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Abstract
A variety of analytical techniques are used to probe the mechanisms by which RNA molecules fold
to discrete three dimensional structures. Methods such as small angle X-ray scattering (SAXS) report
global properties such as the overall size and shape of the RNA. Other methods such as chemical or
enzymatic mapping (footprinting) report properties with resolution as fine as single nucleotide. The
hydroxyl radical (•OH) is a footprinting probe which cleaves the oligonucleotide backbone
independently of sequence and thus is a valuable reporter of backbone solvent accessibility.
Combinations of global and local measures of folding reactions are uniquely able to distinguish
specific from nonspecific processes. This article highlights the application of •OH footprinting as a
complement to SAXS for kinetics analysis of RNA folding. We illustrate this combination of
techniques using a study of the role played by the stiffness of a hinge in determining the rate limiting
step of a Mg2+-mediated RNA folding reaction.
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1. Introduction
In the process of adopting a functional structure, RNA must fold from a highly disordered
polymer to a discrete structure. This process can be viewed from different perspectives.
Information about global size and shape can be derived from biophysical techniques such as
small angle X-ray scattering (SAXS) and analytical ultracentrifugation [1,2]. The data obtained
from such studies can be used to develop coarse grain models describing the global compaction
of RNA molecules. However, information about the conformation of individual residues is not
available from these techniques. Therefore, time-resolved SAXS studies are productively
complemented by time-resolved chemical mapping (footprinting) experiments that report on
local properties with as fine as single nucleotide resolution.

Footprinting describes assays which investigate ligand binding or conformational changes by
monitoring the accessibility of a nucleic acid backbone to an exogenous probe. Quantitation
of the accessibility is achieved by chemical and enzymatic probes which modify or cleave the
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nucleic acids [3,4] such that at most each molecule is subject to a single modification or
cleavage event [5]. Amongst the available footprinting probes [6] •OH radicals offer a unique
combination of properties as they are highly reactive [7] and cleave the RNA backbone without
nucleotide or base pairing specificity [8]. Due to the similar size of water molecules and •OH,
•OH footprinting reports the solvent accessible surface of oligonucleotides. The •OH reaction
products are readily analyzed by electrophoretic methods [8,9]. RNA cleavage by •OH radicals
can be adapted to reveal time-resolved information of folding processes.

Fe2+-EDTA [8,10], radiolysis [11], UV photolysis [12–14], peroxonitrite [15], and synchrotron
X-ray radiolysis [16] have been used to produce •OH for footprinting. The Fenton reaction,
Fe2+ + H2O2 → Fe3+ + •OH + OH−, generates •OH from H2O2 by oxidizing Fe2+ to Fe3+,
chelation of the Fe2+ by EDTA prevents its interactions with the RNA molecule. In general,
•OH cleaves the phosphate backbone of oligonucleotides by abstracting the solvent accessible
sugar hydrogens [17]. An implementation of the Fenton reaction that produces •OH radicals
sufficient to footprint nucleic acids on a millisecond and shorter time scales is the subject of
this article [18].

The latter technique termed Fast Fenton Footprinting is an inexpensive laboratory based
method of time-resolved •OH footprinting. When implemented with quench-flow mixing
technology this method allows fast RNA processes such as folding events to be studied with
a detection limit of several milliseconds. This time scale allows the visualization of early
intermediate folding species [19]. We utilize a KinTek® three-syringe mixer and readily
available reagents such as H2O2, Fe(NH4)2(SO4)2, EDTA, and ethanol to conduct these studies.
The single-hit kinetics conditions necessary for quantitative analysis are achieved with as little
as 0.75 mM Fe2+.

RNA folding reactions studied in vitro are often initiated by the addition of cations that
neutralize backbone charge and/or participate in specific interactions. In •OH footprinting
experiments, radicals that cleave the oligonucleotide backbone are briefly generated after a
specific folding time. The cleavage reaction is quenched by a potent radical scavenger (ethanol
or thiourea) and the resultant fragments separated by denaturing gel [20] or capillary [9]
electrophoresis. Quantitative analysis of the reaction products is accomplished either by SAFA
(Semi-Automated Footprinting Analysis) for gel separations [20] or CAFA (Capillary
Automated Footprinting Analysis) [20] or ShapeFinder [21] for capillary separations. Data
processing and transformation yields time progress curves following the folding transitions
with as fine as single nucleotide resolution. Clustering of progress curves to identify
comparable curves can provide model independent correlations between folding and structure
and is a necessary prelude to structural – kinetic modeling [19,22]. Detailed Fast Fenton time-
resolved footprinting protocols have been recently published [23–25].

