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ABSTRACT

Riboswitches are genetic control elements that regulate gene expression in a small molecule-dependent way. We developed a
two-stage strategy of in vitro selection followed by a genetic screen and identified several artificial small molecule-binding
riboswitches that respond to the aminoglycoside neomycin. Structure–function relationships and structural probing revealed
that they adopt the general neomycin-binding motif. They display no sequence similarities to in vitro selected neomycin
aptamers but contain parts of the decoding site that is the binding site for neomycin on the ribosomal RNA. We propose a model
of a composed binding pocket of an internal loop as primary docking site and a terminal flaplike loop structure fixing neomycin
in a sandwich-like manner. Such binding pockets characterized by multiple contacts between ligand and RNA are described
for both natural and engineered riboswitches. We anticipate that combination of in vitro selection and in vivo screening is a
useful strategy to identify RNA molecules with a desired functionality.
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INTRODUCTION

Riboswitches are RNA-based genetic control elements that
regulate a wide set of basic metabolic pathways in prokar-
yotes (Winkler and Breaker 2003, 2005; Mandal and
Breaker 2004; Nudler and Mironov 2004; Tucker and
Breaker 2005). These molecular switches consist solely of
RNA, sense their ligand in a mostly preformed binding
pocket, and undergo restructuring upon metabolite bind-
ing, leading to changes in gene expression. Thereby the
RNA accomplishes both sensor and regulator functions and
integrates the tasks formerly carried out by protein and
RNA components together.

In the last few years several engineered riboswitches have
been developed that are based on either antisense strategies
(Isaacs et al. 2004; Bayer and Smolke 2005), regulatable
ribozymes (Yen et al. 2004, 2006), or small molecule-

binding aptamers (Werstuck and Green 1998; Suess et al.
2003). The latter control gene expression by insertion of
aptamer sequences into the 59 untranslated region (UTR)
of an mRNA. These RNAs function by exploiting the fact
that small molecule binding to the RNAs alters their
structures in the 59 UTR and subsequently interferes with
translation of the downstream coding regions. Dependent
on the insertion site, the aptamer–ligand complex interferes
either with binding of the 43S subunit to the cap-structure
or the scanning process (Hanson et al. 2003). Thereby, the
advantage of such engineered riboswitches is that they can
be designed in principle to any ligand of choice. However,
the majority of in vitro selected aptamers display no
regulatory activity in vivo. Up to now, only five small
molecule-binding aptamers have been identified that have
the potential to act as riboswitches (Werstuck and Green
1998; Grate and Wilson 2001; Harvey et al. 2002; Suess
et al. 2003). In addition, two of these—namely, the theo-
phylline and the tetracycline aptamer—have been used as
a binding domain for the engineering of more complex
riboswitches with broadened functions and applicability
(Buskirk et al. 2004; Desai and Gallivan 2004; Isaacs et al.
2004; Suess et al. 2004; Bayer and Smolke 2005). In vitro
selection techniques to isolate small molecule-binding
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aptamers (Ellington and Szostak 1990; Tuerk and Gold
1990) or regulatable ribozymes (Koizumi et al. 1999;
Piganeau et al. 2001) have been well established in the
past. However, there is a noticeable lack of methods for
the detection of those in vitro selected molecules that
in addition show regulatory activity within the cell. To
broaden the spectrum of modular synthetic riboswitches
by delivering new building blocks, we established an easy
method for the isolation of new small molecule-binding
aptamers with activity in vivo.

Aminoglycosides are broad-spectrum antibiotics that
disturb the fidelity of the tRNA selection step during
protein synthesis by binding to the A-site of bacterial 16S
rRNA. Aminoglycosides are pseudo-oligosaccharides con-
taining variable numbers of sugar rings and ammonium
groups characterized by high flexibility. The positive
charges are attracted to the negatively charged RNA
backbone. The flexibility of the aminoglycosides facilitates
accommodation into a binding pocket within internal
loops of RNA helices or into ribozyme cores for making
specific contacts. These characteristics predestine this
group of antibiotics as universal RNA binders (Walter
et al. 1999; Schroeder et al. 2000; Zhao et al. 2005). This
prompted us to use neomycin as target molecule to search

for artificial riboswitches that can be used for conditional
control of gene expression. Neomycin B is composed of
four rings. The central 2-deoxystreptamine (ring I) is 4,5-
disubstituted and contains ammonium groups at positions
1 and 3 (Fig. 1). It has been shown to inhibit catalytic ac-
tivity of several ribozymes (von Ahsen et al. 1991; Stage et al.
1995) and has already been exploited to regulate translation
termination (Murphy et al. 2006).

