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The continued expansion of microbial sequence data has allowed for the detection of an increasing number of conserved
RNA motifs by using comparative sequence analysis. Recently, we reported the discovery of two structured non-
coding RNA motifs, called g/nA and downstream-peptide, that have similarity in sequence and secondary structure. In
this report, we describe data demonstrating that representatives of both RNA motifs selectively bind the amino acid
L-glutamine. These glutamine aptamers are found exclusively in cyanobacteria and marine metagenomic sequences,
wherein several ginA RNA representatives reside upstream of genes involved in nitrogen metabolism. These motifs
have genomic distributions that are consistent with a gene regulation function, suggesting they are components of
glutamine-responsive riboswitches. Thus, our findings implicate glutamine as a regulator of cyanobacterial nitrogen
metabolism pathways. Furthermore, our findings expand the collection of natural aptamer classes that bind amino acids

to include glycine, lysine and glutamine.

Introduction

Riboswitches are genetic regulatory elements composed solely
of RNA that bind metabolites and control gene expression com-
monly without the involvement of protein factors.! Most simple
riboswitches are composed of an aptamer domain and an expres-
sion platform, where the aptamer functions as a receptor for a
specific metabolite and the expression platform modulates the
expression of one or more genes in a ligand-dependent fashion.*?
Riboswitches are usually found in the 5" untranslated regions
(UTRs) of bacterial mRNAs and often control gene expression
in cis either at the level of transcription or translation, although
other regulatory mechanisms are also known.* In most cases,
metabolite binding triggers a structural rearrangement that
affects the formation of either a terminator stem or a base-paired
element that occludes the ribosome binding site. In addition,
there is a known example of a trans-acting riboswitch’ as well as
eukaryotic riboswitches® that modulate expression by controlling
alternative mRNA spicing in algae,” plants® and fungi.’
Comparative sequence analysis methods have been developed
for novel riboswitch class discovery.'!? These techniques involve
computational searches through genomic and metagenomic
databases for sequences that are conserved both in their primary
and secondary structures.’®* Through one of these searches,
the glnA motif and the Downstream-peptide motif (Fig. 1)
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were discovered in cyanobacteria and marine metagenomic
sequences.” These motifs are both approximately 60 nucleotides
in length, comprise three base-paired regions, and share highly
similar portions of conserved sequence and structure. However,
there are some minor structural differences that distinguish the
two motifs. The g/nA motif includes a predicted E-loop connect-
ing the junction of stems P2 and P3 (J2/3) with J3/1. In contrast,
the Downstream-peptide motif lacks an E-loop and P3 stem, but
instead forms a pseudoknot. An additional difference between the
two RNAs is their genetic placement. While the Downstream-
peptide motif is found exclusively in the 5' UTRs of short poly-
peptides of unknown function that are typically 17 to 100 amino
acids in length, the g/nA motif is frequently positioned upstream
of a variety of genes involved in nitrogen metabolism including
ammonium transporters, glutamine and glutamate synthetases,
and nitrogen regulatory protein P, .

The two motifs share various qualities with previously charac-
terized riboswitches, including size, complexity, degree of sequence
conservation, and genetic context. Considering the nature of the
genes downstream of the g/nA motif, we speculated that L-glutamine
could be the ligand for this candidate riboswitch aptamer. Glycine
and lysine are known ligands for riboswitches,'®!” this establishes
a precedent for riboswitch aptamers recognizing amino acids.
Furthermore, glutamine is an attractive riboswitch ligand candi-
date given its involvement in nitrogen regulation processes.
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Figure 1. Consensus sequence and secondary structure models for
two candidate riboswitch aptamer families. (A) The gInA motif is a
3-stem junction (stems are named P1, P2 and P3) that carries an E-loop
and a possible single long-distance base pair (dashed line). (B) The
Downstream-peptide motif is formed by three extended base-paired
substructures wherein P1 and P2 are nearly identical to those of the
glnA motif. The motif lacks P3 and E-loop features, but nucleotides

in this region form a pseudoknot. Like ginA RNAs, the Downstream-
peptide motif can potentially form a single long-range base pair. The
two motifs also carry identical nucleotides at the base of P1 and in the
junction. These models are derived using methods and data reported
previously in reference 15.