This article focuses on the investigation of RNA folding by time resolved •OH footprinting
conducted in coordination with time-resolved SAXS experiments. Detailed descriptions of
time-resolved small-angle X-ray scattering can be found elsewhere [26–29]. Ideally both
experiments should be performed at identical experimental conditions. However, each
experiment has its own requirements necessitating some compromises to achieve
complementarity. We discuss these compromises along with general guidelines for
experimental design and data analysis so that valid comparisons and co-analysis can be made
from complementary global and local measures of folding.

2. Description of method
Figure 1 outlines the steps required to conduct a time-resolved •OH footprinting experiment.
Each step is separately discussed in the sections that follow.

Schlatterer and Brenowitz Page 2

Methods. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.1 RNA samples
Sample integrity is important to both footprinting and SAXS studies. Proper handling of RNA
that includes maintaining a high standard of laboratory cleanliness allows the integrity of stored
samples to be maintained for many months [30]. Helpful procedures include: 1) assign a
dedicated space for work with RNA; 2) always wear gloves; 3) prevent contamination of your
RNA sample with ‘oral secrets’ while working with opened test tubes and reagent vessels
(i.e., do not talk or cough); 4) clean laboratory benches every day and shelves every week using
either detergent or a product such as RNaseZAP (Ambion); 5) exclusively use RNase free
reaction tubes; 6) utilize filter pipet tips for measuring small quantities of liquid; 7) every month
clean the shafts of pipets outside and the inside with water and ethanol; 8) exclusively utilize
ultra pure water; 9) consider using RNase inhibitors such as RNaseOut® (Invitrogen) or
SUPERase•In® (Ambion) in reaction solutions although be sure to check these additives are
inert with regard to the reaction being studied; 10) insure that water bathes and circulators are
free of bacterial growth by using inhibitors. Clean water bathes every month.

Ideally, sufficient RNA can be produced so that both footprinting and SAXS studies
experiments can be conducted using a common batch of RNA. RNA molecules are generated
by standard in vitro transcription of DNA templates [31] followed by gel purification. SAXS
studies require RNA concentrations of ~15 μM. A total of ~ 50 mg of RNA may be required
for a complete SAXS study. Much less material is required for •OH footprinting; the nM
concentrations typically used result in a complete set of studies using less than 0.01 mg of
RNA.

It should be noted that the high RNA concentrations used in time resolved SAXS experiments
can lead to oligomerization if the molecules have a propensity to do so. For example, the P4–
P6 domain slowly undergoes dimerization following the addition of Mg2+ [27]. Identification
of an experimental time window can occur by inspection of the corresponding scattering
profiles [27]. However, the low RNA concentrations used in time resolved •OH footprinting
studies can minimize if not eliminate this issue, as is the case in the P4–P6 domain. Native gel
electrophoresis is an easy method to evaluate oligomerization at low RNA concentrations
[27].

For •OH footprinting, RNA must be labeled at one terminus to uniquely visualize the cleavage
products and subsequently quantify the backbone solvent accessibility of each nucleotide. The
approach most likely easiest for laboratories initiating quantitative footprinting studies is
to 32P label the 5′ end of RNA’s by kinasing [32] and conduct fragment separation by denaturing
gel electrophoresis. Other labeling methods for footprinting studies, including the use of
fluorescence labels for capillary product separation, are discussed elsewhere [21] [9,25].
Radio-labeled RNA is gel purified, precipitated by ethanol or isopropanol and dried. The RNA
is resuspended in a buffer system compatible with ·OH footprinting and also matches, as closely
as possible, the conditions used in the corresponding SAXS studies (see Section 2.3).
Background RNA cleavage by trace metal ions and 32P induced radiolysis can significantly
affect the signal-to-noise ration of footprinting experiments. Best results are achieved by: 1)
the use of buffer systems containing EDTA; 2) RNA is resuspended in buffer just before the
experiment is executed; 3) The 32P-RNA solution is stored at −70 °C; and 4) The 32P-RNA is
used within one week after labeling.