We successfully built up a selection system and identi-
fied aptamers that mediate neomycin-dependent regulation
of gene expression. One candidate was further character-
ized in terms of activity and ligand binding. A structure–
function relationship reveals that several nucleotides of
the aptamer are involved in ligand binding. We propose a
binding pocket that contains both an internal and a ter-
minal loop structure, with neomycin sandwiched between
both loop regions. Such composite binding pockets with
the RNA recognizing several moieties of its ligand to
achieve extraordinary affinity and specificity have already
been described for both natural and artificial riboswitches
(Gilbert and Batey 2006; Muller et al. 2006). Our study
emphasizes the need for a combined approach of in vitro
selection and in vivo screening to identify small molecule-
binding RNAs that are functional in vivo.

FIGURE 1. In vivo screening for regulatory active neomycin-binding aptamers. (A) Sequence of the 59 UTR containing the m7G cap structure,
the 32- (38-) nt-long sequence of the original 59 UTR (length depends on which transcriptional start site is used), the restriction sites for AflII and
NheI (bold), the constant (underlined) and variable (N74) region of the aptamer pool, and the start codon with the optimized Kozak sequence
(italics). (B) Sequence alignment of 30 regulatory active, neomycin-binding aptamers. Bases that correspond to the identified consensus sequence
are marked in gray. The numbers in the brackets indicate how often a respective clone was identified. (C) Scheme of the in vivo screening system.
(D) Chemical structure of neomycin B. Ring (roman numbers) and atomic (Arabic numbers) numbering system is indicated. The amino group at
position 6 of ring I that is substituted in paromomycin is indicated by an arrow.
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RESULTS

In vivo screening for regulatory active aptamers

We started with an aptamer pool that was enriched for
binding neomycin B via six cycles of in vitro selection
(Wallis et al. 1995). The 111-nucleotide (nt)-long RNA
pool consists of a randomized region of 74 nt flanked by
constant parts (Famulok 1994). The pool was inserted
directly in front of a constitutively expressed gfp reporter
gene in the yeast vector pWHE601 (Fig. 1A; Suess et al.
2003) and amplified in Escherichia coli, generating a starting
diversity for in vivo screening of 5 3 104 sequences.

The library was transformed into yeast cells, and screen-
ing for neomycin-dependent changes in GFP fluorescence
was performed in a two-step process. First, candidates were
identified that allowed gene expression in the absence of
the ligand, and, second, among these, candidates with
neomycin-dependent regulatory properties were searched
(Fig. 1C). The first step was used to eliminate candidates in
which (1) the ligand-free aptamers interfered with trans-
lation; (2) a premature start codon is introduced by the
aptamer sequence; or (3) the insertion was not successful
(resulting in an AUG-less open reading frame because the
start codon is introduced along with the aptamer sequence).

The results of the first screening step demonstrate that
only 5% of the clones (2500 of 5 3 104 transformants)
show gfp expression in the absence of neomycin. For the
second step, 1300 individual fluorescent colonies were
transferred into 96-well plates, and GFP fluorescence was
analyzed in the absence and presence of 100 mM neomycin.
This concentration has no effect on the cell growth of
Saccharomyces cerevisiae (data not shown). A regulation
factor was determined by calculating the quotient of fluo-
rescence with and without neomycin. Plasmids were iso-
lated from individual candidates with down-regulation of
gfp expression and transferred through E. coli, and GFP
measurement was repeated. This screening process pro-
duced 30 candidates exhibiting a neomycin-dependent de-
crease in fluorescence. Sequence analysis of these clones
yielded 10 individual candidates (Fig. 1B). The alignment
shows a 16-nt-long sequence element that is completely
conserved in the candidates N1 and N2 (33% of all
candidates identified) and partially present in nearly all
other candidates (highlighted in Fig. 1B). Interestingly, none
of the identified sequences showed sequence similarities to
randomly picked neomycin-binding aptamers obtained from
the same in vitro selected aptamer pool (Wallis et al. 1995).

