, left). Tertiary-structure
formation occurs subsequently by passing the
smaller energy barrier ΔG≠,N whose existence was
concluded by experiments at high divalent ion
concentrations.
If tertiary contact formation was limited only by

hinge stiffness, the rate of contact formation should
track the increasing compaction rate. It does not. At
100 mM Mg2+, the compaction rate is almost
sevenfold faster than the average rate of tertiary
contact formation. Compaction precedes tertiary
contact formation at high ionic strength with the
two processes occurring sequentially (Fig. 5a bot-
tom). Therefore, a tri-state energy diagram is
proposed. At high Mg2+ concentration the hinge
folds first, followed by formation of the tetraloop–
tetraloop receptor interaction and then the A-bulge–
P4 contact. The disparity between the time depen-
dence of structuring of these regions is more
pronounced as the Mg2+ concentration further
increases. Fast formation of the tetraloop–receptor
contact is readily rationalized if compaction is fast; a
more flexible hinge brings the two sides of this
contact into more frequent proximity. However, the
weaker Mg2+ concentration dependence demon-
strated by the latter two contacts clearly represents
another process. The free-energy diagram for this
folding reaction illustrates the small ΔG ≠,I, whereas
the transition from the bent intermediate (possibly
stabilized by base stacking within the junction) to
the native conformation is still affiliated with a
substantial ΔG≠,N (Fig. 5b, right). The formation of
tertiary contacts is rate limiting.

Interstrand contact facilitates local structure
formation

The near absence of Mg2+ dependence displayed
by some of the tertiary contacts merited further
examination.Notably, P5c is least sensitive to changes
in the Mg2+ concentration during folding of P4–P6.
Structuring of this region within the P4–P6 domain is
independent of hinge flexibility and becomes rate
limiting when collapse is rapid. The folded P5abc
structure is notable for the five bound Mg2+

visualized crystallographically.31 Three nucleotides
from the P5c stem and the A-bulge (166, 168 and 182)
coordinate a singleMg2+ in a conformation stabilized
by stacking between A183 and U168. The indepen-
dence of P5c folding with Mg2+ concentration was
unexpected in light of the structural intimacy of
Mg2+ with the RNA in this region. NMR analysis
of P5abc has revealed a secondary-structure rear-
rangement upon Mg2+-mediated folding.32

Mg2+ equilibrium experiments with isolated P5abc
suggested that at all Mg2+ concentrations tertiary
structure is fully formed (Supplementary Fig. 2). The
time-resolved footprinting studies of P5abc in isola-
tionwere conducted to determinewhether contacts of
P5cwith P4were responsible for the observed folding
behavior. The equally unexpected retardation of
P5abc formation in the isolated subdomain relative
to within P4–P6 suggests that contact between the P4
strand and P5abc initiates and facilitates folding in the
intact domain. This conclusion is supported by the
increase in the relative difference between P5c folding
in isolation and within P4–P6 with increasing Mg2+

concentration (Fig. 3); fast bending of the hinge brings
the A-bulge and P4 quickly together. The A-bulge/P4
contact could “activate” nucleotides 182 and 183 for
metal ion and stacking interactions, respectively. In
this model, the rate-limiting step is associated with
secondary-structure rearrangement rather thanMg2+

binding. The absence of P5c structuring in the P4–P6
double mutant highlights the necessity of the native
A-bulge for structuring of this subdomain.
The tetraloop–tetraloop receptor tertiary contact

first observed in P4–P6 is a ubiquitous RNA
structural motif.33 The changes in UOH reactivity of
the P5b tetraloop (nucleotides 153–155) and the P6a
receptor (nucleotides 212–213) observed upon
Mg2+-mediated contact formation are consistent
with the change in solvent-accessible surface calcu-
lated from the structure of the domain.10 However,
the behavior of the tetraloop in isolated P5abc
suggests that formation of the ubiquitous contact
may not be a simple association of rigid bodies. The
unique UOH reactivity enhancement of nucleotide
155 in P5abc upon the addition of Mg2+ (obscured
by tetraloop docking in P4–P6) reflects a conforma-
tional change due either to the Mg2+ binding at the
tetraloop or to the global restructuring. That the rate
of this transition is comparable to those of the P5c
protections argues for the latter explanation. These
data are also consistent with propagation of the
secondary-structure shift initiated by the A-bulge/P4
contact and fuel the speculation about conditions
that force fast tertiary contact formation prior to the
development of the native secondary structure.
Conclusions

