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In-Line Probing Analysis of Riboswitches

Elizabeth E. Regulski and Ronald R. Breaker

Summary

Riboswitches are intricate, metabolite-binding RNA structures found in the non-coding regions
of mRNA. Allosteric changes in the riboswitch that are induced by metabolite binding are
harnessed to control the genes of a variety of essential metabolic pathways in eubacteria and in
some eukaryotes. In this chapter, we describe an RNA structure analysis technique called “in-line
probing.” This assay makes use of the natural instability of RNA to elucidate secondary structure
characteristics and ligand-binding capabilities of riboswitches in an entirely protein-free manner.
Although this method has most frequently been used to examine riboswitches, the structures of
any RNAs can be examined using this technique.

Key Words: Allosteric; aptamer; phosphoester transfer; RNA structure; spontaneous RNA
cleavage.

1. Introduction
1.1. Description of Riboswitches

Riboswitches are structurally complex RNA genetic control elements that
act as receptors for specific metabolites and that mediate gene expression in
response to ligand binding (1,2). These gene control elements are embedded in
the non-coding portions of mRNAs in many bacteria although examples of the
thiamine pyrophosphate riboswitches have been identified in some eukaryotes
(3, 4). Numerous examples of riboswitches exist that selectively bind a variety
of organic molecules critical for fundamental biochemical processes including
coenzymes, purines, amino acids, and an aminosugar (5). Riboswitches typically
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consist of two functional components: a metabolite-binding aptamer and an
expression platform. An aptamer is an RNA domain that forms a precise
three-dimensional structure and selectively binds a target molecule. Allosteric
changes in the aptamer, induced by metabolite binding, cause downstream
structural changes that are translated into gene expression control by altering
the folding patterns of the adjoining expression platform. The sizes of known
aptamers range from 35 to approximately 200 nucleotides in length. In contrast
to the highly conserved aptamer domain, expression platforms range widely
in size, nucleotide sequence, and structural configuration. This great variety
of expression platforms allows aptamers from the same riboswitch class to
exert control over gene expression at several different levels. These include
modulation of gene expression through control of transcription elongation
of mRNA and efficiency of translation initiation. Riboswitches also have
the ability to distinguish between closely related analogs and recognize their
cognate effectors with values for apparent dissociation constant (Kd) ranging
from picomolar to low micromolar concentrations (2).

1.2. Methods for Identifying Riboswitch Candidates

Initially, a number of riboswitch classes were identified by searching
the literature for instances of genetic regulation in which a protein factor
could not be found even after extensive investigation. Currently, comparative
genomic approaches are proving to be invaluable tools in the identification
of new riboswitch candidates (6, 7). The Breaker Lab Intergenic Sequence
Server (BLISS) reports lists of homologous RNAs in intergenic regions that
were identified using BLAST. Secondary-structure models are then built for
promising RNA motifs. These are refined and extended by additional BLAST
searches. By employing increasingly automated methods, it is likely that these
comparative genomic approaches will continue to uncover interesting novel
RNA structures.

1.3. Methods for Confirming the Existence of Riboswitches

Once a promising riboswitch candidate is discovered, it is important to
demonstrate that it is indeed a genetic control element that binds a metabolite
with high affinity and specificity in the complete absence of proteins. To
determine whether an RNA motif is a regulator of gene expression in bacteria,
the RNA motif is fused to a reporter construct such as lacZ (8). The putative
metabolite ligand is then added to the medium, and the effect it has on
gene expression by binding to the RNA motif is monitored by measuring the
production of the reporter. Mutations are then made in the predicted stem
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structures of the RNA motif to demonstrate that disruption and subsequent
restoration of the RNA secondary structure affect gene regulation. Direct
metabolite binding to RNA without the obligate involvement of proteins is a
hallmark of riboswitches. Biochemical evidence for metabolite binding in the
absence of accessory proteins can be obtained by several methods including
in-line probing assays, equilibrium dialysis assays, and in vitro transcription
termination assays (9).