2.2 Chemicals and buffers
Stock solutions for fast Fenton footprinting conducted in conjunction with SAXS include 100
mM Fe(NH4)2(SO4)2 (Sigma- Aldrich) in water (store at −70 °C), aqueous 500 mM Na2-EDTA
(Ambion) (store at room temperature) and 30% H2O2 (Fluka) (store at 4 °C). 10X “SAXS
buffer” (500 mM potassium [3-(N-morpholino)propanesulfonic acid, pH 7.0) and pure ethanol
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(Pharmco-AAPER), 1 M MgCl2 (Ambion) solution are stored at room temperature. 10X
“Footprinting buffer” (180 mM potassium cacodylate, pH 7.0) is also stored at room
temperature.

2.3 Choice of reaction conditions
The radiolysis of water by X-rays produces a variety of reactive species including •OH. While
•OH is the boon of footprinting, it is the bane of SAXS. Therefore, SAXS experiments usually
employ radical scavengers in the buffer to protect the irradiated macromolecule from
degradation. It is often convenient to use a buffer such as Mops to maintain pH as well as
scavenge radicals [27,28]. In contrast, time resolved footprinting protocols seek to minimize
•OH scavenging and thus extend their lifetime in solution. Cacodylate has been used to buffer
numerous footprinting studies since it is unreactive with •OH [9,19,22,28,33,34].

Since polynucleotides both attract cations and repel anions from the surrounding solution
[35], achieving the same cation strength in cacodylate and MOPS buffers requires some
attention [27,28]. For example, 50 mL of 10X ‘SAXS buffer’ (500 mM potassium MOPS, pH
7.0) is generated by dissolving 5.23 g 3-(N-morpholino)propanesulfonic acid in 45 mL water,
titration of the solution with 0.98 mL 10 M KOH followed by adjustment of the solution volume
to 50 mL by addition of ultra pure water. The corresponding 50 mL of 10X ‘Footprinting
buffer’ (180 mM potassium cacodylate, pH 7.0) is generated by titrating a solution of 0.98 mL
10 M KOH in 40 mL water with 9 mL 1 M cacodylic acid and subsequent adjustment of the
volume to 50 mL by addition of ultra pure water. These resulting Footprinting and SAXS
buffers have similar cation strengths.

The presence of •OH scavengers in solutions requires higher concentrations of Fe2+-EDTA
and H2O2 and/or longer reaction times to achieve the RNA cleavage necessary for footprinting.
Thus, it is not optimal to conduct footprinting experiments in 1X SAXS buffer. Another
problem is that strong crosslinking amongst the P4–P6 RNA molecules (see section 2.8) is
observed when •OH footprinting is conducted in the MOPS buffer; about 90 % of the modified
RNA molecules barely entered the 15% denaturing polyacrylamide gel used to analyze them
(unpublished data). The detected cleavage pattern was weak and thus generally unsuitable for
quantitative analysis. However, some detectable bands could be transformed into time progress
curves for the folding reaction initiated by the addition of 10 mM Mg2+; the folding rates
resolved for these were identical within experimental error to those obtained in the Footprinting
buffer. These results confirm the utility of using separate buffers and matching the cation
concentration of cacodylate and MOPS buffers for concordant footprinting and SAXS studies.

2.4 Preparation of the three syringe quench flow apparatus
The quench-flow mixer is made RNase free utilizing the procedures described in section 2.1
and the recommendations summarized below. Our laboratory has a flow-box (Figure 2A)
dedicated to RNA experiments. Prior to an experiment the drive syringes of the mixer (Figure
2, item 1) are loaded with a solution of RNaseZAP® (Ambion) and flushed three times by
moving the liquid between the 5 mL fill (item 2) and drive syringes twice in sequence. Treat
all loading, exit, and sample loops at least three times with RNaseZAP®. Wash all drive
syringes, loops, and lines with water at least six times and subsequently with 1X footprinting
buffer [23]. Use 0.5 μM non-radioactive RNA in 1X buffer to rinse all loading, sample and
exit loops to minimize nonspecific binding of 32P labeled RNA to the plastic tubes and fittings.
This last procedure results in the consistent recovery of expelled RNA solution. Wash all
loading, sample and exit loops with 1X footprinting buffer and apply vacuum to dry the loading
and reaction loops.
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2.5 The experiment
Appropriate cleavage is essential for quantitative footprinting experiments as described in the
introduction. The presence of radical scavengers requires a higher concentration of Fe2+-EDTA
and H2O2 and/or longer reaction times. Therefore, dose-response determinations must be
conducted to achieve approximately 10% cleavage of the full length RNA in order to ensure
single-hit kinetics [23]. Figure 2 shows the KinTek three-syringe mixer. Highlighted in red in
panel B is the solution setup for the dose-response experiments. The sample solution and
H2O2 are in the left loading syringe, the right loading syringe is filled with Fe2+-EDTA. The
drive syringes are loaded with buffer- (left, right) and the quench (middle) solutions. Detailed
descriptions of dose-response experiments have been published recently [23].