The coupled application of global and local probes
to study folding of a small RNA domain has
identified two barriers to its folding. At low ionic
strength, the barrier is the stiffness of the connecting
hinge of the P4–P6 domain. A simplified model of
the bending energy for non-base-paired chains
dependent on the persistence length of single-
stranded RNA rationalizes the barrier. The persis-
tence length in turn depends on ion concentration
and valence. Since the P4–P6 domain is the first to
form in the full-length ribozyme under several
experimental conditions,7 any barrier to P4–P6
folding becomes a barrier for all subsequent folding
events. At higher ionic strength, where hinge
bending is no longer limiting, P4–P6 folding is
limited by tertiary contact formation; the P4–P6
folding pathway includes at least one populated
folding intermediate. These results suggest that an
ionic-strength-dependent combination of electro-
static effects, tertiary contact formation and flex-
ibility of non-base-paired regions sculpts the RNA
folding landscape.
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Materials and Methods

RNA preparation

RNAmolecules were generated by T7 RNA polymerase
in vitro transcription of PCR-generated DNA templates
containing wild-type or mutant P4–P6 domain of the
ribozyme (nucleotides 104 to 261). The mutant has the two
tertiary contacts of the P4–P6 domain destabilized, the
A-rich bulge [AAUAAG (183 188) to UUUUUU] and the
tetraloop receptor [UAAG (224–227) to AUA]. All tran-
scribed RNA was gel purified prior to use in SAXS or
footprinting experiments.
Small-angle X-ray scattering

A continuous-flow diffusive mixer similar to one
previously described23 was used to trigger and monitor
folding on time scales from 1 to 160 ms. The longer
measurement times achieved here, relative to the previous
use of this device,23 results from decreasing the flow speed
from its nominal value of 20 cm/s to 1.5 cm/s for several
data points. The mixing devices were fabricated at the
Cornell Nanoscale Science Facility from 1-mm-thick
silicon wafers. RNA at 2 mg/mL (16 μM) in 50 mM
potassiumMops [3-(N-morpholino)propanesulfonic acid],
pH 7.0, was mixed with equivalently buffered solutions
containing 10, 50 or 100 mM MgCl2 at 25 °C.
Molecular conformationswere assessed using SAXS from

molecules at different positions along the outlet channel of
the flow cell. Several positionswere sampled corresponding
to different times after the initiation of folding. High-
intensity pink beam available at the Advanced Photon
Source beamline 8-ID I34 was spatially defined with slits set
to 13 μm in the vertical direction and 50 μm in the direction
of flow. The beam flux into this small rectangle was 3×1010

photons/s. Scattering intensity is measured as a function of
q=4π sin θ/λ, where 2θ is the scattering angle andλ is theX-
ray wavelength. Scattering profiles were collected with a
Princeton Instruments X-ray detector placed at the end of an
evacuated, 50-cm-long beam pipe. The images were ana-
lyzed using MATLAB software.
Compaction of the P4–P6 domain is accurately described

by projecting each time-dependent scattering profile onto a
linear combination of the initial (unfolded, U) and final
(native, N) states, IU(q) and IN(q), respectively.