1.4. Background on the In-Line Probing Chemical Reaction

In-line probing assays have been used extensively to elucidate the secondary
structure and binding capabilities of riboswitch aptamers. This technique
exploits the natural tendency for RNA to differentially degrade according
to its structure (10). The phosphodiester bonds in the covalent backbone of
RNA are subject to slow, non-enzymatic cleavage through the “in-line” nucle-
ophilic attack of the 2´ oxygen on the adjacent phosphorus center (see Fig. 1).
When the 2´ oxygen, the phosphorus, and adjacent 5´ oxygen enter an “in-
line” conformation, the 2´ oxygen acts as a nucleophile in the intramolecular
displacement of the 5´ oxygen in the adjacent phosphorus center and efficiently
cleaves the RNA linkage. The relative speeds of spontaneous cleavage are
dependent on local structural characteristics of each RNA linkage (see Fig. 2).
Single-stranded RNA lacks secondary structure and is free to sample a range
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Fig. 1. “In-line” nucleophilic attack is necessary for efficient cleavage of an RNA
phosphodiester linkage. When the 2´ oxygen enters a linear “in-line” arrangement with
the phosphorus and the 5´ oxygen-leaving group of the linkage (dotted line), the 2´
oxygen executes a productive nucleophilic attack on the adjacent phosphorus center,
cleaving the RNA linkage.
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Fig. 2. Schematic of an in-line probing gel. Notice the difference in cleavage patterns
(indicated by bracket) between reactions without and with metabolite (M) present.
Changes occur in the secondary structure configuration of the RNA upon binding of
the metabolite. Certain linkages are now locked into position making them less flexible
and less likely to sample an in-line conformation, thus reducing cleavage.

of conformations, including in-line geometry. Consequently, these linkages
are susceptible to spontaneous cleavage through in-line attack. In contrast to
flexible single-stranded RNA domains, linkages found in the highly structured
regions of a folded RNA are locked into position. The linkages in these struc-
tured RNA regions are less likely to sample an in-line geometry and therefore
have a reduced chance of cleaving. Occasionally, RNA secondary structure
actually locks the molecule into an in-line conformation resulting in accelerated
cleavage of the linkage involved (10). However, this is a rare occurrence and
will only infrequently lead to misassignment of structured and unstructured
RNA regions.

The initial step for an in-line probing experiment is to prepare the RNA for
analysis. Usually, the RNAs of interest are produced by in vitro transcription
using double-stranded DNA templates. These can be prepared in many ways,
including DNA synthesis or PCR amplification as described in this protocol.
The resulting DNA template is transcribed into RNA using T7 RNA polymerase
and then is dephosphorylated and 5´-end labeled with [�-32P] ATP. An in-line
probing reaction is assembled with radiolabeled RNA and the metabolite of
interest. Denaturing (8 M urea) polyacrylamide gel electrophoresis (PAGE) is
used to separate the products of spontaneous RNA cleavage. The products are
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visualized and quantitated by a phosphorimager. Finally, the pattern of sponta-
neous RNA cleavage is compared between RNAs incubated in the absence of
metabolite versus RNAs incubated in the presence of the metabolite. Changes
in the cleavage pattern indicate altered RNA structure due to metabolite
binding. Further analysis of this pattern provides detailed information about the
secondary structure characteristics of the RNA motif (11).

2. Materials
2.1. Preparation of DNA Template

1. PCR buffer (10×): 15 mM MgCl2, 500 mM KCl, 100 mM Tris–HCl (pH 8.3 at
20°C), and 0.1% gelatin in deionized water (dH2O).

2. Deoxyribonucleoside 5´ triphosphate (dNTP) mix (10×): 2 mM each of dATP,
dCTP, dGTP, and dTTP in dH2O.

3. Appropriate 5´ and 3´ DNA oligonucleotide primers, 10 μM each in dH2O.
4. About 5–100 ng double-stranded DNA template.
5. Thermostable DNA polymerase (Taq) (New England BioLabs).
6. 100% ethanol chilled to –20°C.

2.2. RNA Transcription

1. Transcription buffer (10×): 150 mM MgCl2, 20 mM spermidine, 500 mM Tris–
HCl (pH 7.5 at 25°C), and 50 mM dithiothreitol (DTT).