The loading setup for the Fast Fenton Footprinting experiment is different (Figure 2B,
highlighted in blue). The left and right drive syringes are filled with 1X Footprinting buffer
whereas the Fe2+-EDTA solution is loaded into the middle drive syringe. The left loading
syringe contains the RNA sample in 1X Footprinting buffer, the freshly prepared initiator
containing solution, in this example Footprinting buffer containing Mg2+ at double the final
concentration and H2O2 at triple the final concentration.

The time resolved footprinting folding experiment is initiated by mixing the RNA solution
with the initiator solution, in this case Mg2+/H2O2. After a defined aging time in the “reaction
line”, the distribution of reactants and products is sampled by generating a pulse of •OH radicals
by the addition of Fe2+-EDTA from the “quench syringe”. The footprinting reaction takes place
within the exit tube until the reaction mixture is expelled into the collection tube containing ~
0.4 ml absolute ethanol that quenches the footprinting reaction by scavenging the radicals.
Details of this protocol have been recently published [23,25].

The footprinted RNA is ethanol precipitated, washed with 70% ethanol and dried. The RNA
pellets are resuspended in ~ 10 μl of Gel Loading Buffer II (Ambion) by shaking and 1 min
incubation at 90°C to prepare them for electrophoretic separation. In parallel, a reference ladder
is prepared. We recommend using RNase T1 (e.g. Fermentas) to achieve guanosine specific
RNA cleavage. Use ~30% of the 32P RNA which was used for a footprinting experiment per
reference lane. Incubate 32P RNA in 6.6 M urea, 20 mM sodium citrate, 1 mM EDTA, 0.25
μg/μl tRNA, 0.025 % xylene cyanol, 0.025 % bromphenol blue for 1 min at 90°C. Cool the
sample on ice for 2 min and incubate at 50°C for 5 min before adding 5U RNase T1. Incubate
the sample a further 25 min. Load the reference ladder immediately on the 8% denaturing
polyacrylamide gel immediately followed by the footprinting samples. After electrophoresis
and drying of the gel the separated RNA fragments are visualized by phosphor storage plate
imaging.

2.6 Fragment analysis
Insight into the formation of specific tertiary interactions during RNA folding can be gained
by separately following the change of solvent accessibility of each nucleotide. The first step
in this analysis is to individually quantitate each band present on an autoradiogram. Peak fitting
software such as SAFA (Semi-Automated Footprinting Analysis) simplifies the procedure
tremendously [20] (Fig. 3c). This software achieves accurate gel quantification by the
correction of geometric gel distortion, lane and band assignment, and an optimized band
deconvolution algorithm. The output of SAFA is a spreadsheet containing columns
representing lanes on the gel and rows representing the density of the individual bands
corresponding to the RNA fragment. SAFA implements the automatic normalization of
footprint transitions that corrects for variation in the 32P-RNA loading among the lanes of an
autoradiogram. As depicted in Figure 3 (Panels B & C) some nucleotides show a distinct
transition from an unprotected state to and protected state or vice versa.
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2.7 Time progression curves
Kinetic information can be gained by creating transition curves of band intensities versus time.
These transitions are individually scaled to the fractional saturation function by fi = L + (U −
L) ·Ȳ where f denotes the integrated density of the band(s) being analyzed, L and U represent
the lower and upper limits to the transition and Ȳ is fractional saturation (Figure 3D). In our
example, L and U were determined from samples lacking MgCl2 and samples equilibrated in
10 mM MgCl2. Thus, L is the initial state and U is the final state of the reaction. At this point
in the analysis, multiple data sets, rapid-mix, hand-mix and replicate experiments, are
combined so that the necessary time scale is sampled and the integrity of the data insured.
Typically the concurrent bands that define a unique ‘protection’ are combined for analysis
[16, 36]. This combination increases the sampling of the solvent accessibility change and hence
the precision of the time progress curves.