Nitrogen is often a limiting nutrient in marine environments
which makes accurately monitoring internal nitrogen levels par-
ticularly important for aquatic bacteria.”® Although glutamine
is known to be a key indicator of the state of nitrogen metabo-

lism in proteobacteria and firmicutes,"°

other compounds are
thought control this set of pathways in cyanobacteria.?** In this
study, we demonstrate that the g/nAd and Downstream-peptide
motifs are structural variants of a novel aptamer class responsive
to glutamine, providing the first evidence that this amino acid
is an important signaling molecule in the regulation of nitrogen

metabolism in cyanobacteria.
Results

Given its characteristics revealed by bioinformatics, we hypoth-
esized that g/nA motif RNAs might be representatives of a new-
found riboswitch aptamer class. Because these RNAs are encoded
upstream of several genes involved in nitrogen metabolism, we
tested a 67 nucleotide glnA representative from Synechococcus
elongatus, termed 67 ginA (Fig. 2A) with L-glutamine (Fig. 2B)
and a collection of potential ligands related to this set of meta-
bolic pathways (Fig. 3). In-line probing assays revealed that
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67 glnA binds most tightly to L-glutamine with an apparent dis-
sociation constant (K)) of approximately 575 uM (Fig. 2B and
C). The shape of the binding curve matches that expected for a
one-to-one interaction between the RNA and its ligand.

With the exception of D-glutamine, which is bound by the
67 ginA aptamer with approximately 1/10" the affinity of its
more common isomer (Sup. Fig. S1), all other compounds tested
were rejected by the aptamer even at concentrations as high as
10 mM (Fig. 3A). The compounds tested include the natural
amino acid L-asparagine, the glutamine analogues L-glutamine
t-butyl ester, L-theanine, O-acetyl-L-serine, L-homoglutamine,
L-B-homoglutamine, acid,
5-amino-5-oxopentanoic acid, and the dipeptide Ala-Gln
(Fig. 3B). Ligand-binding specificity was also assessed for a sec-
ond representative of the g/zA motif from a marine metagenomic
sequence. This RNA binds to L-glutamine with a K of approxi-
mately 150 wM, whereas putrescine, L-lysine, 2-oxoglutarate,
y-aminobutyric acid (GABA), glutaric acid, succinate, succinic
semialdehyde, agmatine, pyridoxal phosphate and glutamate
are all rejected at 1 mM (data not shown). Despite the lower K|
value of this RNA, further experiments were conducted with the
67 ginA RNA due to more pronounced positions of modulating
cleavage intensity in our in-line probing assasy.

To ensure that the binding observed was not the result of non-
specific interactions between the RNA and glutamine, 67 glnA
mutant RNA constructs M1 and M2 (Fig. 2A) containing two
consecutive disruptive mutations in either the P2 or P3 stems,
respectively, were prepared. As expected, we did not detect any
modulation of these structurally disrupted RNAs upon addition
of glutamine to in-line probing reactions (Sup. Fig. S2A and B),
indicating that the banding pattern changes seen with the wild-
type RNA with glutamine are caused by selective interactions.
We then tested constructs M3 and M4 (Fig. 2A) in which the
mismatched base pairs were restored with compensatory muta-
tions. These RNAs regain structural modulation in response to

(8)-2-amino-5-oxo-hexanoic

glutamine addition, and exhibit K values similar to that of the
67 ginA RNA (Sup. Fig. S2C-F).