2. Nucleoside 5´ triphosphate (NTP) mix (10×): 20 mM each of ATP, CTP, GTP,
and TTP in dH2O.

3. Bacteriophage T7 RNA polymerase.
4. DNA template: approximately 50 pmol of PCR product.
5. Reagents and apparatus for PAGE.
6. Denaturing 8% polyacrylamide gel (1.5 mm thick).
7. Tris-Borate-EDTA (TBE) gel-running buffer (1×): 90 mM Tris, 90 mM borate,

and 10 mM ethylenediaminetetraacetic acid (EDTA; pH 8.0 at 20°C).
8. Gel-loading buffer (2×): 18 M urea, 20% (w/v) sucrose, 0.1% (w/v) SDS,

0.05% (w/v) bromophenol blue sodium salt, 0.05% (w/v) xylene cyanol, 90 mM
Tris–HCl, 90 mM borate, and 1 mM EDTA (pH 8.0 at 25°C).

9. Hand-held UV light, shortwave (254 nm).
10. Fluor-coated Thin Layer Chromatography (TLC) plate (Applied Biosystems).
11. Crush/soak buffer: 200 mM NaCl, 10 mM Tris–HCl (pH 7.5 at 25°C), and 1 mM

EDTA (pH 8.0 at 25°C).
12. 100% ethanol chilled to –20°C.

2.3. 5´ 32P End-Labeling of RNA

1. RNA: approximately 5 pmoles.
2. Phosphatase buffer (10× as supplied by manufacturer).
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3. 500 mM Tris–HCl and 1 mM EDTA (pH 8.5 at 20°C) (Roche Diagnostics).
4. Calf intestinal alkaline phosphatase (CIP): 1 U/μL (Roche Diagnostics).
5. Phenol saturated with 10 mM Tris–HCl buffer (pH 7.9 at 20°C) with hydrox-

quinoline indicator (American Bioanalytical).
6. 24:1 chloroform: isoamyl alcohol (CHISAM).
7. T4 polynucleotide kinase (T4 PNK): 10 U/μL (New England BioLabs).
8. Kinase buffer (5×): 25 mM MgCl2, 125 mM CHES (pH 9.0 at 20°C), and

15 mM DTT.
9. [�-32P] ATP: 6000 Ci/mmole total ATP on reference date (see Note 1).

10. Reagents and apparatus for PAGE.
11. Gel-loading buffer (2×): See Subheading 2.2, item 8.
12. Denaturing 8% polyacrylamide gel (1.5 mm thick).
13. TBE gel-running buffer (1×): See Subheading 2.2, item 7.
14. Stratagene Autorad markers.
15. X-ray film BioMax MR (Kodak).
16. Crush/soak buffer: See Subheading 2.2, item 11.
17. Glycogen 20 mg/mL (Roche Diagnostics).
18. 100% ethanol chilled to –20°C.

2.4. In-line Probing Reaction

1. In-line reaction buffer (2×): 100 mM Tris–HCl (pH 8.3 at 20°C), 40 mM MgCl2,
and 200 mM KCl.

2. 5’ 32P-labeled RNA: 30 kcpm/reaction.
3. Solutions of metabolites (10×).
4. Colorless gel-loading solution (2×): 10 M urea and 1.5 mM EDTA (pH 8.0 at 20°C).
5. Na2CO3 buffer (10×): 0.5 M Na2CO3 (pH 9.0 at 23°C) and 10 mM EDTA.
6. Sodium citrate buffer (10×): 0.25 M sodium citrate (pH 5.0 at 23°C).
7. RNase T1: 1 U/μL (Roche Diagnostics).

2.5. PAGE Analysis of In-line Probing Reaction

1. Reagents and apparatus for denaturing PAGE.
2. Denaturing 10% polyacrylamide gel, 0.75 mm thick.
3. Gel dryer model 583 (Bio-Rad).
4. Blotting paper 703 (VWR International).
5. PhosphorImager cassette (GE Healthcare).
6. PhosphorImager with ImageQuant software (GE Healthcare).

3. Methods
It is critical that the following procedures are carried out in an RNase-free

environment including the use of sterile, RNase-free reagents, and materials.
Frequent glove changes should be employed to protect the RNA sample from
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RNases present on the hands or in the environment. RNA should always be
kept on ice when preparing reactions to reduce unwanted spontaneous cleavage.

