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Structure-switching signaling aptamers are nucleic acids that change shape upon binding to a specific
ligand. Previously, we applied a new in vitro selection strategy to isolate structure-switching RNA apta-
mers responsive to the aminoglycoside antibiotic tobramycin. Here, we report the results of mutational

analysis, secondary structure modeling, and ligand-specificity studies that suggest a mechanism for
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Structure-switching signaling aptamers are RNA or DNA mole-
cules, produced by in vitro selection, that undergo a conformational
change upon binding to a specific ligand. Aptamers of this type can
function as highly sensitive and specific probes for the detection
and quantification of the ligand [1]. Riboswitches are naturally-
occurring RNA elements found in the untranslated regions of
messenger RNAs that regulate gene expression through metabo-
lite-triggered structure-switching [2-4]. Due to the large number
of potential applications for signaling aptamers and artificial ribo-
switches [5], there is great interest in their efficient production and
in understanding the mechanisms by which they detect their
ligands.

We recently reported a new in vitro selection procedure that
simultaneously selected for the two properties required of signal-
ing aptamers: specific ligand binding and structure-switching [6].
We used the method to isolate RNA aptamers that change confor-
mation upon binding to the aminoglycoside antibiotic tobramycin.
Similar strategies have been reported for the selection of aptamers
that respond to ATP/GTP and to zinc ion [7-8].

Here, we report the isolation of a tobramycin-signaling aptamer
with increased sensitivity and the results of mutational analysis
and ligand-specificity studies. The results pointed to the likely
tobramycin binding site and suggested that the tobramycin-trig-
gered conformational change involved the disruption of a pseudo-
knot followed by a simple rearrangement of the secondary
structure.
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Materials and methods

Fluorescence measurements. Fluorescence measurements were
performed with a Modulus fluorometer (Turner Biosystems) in
raw fluorescence mode using the blue fluorescence optical Kkit.

Oligonucleotides and RNA synthesis. Oligonucleotides were
obtained from Integrated DNA Technologies, Inc (IDT).

DMO002 (5’-CATTCC-3'-biotin; biotin was attached via a 9 carbon
spacer).

DMO003 (5-GATAATACGACTCACTATAGGAATGGATCCACATCTA
CGA-3').

DMO004 (5'-AAGCTTCGTCAAGTCTGCAGTGAA-3').

JV002 (5-GAATGGATCCACATCTACGAAggctttgaaggtgagaccgtg
caaatgaggatggtgtggatgattagggttgctggttTTCACTGCAGACTTGACGA
A-3'). Lower case letters represent a partially randomized region.
For each position within the randomized region, phosphoamidites
were hand-mixed such that 79% of molecules contained the given
nucleotide and 21% contained one of the other three nucleotides
(each with a 7% probability of occurrence). Flanking constant
regions (uppercase) provided priming sites. Given sequence corre-
sponds to previously selected tobramycin-signaling aptamer called
14-2 RNA [6].

DMA415256 (5'-GGATCCACATCTACGAAGGCTTTGAAGGTGAG
ACCATGCAAATGAGAATGATGTGGATGATTAGGGTTGCTGGTTTTCA
CTGCAGACTTG-3').

Transcription templates were generated by PCR using JV002 or
DMA415256 as templates and DMO003 and DMO004 as primers.
DMO003 included a T7 RNA polymerase promoter. RNA was synthe-
sized by in vitro transcription with T7 RNA polymerase and labeled
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with fluorescein at their 3’-ends. PCR, transcription, and labeling
were performed as previously described [6]. To introduce muta-
tions during PCR, sequence changes were incorporated into the
primers (DM003 and DM004) or into the template (DMA415256).