We considered several reasons why glutamate, rather than or
in addition to glutamine, could be the natural metabolite ligand
for glnA motif aptamers. First, the chemical structures of gluta-
mine and glutamate differ only by a side chain amino or hydroxyl
group, respectively. Both these groups at a minimum could serve
as a single hydrogen bond donor source. Second, some represen-
tatives of the glnA motif are found upstream of genes directly
involved in glutamate synthesis. Third, the concentrations of
both glutamine and glutamate are exceptionally high in bacteria.
In Escherichia coli, glutamine is present in the bacteria at a con-
centration of approximately 4 mM, whereas the intracellular level
of glutamate is approximately 100 mM.>* For a riboswitch to be
selective for glutamine, it would need to discriminate against glu-
tamate by more than 20-fold, given the exceptionally high con-
centration of this competing amino acid.

As noted above, we assessed binding by glutamate without
observing binding at 1 mM amino acid concentration. However,
to investigate possible glutamate binding at physiologically rel-
evant concentrations, we conducted in-line probing assays using
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the 67 glnA RNA and 100 mM glutamate as the
primary buffering agent. Although no structural
modulation was observed in the presence of this
high concentration of glutamate, the addition
of 1 mM glutamine to an in-line probing assay
containing 100 mM glutamate produced the
pattern of RNA cleavage products expected for
glutamine binding (Sup. Fig. S3).

Interestingly, over half of the g/n4d RNAs are
arranged in tandem orientations, where two or
sometimes three aptamers are found grouped
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poses. For example, two aptamers sensitive to

different ligands can influence the expression
of the same gene, functioning similarly to two-
input Boolean logic gates.”” Multiple aptamers
that recognize the same compound can be uti-
lized to achieve sharper, more digital responses
to changing ligand concentrations either by
using multiple terminator stems*® or cooperativ-
ity.”?” In the case of glnA RNAs, the amount
of intervening sequence between the aptamers is
often apparently too small to allow for the use

Figure 2. The 67 glnA RNA binds L-glutamine. (A) Sequence and secondary structural mod-
el for the 67 gInA RNA from S. elongatus. Circled positions indicate areas of the RNA where
internucleotide linkages undergo reduced (red) or constant (yellow) scission as ligand
concentrations are increased when subjected to in-line probing (data from B). Nucleotides
depicted in lowercase identify guanosine residues added to the construct to facilitate ef-
ficient in vitro transcription. Asterisks indicate the boundaries of the annotations for in-line
probing results that could be clearly resolved by PAGE. (B) In-line probing analysis of
5'32P-labeled 67 gInA RNA. Precursor RNAs (Pre) were loaded onto gel lanes after treat-
ment as follows: NR, no reaction; T1, partial digest with RNase T1 (cleaves after G residues);
“OH, partial alkaline-mediated degradation. Additional lanes were loaded with precursor
RNAs subjected to in-line probing conditions without ligand (-), or were subjected to in-

of multiple expression platforms, so we speculate
that they might function in a cooperative fash-
ion. To test this, several tandem g/nA constructs
were made and tested via in-line probing. These
constructs included a three aptamer arrange-

line probing conditions in the presence of various concentrations of L-glutamine ranging
from 1 uM to 10 mM. Vertical lines designate areas where band intensities decrease as the
RNA is exposed to higher concentrations of ligand. Band intensities of numbered regions
were quantified and used to assess the extent of ligand binding. (C) Plot of the normalized
fraction of band modulation (interpreted as fraction of RNAs bound to ligand) versus the
logarithm of the concentration of ligand. Regions are as depicted in (B). The line represents
the curve expected for a 1-to-1 RNA-ligand interaction with a K, of 575 uM.

ment and a representative the group of RNAs

shown in Figure 4B, both with and without the

conserved portion of 3' sequence. Our in-line probing analysis of
these tandem constructs did not reveal any evidence of coopera-
tive binding (data not shown), such as a steeper dose-response
curve than that exhibited by non-cooperative riboswitches. Our
data does not rule out cooperative function, since various factors
such as inadequate construct length or non-physiological assay
conditions could confound our assays.