3.1. Preparation of the DNA Template

The region of interest is cloned by established methods into an appropriate
vector and then sequenced to ensure that the correct construct is present, as even a
singlenucleotideerror insequencecanalterRNAsecondarystructure (seeNote2).
The purified plasmid is then used as the DNA template in the following PCR.

1. Design a 5´ DNA oligonucleotide primer beginning with the T7 RNA polymerase
recognition sequence (TAATACGACTCACTATA) at the 5´ end. One to three
G residues should immediately follow the T7 promoter, which favors robust
transcription yields. These two sections should be followed by 15–20 nucleotides
that are homologous with the 5´-end of the region of interest. Design a 3´ DNA
oligonucleotide primer 15–20 nucleotides in length that is complementary to the
3´-end of the region of interest.

2. Combine the following in a 0.5-mL microfuge tube to perform a PCR to amplify
the region of interest:

a. 10 μL 10× PCR buffer
b. 10 μL 10× dNTP mix
c. 5–100 ng double-stranded DNA template

7.5. μL 10 μM 5´ DNA oligonucleotide primer

d. μL 10 μM 3´ DNA oligonucleotide primer
e. Taq DNA polymerase 0.05 U/μL final concentration
f. dH2O to 100 μL

3. Using standard thermocycler conditions, conduct 25–30 cycles with appropriate
annealing temperatures for the selected primers.

4. Precipitate the PCR product by adding 2.5 vol of 100% ethanol and mixing well.
Pellet by centrifugation for 20 min at 14,000 g and 4°C.

5. Decant supernatant and dry pellet. Resuspend in 25 μL dH2O.

3.2. RNA Transcription Reaction

1. Combine the following in a 1.5 mL microfuge tube to perform in vitro
transcription:

a. Approximately 50 pmol DNA template
b. 2.5 μL 10× transcription buffer
c. 2.5 μL 10× NTP mix
d. 25 U/μL T7 RNA polymerase, final concentration
e. dH2O to 25 μL
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2. Incubate for 2 h at 37°C (see Note 3).
3. Purify the RNA transcription product by PAGE. Add 25 μL of 2× gel-loading

buffer and load the sample into two lanes of a denaturing 8% polyacrylamide gel
(1.5 mm thick).

4. Run the gel until the band of interest is midway down the plate. Use the location of
the bromophenol blue and xylene cyanol markers to estimate the product location
according to molecular weight.

5. Separate the glass plates and transfer the gel to plastic wrap.
6. Use UV-shadowing to locate the band of interest. In a darkened room, place the

plastic-wrapped gel on top of the fluor-coated TLC plate. Visualize the RNA
bands by shining a hand-held ultraviolet light (shortwave 254 nm) on the gel. The
RNA will appear as a dark band, whereas the TLC plate will fluoresce.

7. Excise the RNA band of interest with a razor blade. Use the razor blade to chop
the isolated gel into small cubes and transfer to a microfuge tube.

8. Add 400 μL of crush/soak buffer to microfuge tube, covering all gel cubes.
Incubate at room temperature for 30 min or incubate longer for greater yields.

9. Using a micropipette tip, remove the crush/soak buffer from the gel cubes and
transfer buffer to a new microfuge tube.

10. Precipitate the RNA transcription product with ethanol and centrifuge as in
Subheading 3.1, step 4.

11. Decant the supernatant and dry pellet. Resuspend in 30 μL dH2O. This may be
used immediately for the 5´-end-labeling reaction or stored at –20°C.

3.3. 5´ 32P End-Labeling of RNA

1. Calculate the concentration of the RNA transcription product by measuring
the absorbance at 260 nm (A260) and entering this and the RNA transcript
sequence into a program such as Oligonucleotide Properties Calculator
(http://www.basic.northwestern.edu/biotools/oligocalc.html).