The rate constants defined by the appropriate grouping of the time progress curves are
determined by global non-linear, least-squares to

(1)

where ai and ki are the amplitude and rate constant, respectively, of the ith kinetic phase. The
reaction is the sum of the delay time plus half of the Fenton reaction time since the
macromolecular transition is ongoing during Fenton footprinting. It is these time progress
curves that are compared with time progress curves derived from the companion SAXS studies
(Figure 3D).

2.8 Conclusions drawn from concordant footprinting and SAXS studies
The shape and size evolution of biopolymers during a folding process can be determined by
SAXS experiments. The global compaction of the molecule is assessed by calculating the time-
dependent radius of gyration (Rg) from the angular dependence of the X-ray scattered to the
lowest angle. For example, Mg2+-mediated folding of the Tetrahymena ribozyme showed that
the transition from the unfolded to the folded RNA occurs in two distinct phases [28]. The first
transition is reflected by a change in Rg from 75 Å to 55 Å. During the second phase Rg
decreases to 45 Å.

A question posed by these observations is whether these compaction transitions result from
the formation of specific tertiary contacts or from nonspecific neutralization of backbone
charge by the cation that initiates folding. It is this question that the coordinate conduct of time
resolved SAXS and footprinting studies can answer. We illustrate this approach with the
Tetrahymena ribozyme. Comparison of the compaction time progress curves with those
following the formation of individual tertiary contacts unequivocally demonstrated that the
second but not the first compaction transition is due to tertiary contact formation. Furthermore,
the mapping of each footprinting time progress curve to specific nucleotides allowed
structuring of the ribozyme’s P4–P6 domain to be correlated with the second transition [28].

We sought further insight into the physical nature of this process by embarking upon
comparable studies of the isolated P4–P6 domain [27] which is by itself capable of folding to
its native structure [37]. We asked the question: What is the rate limiting step of the folding
reaction. However, before answering these questions we needed to address a consequence of
the different RNA concentration requirements of the two techniques noted in Section 2.3. At
the high RNA concentrations required for the acquisition of high quality SAXS time progress
curves, the P4–P6 domain slowly undergoes dimerization following the addition of Mg2+ that
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is dependent upon the concentration of the cation. In contrast, dimerization of this RNA is
undetectable at the nM concentrations utilized in •OH footprinting. We therefore needed to
identify a window during which folding of the P4–P6 domain in the SAXS experiment could
be followed without the complication of oligomerization. Such windows were identified and
the acquisition of •OH footprinting data was concentrated within these time frames.

The comparison of the global and local time evolutions resolved for the P4–P6 domain is
illustrated in Figure 4a. The Mg2+-dependent molecular compactions measured by SAXS data
are shown as dashed lines. The solid lines refer to the local structure formation of nucleotide
126 at 10 mM (black) and 100 mM (grey) Mg2+. This reporter is located in the hinge of the
domain and exhibits the overall largest folding rate within the RNA. The inspection of the
curves shows that at low ionic strength global compaction is slightly faster than local structure
formation at the RNA hinge. At 100 mM Mg2+ the rate of compaction far exceeds the assembly
of the hinge measured by hydroxyl radicals. The analysis of rate constants and time progression
curves leads to the determination of folding hierarchies at different ionic conditions and
demonstrates the ionic strength dependent hinge stiffness as depicted in Figure 4b.
Furthermore, SAXS and •OH footprinting of P4–P6 allows to propose the physical barriers to
RNA folding as depicted in the tri-state- free-energy diagram in Figure 4c.

3. Concluding Remarks
Biological reactions rely on the proper folding of the biopolymers that participate in the
reactions. Thus, a complete understanding of biological systems is linked to tracking the
biopolymer assembly from earliest folding events such as compaction to the proper formation
of intra-molecular elements. Global structure evolution of RNA molecules can be examined
by techniques such as SAXS and analytical ultracentrifugation. Here, information about the
local RNA confirmation is not accessible.