In vitro selection and structure-switching assays. Selection was
performed as previously described [6]. The procedure for struc-
ture-switching assays is outlined in Fig. 1. It was identical to the
method used for in vitro selection except reactions were performed
on a smaller scale. DM002, a 6-base, biotinylated DNA oligonucleo-
tide was immobilized by binding to streptavidin-coated magnetic
beads. Each fluorescein-labeled RNA aptamer was bound to the
beads by base-pairing with DM002. 50 pL RNA binding reactions
contained: 4 pg (~115 pmol) of RNA, 0.25 mg of DM002 beads
(~150 pmol DMO002) and binding buffer (50 mM Tris, pH 7.4,
500 mM NaCl). RNA binding reactions were incubated overnight
at 4 °C. Beads were rinsed quickly four times and washed twice
for 30 min with 50 pL of binding buffer at 4 °C. RNA was eluted by
incubating beads for 30 min at 4 °C with 50 pL of binding buffer
containing antibiotic. After each step, beads were captured with a
magnetic stand to allow for solution exchange. After the second
30 min wash and after the elution step, beads were captured and
40 pL of the supernatant was transferred to a tube containing
60 pL of binding buffer. RNA that remained bound to the beads
was released by incubating beads at 65 °C for 5 min. Beads were
again captured and 40 pL of supernatant was transferred to a tube
containing 60 pL of binding buffer. The amount of RNA in each of
the three collected fractions (wash, elution, and 65 °C incubation)
was determined by measuring fluorescence intensities. The total
amount of RNA originally bound to the DM002 beads was calculated
as total amount of RNA present in the three collected fractions. Net
efficiency of RNA elution (% elution) with antibiotic was calculated
by subtracting percentage of bound RNA eluted with buffer during
second 30 min wash from percentage of RNA eluted with ligand.
Each experiment was repeated at least four times and two-tailed
t-tests were used to compare averages. Microsoft Excel was used
to perform t-tests and to calculate p-values.

Secondary structure predictions. Secondary structure predictions
at 4°C were made using Mfold version 2.3 (http://mfold.bio-
info.rpi.edu/cgi-bin/rna-form1-2.3.cgi [9-10]). To model the sec-
ondary structure of the bead-bound form of the RNA, the DM002
sequence, CAUUCC (with U replacing T) was appended to the 3’-
end of the RNA and forced to pair with the 5-end.

Results and discussion

A tobramcyin-signaling aptamer with improved sensitivity and no loss
of ligand-specificity

Our original in vitro selection experiment produced two RNA
aptamers (14-1 RNA and 14-2 RNA) that responded to tobramycin
with minimum detection limits of 200 and 30 pM tobramycin,
respectively [6]. In an attempt to generate variants with improved
tobramycin sensitivity, we partially randomized the central 59 (out
of 104) nucleotides of the 14-2 RNA sequence and repeated the
selection. Alignment of 20 cDNA sequences from the 14th round
of selection revealed that positions 37, 41, 52, and 56 showed a
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strong tendency toward G-to-A substitutions (Supplement 1). The
alignment also revealed that, in all 20 sequences, 36 of the 59
nucleotides were identical to those present in 14-2 RNA. The re-
gion from positions 42-76 was particularly rich in invariant nucle-
otides suggesting a central role in tobramycin-signaling.

Structure switching assays (outlined in Fig. 1) showed that G-
to-A substitutions at positions 41, 52, or 56 improved structure
switching efficiency in the presence of 20 pM tobramycin (Supple-
ment 2). Structure-switching efficiency was measured as the frac-
tion of bound RNA that could be eluted from an immobilized
complementary oligonucleotide (see Fig. 1). However, substitution
at position 37 reduced the efficiency. This “false positive” may sim-
ply be an artifact of sequencing only 20 molecules from a large RNA
pool. The effects of G-to-A substitutions at positions 41, 52, and 56
were additive. The elution efficiency of each of the three possible
double mutants was greater than that of the single mutants and
the efficiency of the triple mutant (A415256 RNA) was greater still.

The elution efficiencies of the triple mutant (A415256 RNA) and
the original tobramycin aptamer (14-2 RNA) were measured as a
function of tobramycin concentration in order to determine the
minimum reproducibly detectable concentration of tobramycin
(Supplement 2). A415256 RNA exhibited a 5-fold lower minimum
detection limit than 14-2 RNA (2 uM vs. 10 uM tobramycin).

We analyzed the ligand-specificity of the two RNAs by measur-
ing their elution efficiencies in the presence of a variety of amino-
glycoside antibiotics at a concentration of 30 pM (concentration of
tobramycin at about %4 the maximum elution efficiency). The two
RNAs displayed similar ligand preferences. Both 14-2 and
A415256 RNA could detect 30 M kanamycin B but with a signifi-
cantly decreased efficiency compared to 30 pM tobramycin
(p=8 x 10~ and 9 x 1073, respectively). The RNAs could barely
detect 30 uM kanamycin A and neither RNA responded at all to
amikacin or paromomycin (Supplement 3).

Structure-function studies suggest a model for tobramycin-triggered
structure switching

Comparative sequence analysis of natural or artificially gener-
ated variants is a well-established method for detecting function-
ally-important base-paired regions in RNA [11-14]. Mutations
that disrupt such pairings interfere with RNA function. If the struc-
ture but not the sequence is important for function, then function
will be restored by compensatory mutations that restore pairing.