2. Combine the following in a 1.5-mL microfuge tube to perform the dephosphory-
lation reaction, incubate at 50°C for 15 min:

a. 10 pmol RNA
b. 2 μL 10× dephosphorylation buffer
c. 2 μL CIP
d. dH2O to 20 μL

3. After incubation, add 172 μL dH2O and 8 μL 5 M NaCl.
4. Remove the CIP by phenol/chloroform extraction as follows. Combine equal parts

of Tris-buffered phenol and CHISAM. Then add 200 μL of phenol/CHISAM to
the dephosphorylation reaction and vortex. Separate the phases by centrifugation
and transfer aqueous phase to a new microfuge tube. Add 200 μL of CHISAM to
the aqueous layer and vortex. Separate the layers by centrifugation and transfer
the aqueous phase to a new microfuge tube.
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5. Add 1 μL glycogen to act as a carrier for the RNA during precipitation with ethanol.
6. Precipitate RNA from the dephosphorylation reaction with ethanol and pellet by

centrifugation.
7. Decant the supernatant and dry pellet. Resuspend in 15 μL dH2O. Employ this

dephosphorylated RNA in the 5´ 32P end-labeling reaction.
8. Combine the following in a 1.5 mL microfuge tube for the 5´ 32P end-labeling

reaction, and incubate at 37°C for 30–60 min:

a. 10 pmol dephosphorylated RNA
b. 4 μL 5× kinase buffer
c. 6 μL [�-32P] ATP (1.6 μM)
d. 2.5 μL T4 polynucleotide kinase
e. dH2O to 20 μL

9. Purify the 5´ 32P end-labeled RNA by PAGE. Add 20 μL 2× gel-loading buffer
and load the sample onto a denaturing 8% polyacrylamide gel (1.5 mm thick).

10. Run gel until the band of interest is midway down the plate. Use the location of
the bromophenol blue and xylene cyanol markers to estimate the location of the 5´
32P end-labeled RNA according to the expected molecular weight of the product.

11. Separate the glass plates, removing the top plate and covering the gel with plastic
wrap. Attach the Stratagene markers to the plastic wrap on either side of the lane
that contains the sample.

12. In the darkroom, expose an X-ray film to the gel with the radiolabeled RNA and
develop. The labeled RNA should be visible as a dark defined band on the film.
Any unincorporated �-32P ATP may also be visible as a dark band of very small
molecular weight at the bottom of the gel. The Stratagene marker images will also
be visible on the film.

13. Using the Stratagene marker images to align the film to the gel, mark the location
of the band of interest and excise with a razor blade. Use a razor blade to chop
the band of interest into small cubes and transfer to a microfuge tube.

14. Recover the 5´ 32P-labeled RNA from the gel by crush/soak and precipitate with
ethanol as in Subheading 3.2, steps 8–10.

15. Decant supernatant and dry pellet. Resuspend in 100 μL dH2O. This may be used
immediately for the in-line probing reaction or stored at –20°C. Use labeled RNA
before radioactive decay depletes the signal or causes excessive RNA damage.

16. Estimate the amount of RNA by using a scintillation counter.

3.4. In-line Probing Reaction: Binding Confirmation
and Kd Determination

In-line probing assays provide information as to whether or not a particular
metabolite is bound to the RNA of interest (see Note 4). In-line probing
reactionscontainingametaboliteconcentrationof1mMusuallyprovidesufficient
metabolite to determine whether there are any changes in the structure of the RNA.
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Metabolite concentrations above 1 mM can result in non-specific interactions, and
the data from these reactions should be interpreted with caution.

In-line probing analysis also can be used to gather information about relative
binding of the RNA and metabolite by establishing the apparent Kd. This is
done by measuring changes in the level of cleavage of metabolite-sensitive
regions of the RNA over a range of metabolite concentrations. To obtain an
accurate plot of concentration-dependent ligand-mediated structure modulation,
it is usually necessary to collect data at metabolite concentrations ranging
from 1 nM to 1 mM with two to three data points per order of magnitude
concentration change. During the in-line probing reaction, the metabolite should
not be the limiting factor in the reaction and must be in excess over the amount
of radiolabeled RNA. Therefore, the low range of metabolite concentration
will depend on the efficiency of the RNA labeling. 5´ 32P end-labeling of
the RNA must be efficient enough so that only trace amounts of RNA are
present in the in-line probing reaction while maintaining the 20,000–100,000
cpm per reaction necessary for high-quality visualization of the gel image.
With any in-line probing gel, it is important to prepare a no-reaction sample
of undigested precursor RNA, precursor RNA subjected to RNase T1 and
partial alkaline digestion, and a control in-line probing reaction containing
spontaneously degraded RNA with no metabolite.