We performed truncation analysis of N1 and identified a
47-nt-long minimal construct M1 containing the 16-nt-long
consensus sequence that is responsible for the regulatory
phenotype. Secondary structure prediction of M1 within the
context of the mRNA results in a stem–loop structure with
an internal asymmetrical loop (Fig. 2A). We determined gfp
expression of N1 and M1 in the presence and absence of

neomycin after 48 h of incubation (Fig. 3B; Table 1).
Insertion of N1 and M1, respectively, results in lower gfp
expression. Addition of 100 mM neomycin then leads to a
2.6-fold decrease in fluorescence for N1. The truncated
version M1 shows improved regulation (4.2-fold).

Analysis of secondary structure and ligand binding
by enzymatic probing

Enzymatic probing was performed to elucidate a secondary
structure model for the functional RNAs and to determine
which nucleotides are involved in ligand recognition. An
RNA construct corresponding to the complete 59 UTR
containing M1 and the first 48 nt of the gfp open reading
frame was prepared by in vitro transcription. The 136-nt-
long RNA was subjected to enzymatic probing using the
single-strand-specific nucleases S1 and T1. T1 cleaves between
nucleotides at the 39-phosphate of guanosines. S1 cleaves
without any nucleotide preference. Thereby, the cleavage
patterns provide information about secondary structure and
can also reveal nucleotides participating in tertiary interac-
tions and/or ligand-induced structural changes.

FIGURE 2. Structural probing of the neomycin-aptamer M1. (A)
Secondary structure model of the neomycin–aptamer M1 in the
context of the mRNA with the consensus sequence highlighted in
gray. Positions with prominent cleavage and neomycin-dependent
changes are indicated. (B) Enzymatic cleavage pattern in the absence
(�) or presence (+) of 50 mM neomycin with the guanine-specific
nuclease T1 and single-strand-specific nuclease S1. C and H represent
no and partial digestion with alkali, respectively. Selected fragment
bands corresponding to digestion by T1 are identified by nucleotide
positions. The closing stem of the aptamer is shown as a black line,
and the gray box corresponds to the consensus sequence. Neomycin-
dependent changes are indicated.
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32P-end-labeled RNA was treated with the respective
nucleases and the resulting fragments were separated by
PAGE. The fragmentation pattern is shown in Figure 2B,
and the results of the enzymatic cleavage are summarized
schematically onto the secondary structure of the neomycin
aptamer in Figure 2A. Several nucleotides of the terminal
loop are accessible to the single-strand nuclease S1 (U28,
A29, A30), but the proposed internal loop is less clearly
defined. U21 is detectable, whereas the remaining nucleo-
tides, C19, U20, G22, and U23, show only marginal S1
cleavage, which implies their involvement in tertiary
structure formation. In agreement, U34 and C35 (the 39

part of this motif) are not detectable at all. Formation of
the proposed stem C9–G18/C36–G45 is confirmed by the
complete absence of single-strand-specific cleavage of these
nucleotides.

The presence of neomycin dramatically changes the
cleavage pattern within the conserved 16-nt-long consensus
sequence (Fig. 2B, marked with a gray bar). The terminal
loop and G22 of the internal loop are completely protected
against cleavage, indicating an involvement in ligand-
binding and/or ligand-induced structural changes. Neo-
mycin also induces the formation of the two proposed
Watson–Crick base-pairs C24/G33 and C25/G32, displayed
by the decrease of signal intensity for G32, G33 (both T1),
and C24 (S1). This indicates that the main binding site for
neomycin is located in the central part of the aptamer and
corresponds to the identified 16-nt consensus sequence.
Secondary and probably nonspecific binding sites are
visible by protection of G60 and G90 against T1 cleavage