In order to generate variants for our structure-function studies,
we performed site-directed mutagenesis on A415256 RNA. To
guide our mutational analysis, we generated candidate secondary
structures for A415256 RNA using Mfold (http://mfold.bio-
info.rpi.edu/cgi-bin/rna-form1-2.3.cgi [9-10]). The most stable
predicted fold at 4 °C for A415256 RNA is shown in Fig. 2A (soluble
form). Positions 37, 41, 52, and 56 are highlighted in light blue. To
model the secondary structure of the bead-bound form of the RNA,
the DM002 sequence, CAUUCC (with U replacing T) was appended
to the 3’-end of the RNA and forced to pair with the 5'-end (Fig. 2A;
bead-bound form). If the structural models are correct, then RNA
elution would involve a simple conformational change in which
the 5'-end detaches from DMO002 and folds back on itself to form
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Fig. 1. Outline of structure switching assay. Fluorescein-labeled RNA was bound to streptavidin-coated magnetic beads by base-pairing with an immobilized oligonucleotide

(DMO002). The beads were washed with buffer and RNA was eluted with tobramycin.
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Fig. 2. (A) Mfold-generated secondary structure predictions. To predict the structure of the bead-bound form, the sequence of DM002 (CATTCC) was added to the 3’-end of
the RNA. This sequence is shown in lower case letters with U substituted for T. Bases highlighted in blue indicate sites at which G-to-A substitutions decreased (position 37) or
increased (positions 41, 52, 56) elution efficiency. The two groups of bases circled in magenta (8-16 and 55-63) are complementary and potentially pair to form a
pseudoknot. Bases highlighted in green and yellow indicate base pairs supported by mutational analysis. The site of DM002 attachment to the beads and the proposed
tobramycin binding site (stem-loop formed by nucleotides 48-68) are indicated. (B) Model for the mechanism of tobramycin-triggered structure switching. The bead-bound
form of the RNA is stabilized by the formation of a pseudoknot (reactions 1 and 2). Tobramycin binding disrupts the pseudoknot causing the RNA to switch to the soluble form
and elute from the beads (reactions 3 and 4). Base pairs shown explicitly are those that rearrange during the conformational changes. Magenta and yellow segments indicate

the complementary bases that potentially pair to form a pseudoknot.

the two small hairpins present in the soluble form, leaving the rest
of the secondary structure unchanged.

As a first test of the structural models, we used mutational anal-
ysis to gain evidence for the pairing of nucleotides 25-27 (CUU)
with nucleotides 99-101 (AAG). These triplets are highlighted in
green in Fig. 2A. We synthesized three variants of A415256 RNA
and measured their elution efficiencies with 30 pM tobramycin.

The three putative base pairs were disrupted in variants 1 and 2,
and the potential for base-pairing was restored in variant 3. The re-
sults of the experiment are shown in Fig. 3B. The elution efficiencies
of both variants 1 and 2 were about six times lower than that of
A415256 RNA (p = 0.0005 and 0.0004, respectively) while the elu-
tion efficiency of variant 3 was nearly identical to that of
A415256 RNA. These results support the existence of the C25-
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Fig. 3. Mutational analysis of A415256 RNA structure and function. Legends show the regions that were mutated. (A), (C), (E), (G) Amount of RNA initially bound to DM002
beads. (B), (D), (F), (G) Elution efficiency of RNAs with 30 uM tobramycin. In (A) through (F), the results for the RNA with no sequence changes are the average of the same set
of six experiments. All other results are the average of four experiments. Error bars represent standard deviations.

U27/A99-G101 duplex and, by extension, the existence of the entire
G23-G29/C97-U103 helix.

Nucleotides 8-16 in A414256 RNA are complementary to nucle-
otides 55-63 (magenta circles in Fig. 2A). In the bead-bound form of
the RNA, both of these regions lie mostly within single-stranded
loops so they have the potential to pair and form a pseudoknot. In
contrast, the soluble form of the RNA sequesters much of the 8-16
region within two small hairpins. These observations suggest a
model for the mechanism of tobramycin-triggered structure
switching (Fig. 2B). We propose that pseudoknot formation stabi-

lizes the bead-bound form of the RNA (reactions 1 and 2 in
Fig. 2B) and that tobramycin binding destabilizes the pseudoknot,
triggering a switch from the bead-bound form to the soluble form
(reactions 3 and 4 in Fig. 2B). If the proposed mechanism is correct,
mutations that disrupt the putative pseudoknot should have two ef-
fects: the amount of RNA that initially binds to the beads should de-
crease; and tobramycin should have little or no effect on the
equilibrium between the bead-bound and soluble forms of the RNA.