1. Combine the following in 0.5-mL microfuge tubes for the in-line probing reaction
and incubate at room temperature for approximately 40 h:

a. 5 μL 2× in-line reaction buffer
b. 1 μL 5´ 32P-labeled RNA
c. Metabolite solution to yield the final desired concentration
d. dH2O to 10 μL

2. Quench the reaction by adding 10 μL of 2× colorless gel-loading solution. Without
excessive delay, the samples should be loaded onto a denaturing polyacrylamide
gel to avoid unwanted RNA cleavage that will complicate data interpretation.

3. The following three reactions, the RNase T1 and partial alkaline-digested RNA
and the undigested precursor RNA, should be prepared when the in-line probing
reactions are approaching completion. Without excessive delay, the samples should
be loaded immediately onto a denaturing polyacrylamide gel.

4. Combine the following in a 0.5-mL microfuge tube to prepare RNase T1-digested
RNA and incubate at 55°C for 5–15 min depending on the length of the RNA:

a. 1 μL 10× sodium citrate buffer
b. 1 μL RNase T1
c. 1 μL 5´ 32P-labeled RNA
d. 7 μL 2× colorless gel-loading solution
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5. Quench the reaction by adding 3 μL of 2× colorless gel-loading solution and 7 μL
dH2O (see Subheading 3.4., step 3).

6. Combine the following in a 0.5-mL microfuge tube to prepare a partial alkaline
digest of the precursor RNA and incubate at 90°C for 5–10 min depending on the
length of the RNA:

a. 1 μL 10× Na2CO3 buffer
b. 1 μL 5´ 32P-labeled RNA
c. dH2O to 10 μL

7. Quench the reaction by adding 10 μL of 2× colorless gel-loading solution (see
Subheading 3.4., step 3).

8. Combine the following in a 0.5-mL microfuge tube to prepare the uncleaved
precursor (no reaction) sample (see Subheading 3.4., step 3):

a. 1 μL 5´ 32P-labeled RNA
b. 9 μL dH2O
c. 10 μL 2× colorless gel-loading solution

3.5. PAGE Analysis of In-line Probing Reaction

1. Prepare a 10% denaturing polyacrylamide gel (40 cm long, width depends on number
of samples, approximately 1 cm wide wells, and 0.75 mm thick) (see Note 5).

2. Load 10 μL of each sample on the gel in the following order (see Fig. 3):

a. 1× gel-loading buffer with dyes to monitor electrophoresis progress
b. Uncleaved precursor RNA (no reaction)
c. RNase T1-digested precursor RNA
d. Partial alkaline digestion of precursor RNA
e. In-line probing reaction samples with appropriate ligand
f. 1× gel-loading buffer with dyes

3. Run the gel at 45 Watts for approximately 3 h until the dyes in the 1× gel-loading
buffer are at the desired position on the gel.

4. Separate the glass plates and transfer the gel to blotting paper. Cover with plastic
wrap.

5. Dry the gel for 2 h and then expose in a PhosphorImager cassette overnight.
6. Image the screen on a PhosphorImager and collect the data using software such as

ImageQuant.

3.6. Analysis of Data

The extent of metabolite binding by a riboswitch can be determined by
establishing the apparent Kd value. The apparent Kd of a riboswitch represents
the concentration of metabolite that is required to convert half of the RNA
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Fig. 3. (A) In-line probing gel image of the guanine sensing riboswitch (12). Lanes
1–3 contain the precursor (Pre) RNA undigested (NR), partially digested by T1 RNase
(T1) and subjected to partial alkaline digestion (−OH). Lane 4 shows the cleavage
pattern of the riboswitch in the absence (–) of any metabolites. Lanes 5–7 contain
guanine (G) and the related compounds, hypoxanthine (H) and xanthine (X). Their
cleavage patterns show reduced cleavage, indicating that they bind to the guanine
riboswitch. While the cleavage pattern of adenine (A) closely resembles that of the
metabolite-free reaction, indicating that it does not bind to the guanine riboswitch.
Arrows 1–4 indicate regions of cleavage modulation in response to metabolite binding.
(B) Secondary structure model of the guanine-sensing riboswitch that corresponds to
the in-line probing gel image. The circles indicate linkages of the RNA that demonstrate
reduced scission in the presence of the metabolite.