Despite the fact that the genetic contexts of g/nA motif and
Downstream-peptide motif RNAs are distinct, we speculated
that the Downsteam-peptide motif might also bind glutamine
due to sequence and structural similarities of the aptamer fami-
lies. Again we used in-line probing on a representative member of
the Downstream-peptide motif from Synechococcus sp. CC9902
(83 DP RNA) and determined that the RNA binds glutamine
with an apparent K| of approximately 5 mM (Fig. 5). Unlike
with the 67 glnA RNA, we did not detect any binding between
the 83 DP RNA and D-glutamine at concentrations up to 10 mM
(Sup. Fig. S4). Additionally, the RNA does not appreciably bind

84

RNA Biology

to any of the other compounds tested with the 67 g/nA RNA at
10 mM concentrations (Sup. Fig. S4).

The predicted pseudoknot was validated by examining the
ligand-binding functions of disruptive and compensatory muta-
tions. Specifically, construct M5 was designed as a mutant 83
DP RNA with two disruptive mutations in the pseudoknot. As
with the 67 g/inA disruption mutation constructs, M5 RNA does
not bind to glutamine (Sup. Fig. S5A). By contrast, a construct
with compensatory mutations that restore base pairing within the
pseudoknot (M6 RNA) binds to glutamine with a K| value simi-
lar to that of the DP RNA (Sup. Fig. S5B and C).

Discussion
The glnA motif and the Downstream-peptide motif share a vari-
ety of structural features and are able to bind glutamine while

strongly discriminating against a variety of structurally related
analogues. Mutational studies indicated the interactions between
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structures of compounds tested with both the 67 ginA and 83 DP RNAs.

Figure 3. The 67 g/nA RNA binds L-glutamine but rejects a variety of other compounds. (A) In-line probing analysis of the 67 g/nA RNA with several
glutamine analogs. Precursor RNAs were subjected to in-line probing conditions in the presence of 10 mM L-glutamine (L-gIn) or 10 mM of the various
compounds as follows: Ala-GlIn (1), L-glutamine t-butyl ester (2), L-theanine (3), O-acetyl-L-serine (4), L-homoglutamine (5), L-B-homoglutamine (6),
(S)-2-amino-5-oxo-hexonic acid (7), 5-amino-oxopentanoic acid (8) and asparagine (9). Other annotations are as described for Figure 2B. (B) Chemical

glutamine and the RNAs examined in this study are specific,
because small disruptions of various predicted base-paired regions
affect the ability of the RNAs to bind ligand. Additionally, these
experiments support the accuracy of our secondary structural
models because the compensatory mutations used in constructs
M3, M4 and M6 indicate that the structure rather than the pre-
cise sequence in these putative stems is important. All of our
findings are consistent with the hypothesis that these RNAs are
subtypes of a novel glutamine riboswitch class, although we have
not experimentally assessed gene regulation function.

Highly conserved nucleotides in loops and bulges are often
indicative of positions essential for forming riboswitch aptamer
binding pockets. We suspect that several residues in the three
stem junction of the g/nA aptamer and analogous positions on
the Downstream-peptide aptamer are involved in the formation
of the aptamer binding pocket. Additionally, the high degree of

www.landesbioscience.com

conservation of the nucleotides in the P1 stem leads us to believe
that some of these residues directly participate in ligand binding
as well.