23 Thus, each
time-dependent scatteringprofile, I(q,t) can be expressed as I
(q,t)=PU(t)IU(q)+PN(t)IN(q). The scattering profile of the U
state ismeasured for each construct. The scatteringprofile of
the N state is calculated with CRYSOL22 from the mono-
meric form of the 1GID crystal structure. This computed
scattering profile agrees well with the measured profile of
thewild-type domain acquired in 10mMMg2+, 160ms after
mixing. Although similar time courses are obtained from
analysis of the time-dependent radius of gyration, the
projections use data at larger scattering angles, where the
effect of interparticle interference is negligible.4 Because the
Mg2+-folded P4–P6 domain dimerizes rapidly at the
relatively high concentrations required for the SAXS
experiments, the scattering intensity in the forward direc-
tion Iowas alsomonitored for each data point. This potential
for rapid aggregation highlights the importance of carrying
out time-resolved measurements where folding can be
monitored prior to oligomerization. Further details of the
molecular conformations were assessed by examining the
product of I(q,t) and q as a function of q (as in Ref. 17). This
formalism, emphasizing the cylindrical nature of the
unfolded state, effectively distinguishes extended from
relaxed conformations of the molecule. Finally, Kratky
plots displaying the product of I(q,t) and q2 as a function of q
were used to qualitatively assess molecular compaction.35
Supplementary Fig. 3 shows time-dependent Kratky plots
for both constructs following the addition of 10 mMMg2+.

Time-resolved hydroxyl radical footprinting

P4–P6 RNA was radiolabeled at the 5′ end with [γ-32P]
ATP and purified as described.36 The [32P]RNA was
dissolved in 18 mM potassium cacodylate (pH 7.0) whose
ionic strength corresponds to that of the 50 mM potassium
Mops (pH 7.0) used in the SAXS studies. The 1 μMsolutions
of RNAwere denatured by heating to 95 °C for 1 min, then
cooled slowly and incubated at 25 °C prior to initiating the
kinetics experiment. The time-resolved UOH footprinting
studies were carried out by Fast Fenton Footprinting at 25
°C using a KinTek® RQF-3 three-syringe mixer.16 RNA
folding was initiated by the addition of 10, 50 or 100 mM
MgCl2, respectively. All experiments were repeated.
TheRNAsampleswere expelled into ethanol to quench the

footprinting reaction and initiate precipitation. The footprint-
ing reaction products were separated by denaturing poly-
acrylamide gel electrophoresis and imaged as described.16
The change in the density of each band was quantified using
SAFA.37 Either single bands or groups of bands were scaled
to fractional saturation by fi=L+(U L) · Ȳwhere f denotes the
integrated density of the band(s) being analyzed, L and U
represent the lower andupper limits to the transition and Ȳ is
fractional saturation. L andUwere determined from samples
lacking MgCl2 and samples equilibrated in 10 mM MgCl2.
Scaling of each data set to these limits allowed multiple data
sets, including replicates, rapid-mix and hand-mix experi-
ments to be globally analyzed. The data scaled to fractional
saturation were fit globally using nonlinear, least-squares
analysis in Origin® v6.1 (OriginLab®) to:

Ȳ ¼ 1� ∑
i¼1

aiexp �kitð Þ

where αi and ki are the amplitude and rate constant,
respectively, of the ith kinetic phase. The 65% confidence
intervals are reported.

Mg2+-folding isotherms of wild-type P4–P6 and isolated
P5abc RNA

5′-32P-labeled RNA samples were denatured by heating
to 95 °C for 1 min, then cooled slowly in 18 mM potassium
cacodylate (pH 7.0). After the addition of various concen-
trations ofMg2+, the solutionwas incubated at 25 °C for 1 h.
The cleavage reaction was initiated by addition of 0.01 mM
Fe(NH4)2(SO4)2/0.02 mM ethylenediaminetetraacetic acid
solution, following addition of 0.03% H2O2 and 1 mM
ascorbic acid. The reaction was allowed to proceed at 25 °C
for 2min andwas quenched by the addition of thiourea to a
final concentration of 15 mM. RNA fragment and data
analysis followed standard procedure.38
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