aptamers that are present in a mixture to their metabolite-bound form. This is
calculated by measuring spontaneous cleavage at different metabolite-sensitive
positions in the RNA over a range of metabolite concentrations (see Note 6).

1. Check to make sure that there are no breakdown bands in the undigested precursor
RNA (no reaction) sample as this may indicate degraded RNA that will interfere
with interpretation of the gel (see Note 7).

2. Use the lane with precursor RNA treated with RNase T1, producing cleavage
products at each guanine residue, and the precursor RNA subjected to partial
alkaline digestion, producing cleavage products at each nucleotide position, to
provide markers for mapping the sites of spontaneous RNA cleavage.
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3. Examine the in-line probing gel for bands that increase or decrease in intensity as
the concentration of metabolite changes. This indicates a nucleotide position that is
sensitive to metabolite binding.

4. Record the intensity of this band over the range of metabolite concentrations.
Repeat at each modulating band within the RNA. Subtract background intensity
from values.

5. The apparent Kd value is the concentration at which RNA cleavage is at half
maximum. To find this, plot the fraction of RNA cleaved versus the logarithm of
the concentration of metabolite, excluding the zero metabolite sample. The fraction
of RNA cleaved is calculated as:

Fraction RNA cleaved = sample value-min�value
max�value-min�value

Max. and min. refer to the highest and lowest cleavage values measured
for each modulating band. The concentration of metabolite needed to yield
half maximal modulation of cleavage provides an estimate of the Kd for the
complex.

4. Notes
1. Standard precautions should be observed when using radioactive isotopes.
2. This sensitivity to mutations can also be a useful tool. Incorporating disruptive and

compensatory mutations in the pairing regions of the RNA and then observing how
this affects binding affinity will allow you to pinpoint regions that are critical to
the maintenance of RNA secondary structure and metabolite binding.

3. A white precipitate sometimes develops as the transcription reaction proceeds. This
is the result of an insoluble complex forming between Mg2+ ions and inorganic
pyrophosphate and usually indicates a robust transcription reaction. Incubation
beyond this point is unnecessary as the lack of free Mg2+ ions will prevent any
further significant production of RNA.

4. Riboswitches are usually cis-acting genetic control elements. As a result, the
genomic context of the RNA of interest may be useful in determining which
metabolites to begin testing as possible ligands. The functions of proteins encoded
downstream might indicate compounds that are important to test. The molecular
recognition capabilities of the RNA can be explored using panels of chemical
analogs that are derivatives of the metabolite but that contain modifications of
various functional groups.

5. To reliably obtain high-quality gel images, we recommend using PAGE gel
solutions made “in-house” starting with acrylamide powder rather than commer-
cially available gel solutions, which we find are inconsistent in their propensity
to yield high-resolution separation of bands (particularly when small amounts of
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RNA are used). Use care in handling powdered acrylamide as it is extremely neuro-
toxic until polymerized. Wear a dust mask, gloves, and eye protection and use a
spatula to weigh powdered acrylamide. Make a 29:1 (w/w) [37% w/v] solution of
acrylamide/bis-acrylamide and filter through #1 Whatman paper using a Buchner
funnel. Combine 270 mL 37% acrylamide/bis, 480 g urea, 100 mL 10× TBE and
270 mL dH2O to make denaturing 10% polyacrylamide gel solution.

6. The values for RNA–metabolite interactions obtained in vitro may be different than
those actually found under physiological conditions within the cell due to changes
in Mg2+ ion concentrations and other factors affecting RNA structure.

7. Unwanted RNA degradation will result in the presence of a constant band that may
mask metabolite-induced modulation.
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