Neither of the glutamine aptamer subtypes bind to any other
compounds tested in our in-line probing assays. This observa-
tion, in conjunction with the high sequence similarity between
the two related RNAs, implies that the binding pockets of both
subtypes are similar. The fact that these RNAs reject glutamate,
L-homoglutamine and (§)-2-amino-5-oxo-hexanoicacid indicates
that the aptamers are highly sensitive to the length and composi-
tion of the amino acid side chain. This is an important character-
istic for a receptor that must be responsive to a single amino acid,
given that there are many other natural amino acids in all cells.
Because the aptamers tested were both sensitive to the removal of
the amino group in the side chain, the RNA likely makes one or
more hydrogen bonds with the ligand at this position. Similarly,
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Figure 4. Tandem glutamine aptamers. (A) Distribution of glutamine aptamers among single, double and triple arrangements. Aptamers were
grouped together if the amount of intervening sequence was less than 100 nucleotides. (B) Consensus sequence and structure of the most common
tandem arrangement of glutamine aptamers. Annotations are as described in Figure 1A.

removal of the amino group attached to the a-carbon also causes
a loss of binding, as is evident by our in-line probing results with
the compound 5-amino-5-oxopentanoic acid. The loss of hydro-
gen bonds and/or ionic interactions is likely responsible for this
compound’s inability to serve as an aptamer ligand.

Large chemical groups on either the N or C termini of the
amino acid are also not tolerated because neither Ala-Gln nor
L-glutamine t-butyl ester are bound by the aptamers. The addi-
tion of bulky chemical groups to glutamine likely results in
steric clashes with the RNA, which may indicate that the aptam-
ers form a highly-enclosed pocket as do many other riboswitch
aptamers. In the case of L-glutamine t-butyl ester, it is also pos-
sible that the removal of the negative charge from the C terminal
oxygen causes a loss of a favorable ionic interaction.

The 67 glnA RNA can bind D-glutamine, albeit with a
reduced affinity when compared to the more biologically preva-
lent L-isomer. This might indicate that the reversal of two groups
bonded to the a-carbon of the ligand causes the loss of only weak
contacts between the compound and the RNA. Alternatively, if
important bonds are broken, this could be partially mitigated by
the formation of other fortuitous interactions when the chirality
of the ligand is reversed.

We did not detect any binding between the DP RNA and
D-glutamine. This finding might seemingly contradict our claim
that the binding pockets of the glnA and the Downstream-
peptide motif are likely similar. However, because the 67 g/nA
RNA binds to L-glutamine 10-fold more tightly compared
to D-glutamine, it is possible that concentrations higher than
10 mM (the highest concentration we tested) would be necessary
to detect an interaction between the 83 DP RNA and the D-isomer.

The high frequency of tandem g/nA RNA arrangements could
mean that these aptamers are often employed to achieve a form
of riboswitch-mediated gene control not feasible with a single
aptamer. For example, cooperative binding by two aptamers can
yield a more digital gene control element.””?® Although we did not
observe evidence of cooperativity in our in-line probing assays,
it is possible that the tandem g/nA RNAs can function in this
manner, but they may require additional portions of sequence
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elements not included in our constructs or they may require other
cellular factors or conditions for proper function.

The K values for the different glutamine aptamers tested are
all relatively high in comparison to those of characterized ribo-
switch aptamer classes, which range from about 10 pM for the
cyclic di-GMP-I aptamer®® to more than 100 pM for glmS ribo-
zymes.?”?* Considering the high concentrations of glutamine in
E. coli and likely other bacterial species, it isn’t surprising that
members of this aptamer class exhibit poor affinity. Regardless,
the correlation of an aptamer’s K| with the concentrations of
ligand needed to trigger riboswitch is not possible with many
riboswitches because kinetically-driven riboswitches do not reach
thermodynamic equilibrium for ligand binding.?'*

As mentioned previously, riboswitches not only require an
aptamer but an expression platform to translate ligand bind-
ing of the aptamer into a change in gene expression. There are
cases where the g/nA and downstream-peptide aptamers are posi-
tioned close to predicted terminator stems and ribosomal bind-
ing sites, which might be part of riboswitch expression platforms.
However, mechanisms for how the aptamers interact with these
portions of sequence are not obvious. It is not uncommon for
expression platforms to be hard to identify, and we nevertheless
suspect the g/mA and Downstream-peptide RNAs are compo-
nents of full riboswitches.