Time resolved hydroxyl radical footprinting directly probes the structural dynamics and folding
of RNA molecules at the individual nucleotide level. Therefore, time resolved •OH footprinting
has been used to complement biophysical studies such as time resolved SAXS to illuminate
RNA assembly reactions from both the global and local perspectives. Such complementary
studies often require flexibility in the experimental conditions. This report showcases the
flexibility of the system by a study linking molecular envelop transition to local contact
formation within the P4–P6 domain of the Tetrahymena ribozyme. More in depth analysis of
time resolved •OH footprinting studies can yield structural - kinetic models describing the
detailed routes through the folding landscape of RNA [19,22]. A future goal for the concordant
global and local analysis described in this article is to amalgamate global measures such as
time – resolved SAXS into kinetic modeling in order to provide constraints on the global
conformation of the intermediate species.
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Figure 1.
A schematic diagram illustrating the general procedure for conducting time –resolved rapid -
reaction •OH footprinting studies. In our example steps 1 – 6 were performed. The grey box
indicates an additional tool for the development of ‘structural – kinetic’ models of complex
folding reactions. The individual steps are explained in detail in the text and in recently
published protocols [23,25].
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Figure 2.
Representations of a three-syringe quench flow mixer: (A) Photograph of a KinTek® RQF-3
three syringe mixer. The white lines highlight the basic components of the mixer. The numbers
1 – 3 represent the drive syringes, loading syringes, and sample syringes, respectively. The
collection tube is depicted as 4. The thermometer in yellow allows continuous temperature
monitoring in the box which is connected to a Nexlab RTE 111 water bath and circulator: (B)
Schematic representation of the KinTek® RQF-3 three syringe mixer. This cartoon simplifies
the syringe and line settings. The loading pattern for dose-response and time - resolved •OH
footprinting experiments are shown in red and blue, respectively. The dashed line indicates the
mixer box. All numbers refer to items as described for panel A.
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Figure 3.
Example of an •OH radical footprinting experiment complementing time resolved SAXS
studies [27]. RNA folding was initiated by addition of 10 mM Mg2+. Green and orange
emphasize the exemplary protection sites 163–164 and 185–187, respectively. (A) Secondary
structure of the wild-type P4–P6 domain of the Tetrahymena thermophila ribozyme. The
yellow label indicates the 32P marked 5′ terminus of the RNA. (B) Autoradiogram of a 15%
denaturing polyacrylamide gel. “T1” indicates a guanosine ladder generated by RNase T1
digest of P4–P6 RNA. The control lane shows a radio-labeled RNA that has not been exposed
to •OH. From the left to the right footprinted P4–P6 RNA samples with increasing folding
times were loaded. (C) Solvent accessibility of P4–P6 nucleotides after SAFA [20] analysis as
false color map. Blue and red refer to decrease and increase in solvent exposure, respectively.
Lines connecting panel B with C indicate the corresponding areas of the gel and the thermo-
blot. (D) Time progression of the solvent accessibility of the RNA backbone. Nucleotides 163–
164 and 185–187 participate in local structure formation with rate constants of 9 ± 0.8 s−1 and
10 ± 0.6 s−1, respectively.
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Figure 4.
Folding of P4-P6 RNA at 10 and 100 mM Mg2+ condensed from time resolved SAXS and
complementary •OH radical footprinting studies [27]. The schemes are adapted from
Schlatterer et al. [27]. (A) Assessment of the time constants for RNA compaction measured
by SAXS (dashed lines) with time constant for structuring of nucleotide 126 (solid squares
reflect data points with their global fit as solid lines). The SAXS data are depicted as simulated
curves at 10 mM and 100 mM Mg2+ in dark blue and light blue, respectively. Nucleotide 126
is located in the P4–P6 hinge. Footprinting data of nucleotide 126 report the time dependent
structuring of the RNA hinge at 10 mM and 100 mM Mg2+ in black and grey, respectively.
The arrows indicate the increased compaction and hinge structuring rate at high Mg2+

concentration. (B) Schematic representation of the ionic strength dependent folding pathway.
The dashed boxes in grey show the individual contributions of the complementary techniques.
The initial position is flexible and extended (blue). Upon addition of 10 mM Mg2+ (top route)
hinge bending results in simultaneous formation of tertiary contacts (red). In contrast, addition
of 100 mM Mg2+ (bottom route) results in the sequential formation of the local structures such
as hinge, tetraloop/tetraloop receptor, and A-bulge/P4 helix. (B) Findings derived from SAXS
and fast Fenton footprinting experiments can suggest free energy diagrams of RNA folding.
Here, the tri-state free energy diagram shows that at high ionic strength the intermediate
(I100) resides at a lower free energy level than the unfolded molecule (U) and I10.
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