To test these ideas, we mutated nucleotides involved in forma-
tion of the pseudoknot. For each variant, we measured the amount
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of RNA initially bound to the beads and the elution efficiency with
30 uM tobramycin. We generated variants that either eliminated
or retained the potential for pairing between ACA (nucleotides
12-14) and UGU (nucleotides 57-59). These triplets were chosen
because they were predicted to be single-stranded in both forms
of the RNA (highlighted in yellow in Fig. 2A). Therefore, the muta-
tions were unlikely to significantly alter the secondary structures.
Disruption of the pairings reduced the amount of RNA that bound
to the beads by more than 50% (p=1 x 1072 and 3 x 1074, respec-
tively), but when the two substitutions were combined, normal
binding to the beads was restored (Fig. 3C). These results support
the existence of the pseudoknot and are consistent with the idea
that the pseudoknot stabilizes the bead-bound form of the RNA.
As predicted, disruption of the ACA/UGU pairing completely elim-
inated the ability of the RNA to elute with 30 uM tobramycin.
However, restoring the potential for pairing did not restore this
function (Fig. 3D). Since tobramycin is proposed to disrupt the
pseudoknot, a likely explanation for these results is that the muta-
tions in variant 1 or 2 (or both) destroy the tobramycin binding
site.

In the next experiment, we mutated nucleotides 10-12 (CCA)
and nucleotides 59-61 (UGG). The UGG triplet is predicted to be
single-stranded in both forms of the RNA but the CC of the CCA
triplet forms part of a small hairpin in the soluble form (high-
lighted in yellow in Fig. 2A). Interestingly, the effects on RNA
binding (Fig. 3E) were not the same as in the previous experi-
ment, providing further support for our proposed mechanism.
Although changing UGG (59-61) to ACC greatly reduced RNA
binding, changing CCA (10-12) to GGU had no measurable effect.
Importantly, when both substitutions were made, RNA binding
increased significantly (p=6 x 107%). As in the previous experi-
ment, poor RNA binding due to the UGG to ACC change can be
explained by disruption of the pseudoknot and consequent
destabilization of the bead-bound form of the RNA. Why did
the CCA to GGU change have no effect on RNA binding to the
beads despite disrupting the pseudoknot? This mutation destabi-
lizes the short hairpin that sequesters the 5-end of the RNA in
the soluble form. Mfold predicts that the bead-bound form of
this mutant folds into a significantly more stable secondary
structure (not shown). The increased stability of the bead-bound
form relative to the soluble form apparently compensates for the
loss of the pseudoknot and allows the RNA to bind stably to the
beads. The combined effects of a more stable secondary structure
in the bead-bound form and restoring the pseudoknot (which
further stabilizes the bead-bound form) explain why the double
substitution increased the amount of RNA binding to the beads.
As in the previous experiment, all three variants eliminated
tobramycin responsiveness (Fig. 3F).

The results in Fig. 3A show that destabilization of the 23-29/
97-103 helix affected RNA binding to the beads. Changing CUU
(nucleotides 25-27) to GAA significantly increased RNA binding
(p=0.02) while changing AAG (nucleotides 99-101) to UUC re-
duced binding to the beads by more than 50% (p =1 x 10~>). When
both changes were made, the amount of RNA bound to the beads
was indistinguishable from that of unmutated A415256 RNA.
These results are likely due to changes in the local secondary struc-
ture that indirectly alter the stability of the pseudoknot. Each
mutation that disrupted the 23-29/97-103 helix significantly
changed the predicted secondary structures in the region of the he-
lix (not shown). This probably affects the ability of the complemen-
tary loops to approach each other with the correct geometry for
pseudoknot formation. When pairing is restored, the secondary
structures are predicted to be identical to those shown in Fig. 2A.
Consequently, RNA binding to the beads returns to normal. These
results highlight the importance of the structure and flexibility of
the long imperfect helix that connects the complementary loops.

Changes in the structure/stability of the connector may explain
the effects of changing G-to-A at positions 37 and 41 (highlighted
in light blue in Fig. 2A).

As a final test of the model, UAC at positions 17-19 was
changed to AUA. This triplet is predicted to lie in a single-stranded
region in both forms of the RNA and it does not participate in
pseudoknot formation (Fig. 2A). As expected, this change had no
effect on either RNA binding to the beads or elution efficiency
(Fig. 3G and H).