In this study, we have shown that the g/n4 and Downstream-
peptide motifs are naturally occurring aptamers that selectively
bind L-glutamine. These elements are often positioned 5' of sev-
eral genes involved with nitrogen metabolism in cyanobacteria,
which implicates glutamine as an important signaling molecule
in the pathways of these organisms. The presence of glutamine-
responsive riboswitches might explain why the glutamine-sensing
regulatory proteins responsible for nitrogen regulation in other
bacterial taxa are absent in cyanobacteria.?® The discovery of
these RNAs expands the scope of metabolites that are recognized
by natural aptamers, introducing glutamine as the third amino
acid to be sensed by natural RNAs along with glycine and lysine.
As the amount of available genomic sequence data continues
to expand, we expect that many additional metabolite-sensing
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Figure 5. The 83 DP RNA is an aptamer for glutamine. (A) Sequence and predicted secondary structure of the 83 DP RNA. Nucleotides circled in green
indicate internucleotide linkages that undergo greater scission when the RNA is exposed to ligand. Other annotations are as described for Figure 2A.
(B) In-line probing analysis of 5' 32P-labeled 83 DP RNA with various concentrations of L-glutamine ranging from 10 uM to 10 mM. Annotations are as
described for Figure 2B, with the exception that arrows indicate specific bands which were used to make the K plot in (C). (C) Plot representing ligand
binding as described for Figure 2C. The line represents the curve expected for a 1-to-1 interaction using a K value 5 mM.

aptamers will be discovered, including a greater diversity of
classes that sense amino acids.

Materials and Methods

Chemicals and DNA oligonucleotides. The compounds
L-glutamine, D-glutamine, Ala-Gln, L-glutamine t-butyl ester,
L-theanine, O-acetyl-L-serine, asparagine, putrescine, lysine,
2-oxoglutarate, glutaric acid, succinate, succinic semialdehyde,
GABA, agmatine, pyridoxal phosphate, and glutamate were
all obtained from Sigma-Aldrich. L-homoglutamine and (§)-2-
amino-5-oxo-hexanoic acid were ordered from Toronto Research
Chemicals Inc., L-B-homoglutamine was obtained from the
PepTech Corporation and 5-amino-5-oxopentanoic acid was pur-

chased from ChemBridge.

www.landesbioscience.com

The following DNA oligonucleotides were ordered from
Sigma-Genosys: primer 1, 5“TAA TAC GAC TCA CTA TAG
GGT AAT CGT TGG CCC AGT TTA TCT GGG TGG AA;
primer 2, 5“TGA GAG GCG CGT TGC TTC AGG CCA AAG
ACC TTA CTT CCA CCC AGA TAA A; primer 3, 5 TAA
TAC GAC TCA CTA TAG GGT AAT CGT TGG CCC AGT
TTA TCA AGG TGG AA; primer 4, 5-TAA TAC GAC TCA
CTA TAG GGT AAT CGT TGG CCT TGT TTA TCA AGG
TGG AA; primer 5, 5“TGA GAG GCG CGT TGC TTC AGG
CCA AAG ACC TTA CTT CCA CCT TGA TAA A; primer
6, 5“-TGA GAG GCG CGT TGC TTC AGC CCA AAG TCC
TTA CTT CCA CCC AGA TAA A; primer 7, 5-TGA GAG
GCG CGTTGCTTCAGC TCAAAG TGCTTACTT CCA
CCC AGA TAA A; primer 8, 5“TAA TAC GAC TCA CTA
TAG GGT ATT CTT GGT CCA CGT TGA GCT TCC AAT
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CGA AGC TGC A; primer 9, 5-TCC TTC ATT GCC CAC
GCCCCCGTTGCTTGG CAT GGG TCT GAC TGC AGC
TTC GAT TGG A; primer 10, 5“TCC TTC ATT GCC CTC
GCCCCCGTTGCTTGG CCT GGG TCT GACTGCAGC
TTC GAT TGG AAG CT; primer 11, 5“TCC TTC ATT GCC
CTAGCC CCCGTT GCTTGG CCA GGG TCT GACTGC
AGC TTC GAT TGG AAG CT.

Transcription and purification of RNAs. Pairs of oligonucle-
otides were used in primer extension reactions to make full-length
double-stranded DNA (dsDNA) products to use as templates for
in vitro transcription reactions. Primers 1 and 2 were used for
67 glnA, 2 and 3 for M1, 4 and 5 for M3, 1 and 6 for M2, 1 and 7
for M4, 8 and 9 for 83 DP, 8 and 10 for M5, and 8 and 11 for M6.
A 100 pl solution containing 300 pmoles of each primer, 50 mM
Tris-HCI (pH 8.3 at 23°C), 75 mM KCl, 3 mM MgClz, 10 uM
dithiothreitol (DTT), I mM of each of the four deoxynucleo-
side triphosphates (AINTPs) and 8 U/l of SuperScript I Reverse
Transcriptase (Invitrogen) was heated for 2 hours at 42°C. The
full length dsDNA was then purified using the QIAquick PCR
DPurification Kit (QIAgen) following the manufacturer’s protocol
and was eluted in a volume of 50 pl.

Twenty microliters of dsDNA was used as a template in a
100 .l in vitro transcription reaction containing 80 mM HEPES
(pH 7.5 at 23°C), 40 mM DTT, 24 mM MgCl,, 2 mM spermi-
dine, 2.5 mM each of the four ribonucleoside 5' triphosphates
(NTPs), and 10 units/pl bacteriophage T7 RNA polymerase.
Samples were heated for 2 hours at 37°C and purified via denatur-
ing (8 M urea) 6% polyacrylamide gel electrophoresis (PAGE).
A band containing the RNA was cut from the gel and soaked in
a solution of 10 mM Tris-HCI (pH 7.5 at 23°C), 200 mM NaCl
and 1 mM EDTA (pH 8.0 at 23°C). The RNAs were then con-
centrated by adding 2.5 volumes of cold (-20°C) ethanol, centri-
fuging for 20 minutes at 17,900 g. The resulting pellet was dried,
resuspended in water, and stored at -20°C until use.

In-line probing assays. RNAs were 5'-%°P radiolabeled and sub-
jected to in-line probing analyses, which have been described in
detail previously in reference 34 and 35. Briefly, 5 triphosphates

were removed from the RNAs using alkaline phosphatase (Roche)
according to the manufacturer’s protocol. The dephosphorylated
RNAs were 5-P radiolabeled by incubation with [y-**P] ATP
and T4 polynucleotide kinase (New England Biolabs), following
the manufacturer’s directions. Denaturing 6% PAGE was subse-
quently employed to purify the RNAs as described above.

The radiolabeled RNAs were then incubated at 23°C in a
solution containing 75 mM Tris-HCI (pH 8.3 at 23°C), 20 mM
MgCl,, 100 mM KCl, and various different potential ligands (see
results section for full list) at concentrations ranging from 1 wM
to 10 mM in most cases. When RNAs were subjected to in-line
probing with 100 mM L-glutamate, the amino acid replaced the
Tris-HCI as the buffering agent. NaOH were used to adjust this
modified in-line probing solution to pH 8.3.

After incubating for approximately 40 hours, the products
of in-line probing reactions were separated by denaturing 10%
PAGE. The gels were then dried and imaged using a Storm 820
Phosphorlmager (GE Healthcare). The relative intensities of the
various degradation products were quantified using SAFA v1.1 soft-
ware.”® The bands which modulated the most intensely were used
to make K| estimates. Note that in Figure 5A, circled positions
before nucleotide 34 may actually be shifted due to a gel compres-
sion issue, but by one or two positions at most. In the cases where
the concentrations of ligand used were insufficiently high to satu-
rate RNA binding, the data was normalized to K| values that best
explained the data assuming a standard one-to-one interaction.
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