Mutational analysis and specificity studies reveal the likely tobramycin
binding site

Our data support the idea that tobramycin triggers a conforma-
tional change in our aptamer by disrupting a pseudoknot (Fig. 2B).
This leads to two questions: Where does tobramycin bind and why
does this binding disrupt the pseudoknot? Based on the results of
our mutational analysis and specificity studies, and considering the
known properties of other tobramycin aptamers, we propose that
the stem-loop formed by nucleotides 48-68 in our aptamer is
the tobramycin binding site (Fig. 2A and B). We propose that there
is a single specific tobramycin binding site (rather than multiple
binding sites) because the dependence of structure-switching effi-
ciency on tobramycin concentration fit well to simple hyperbolic
binding curves with a single saturable binding site [6].

There are some striking similarities between our proposed
tobramycin binding site and two previously selected tobramycin
aptamers (designated aptamers I and II). Solution structures of
aptamers I and II bound to tobramycin revealed the architectural
principles that allowed tobramycin to bind with high affinity and
specificity [15-16]. These aptamers form stem-loop structures that
are 25-27 nucleotides long. Tobramycin binds between a flipped
out base in the loop and the floor of the major groove of the A-form
helical stem. In order to accommodate tobramycin, the major
groove is widened by a bulged adenosine in aptamer I and by
non-Watson Crick pairs in aptamer II. Importantly, the loop portion
of the RNAs becomes highly structured upon tobramycin binding.
In both aptamers, the A-form helix continues into the loop region
and the loop folds down over the top of the bound tobramycin
completing a binding pocket in which the shape and charge are
highly complementary to those of tobramycin. The structure of
the aptamer II-tobramycin complex shows that several residues
in the loop region may form hydrogen bonds to tobramycin.

The specificity of our tobramycin-signaling aptamers closely
parallels that of aptamer II (relative binding affinities: tobramy-
cin > kanamycin B> kanamycin A), suggesting that these RNAs
bind to tobramycin in a similar fashion [16-17]. Not all RNAs that
bind to tobramycin exhibit the same ligand preferences. For exam-
ple, the A-site in 16S rRNA is a physiological target of many differ-
ent aminoglycosides including tobramycin. The relatively low
selectivity of this RNA can be explained by the details of the li-
gand-RNA contacts which differ significantly from those seen in
aptamers I and II [18].

The results of our mutational analysis and specificity studies are
consistent with the idea that tobramycin binds to the stem-loop
formed by nucleotides 48-68 (Fig. 2A and B). This hypothesis ex-
plains why mutations in the loop eliminated tobramycin respon-
siveness (Fig. 3D and F) and suggests a simple and compelling
mechanism for tobramycin-triggered structure switching. The loop
directly participates in pseudoknot formation and tobramycin
would disrupt the pseudoknot if, as suggested by our specificity
experiments, its mode of binding is similar to that seen in apta-
mers [ and II. Sequence alignment of the RNAs that survived selec-
tion showed that nucleotides 42-76 contained a striking number of
invariant nucleotides suggesting that the stem-loop plays a partic-
ularly important role in aptamer function (Supplement 1). The
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stem includes non-Watson-Crick pairs (G51-A65 and A52-G64)
that widen the major groove as seen in the solution structure of
aptamer II. There was strong selection for a G-to-A change at posi-
tion 52 which preserved the purine-purine mismatch with G64 and
resulted in improved elution efficiency with tobramycin (Supple-
ments 1 and 2). The absence of C or U at this position in the
selected RNA pool suggests that it is important to maintain the
mismatch. Among the selected G-to-A changes, the one at position
56 was enriched to the greatest extent and had the greatest effect
on elution efficiency (Supplements 1 and 2). Position 56 lies in the
loop and the G-to-A change stabilizes the pseudoknot because it
changes a G-U pair to a more stable A-U pair (Fig. 2A). Improved
elution efficiency and the consequent enrichment of A at positions
52 and 56 during in vitro selection may be due to increased affinity
for tobramycin.

Our model for the mechanism of tobramycin-triggered structure
switching makes a number of readily testable predictions. Enzy-
matic and chemical probing of the RNA structure can test whether
or not the proposed pseudoknot forms and whether its stability is
influenced by tobramycin or mutation. Our proposal that nucleo-
tides 48-68 constitute the tobramycin binding site and that A to G
changes at positions 52 and 56 alter the affinity for tobramycin can
be tested by performing binding assays with truncated RNAs. These
experiments are currently underway in our laboratory.
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