(data not shown) and may be due to the
highly positive charged nature of neo-
mycin. Such weaker binding sites that
target primarily the adjacent stem
region have already been described
for aminoglycoside-binding aptamers
(Jiang and Patel 1998; Jiang et al.
1999; Stampfl et al. 2007). S1 and T1
nuclease treatment was also performed
on a 200-nt-long RNA fragment con-
taining N1 instead of M1 (data not
shown). The results obtained with this
RNA showed similar cleavage patterns
as the minimal aptamer, indicating that
the sequence context does not influ-
ence structure formation and ligand-
binding properties of the aptamer.
Taken together, the aptamer identified
adopts an overall stem–loop structure
including a terminal and an internal
asymmetrical loop previously described
as general neomycin-binding fold
(Schroeder et al. 2000).

Structure–function analysis of the neomycin-binding
core sequence

RNA molecules with influence on biological processes are
amenable to the elucidation of basic structure–function
relationships by site directed mutagenesis. Based on the
sequence alignment (Fig. 1B) and the structural probing
data, we hypothesized that both loop elements are neces-
sary for regulation, whereas the stem is important for
structure formation but with no sequence constraints. To
test this hypothesis and to gain further insight into the role
of the conserved region, we varied the stability of the
aptamer stem.

Based on the secondary structural model a 37-nt-long
minimal motif (nucleotides 9–45 of Fig. 2A) was created
with an additional mutation, A43U, resulting in the
construct M2 (Fig. 3A). This mutation converts the A11/
A43 pair into a Watson–Crick base pair, thereby stabilizing
the stem. Gene reporter assays carried out in the absence
of neomycin demonstrate that this point mutation results
in strong down-regulation of gfp expression (Table 1; Fig.
3B). A stepwise destabilization of the closing stem (M4–
M7, displayed in Fig. 3C) results in an increased gfp ex-
pression, with maximum gfp expression resulting from M5
(Fig. 3B; Table 1). Maximum regulation was obtained for
M4 with 7.5-fold reduction in the presence of neomycin
compared to the control lacking neomycin. Therefore, M4
was used as the parent for the following mutagenesis studies.

Mutations within the terminal loop M8–M10 (A30U, de-
letion of U31 and U27C, U31C) led to a nearly complete

FIGURE 3. Influence of the stem length of the neomycin–aptamer on regulation. (A)
Sequence and secondary structure model of the minimal neomycin-binding aptamer M2
within the context of the 59 UTR with the consensus sequence highlighted in gray. (B)
Measurement of gfp expression of the original identified construct, N1, and several truncated
versions, M1 (Fig. 2A), M2 (A), and M3–M7 (C) in the absence (black bars) and presence
(white bars) of 100 mM neomycin. The fluorescence emission of GFP expressed by the vector
pWHE601 was set to 100%. (C) Different stems analyzed are displayed.
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loss of function (Fig. 4; Table 1). The same effect was also
observed for the M11 mutation (G22C) within the internal
loop. These data strongly suggest the importance of both
internal and terminal loops for regulation in vivo. Next,
one of the two GC base pairs separating the terminal from
the internal loop was mutated to test if they are only of
structural importance. However, swapping the sequence
(M12: C25G/G32C) resulted in a complete loss of regula-
tion. In contrast, swapping of 2 base pairs (bp) in the stem
region results in only a moderate reduction in regulation
(M13: A15U, U16A, A38U, U39A), implying that stem
formation is critical for regulation.

Taken together, mutational analysis supports the pro-
posed stem–loop structure of the aptamer and underlines
the importance of the conserved 16-nt consensus sequence
for neomycin binding and regulation since none of the
tested mutations within this region is tolerated.

Neomycin aptamer M4 shows a dose-dependent
regulation and high ligand specificity

The construct with the best regulatory properties (M4) was
used for further characterization. Titration of neomycin
into cells expressing GFP under control of M4 results in a
dose-dependent decrease of reporter activity with a half-
maximal concentration of neomycin needed for efficient

regulation of 800 nM (Fig. 5A). We then tested the effect of
several neomycin analogs on regulation. The control vector
without aptamer shows that all aminoglycosides tested
do not affect gene expression. Interestingly, no inhibition
was obtained with paromomycin, a closely related analog
of neomycin that differs by a single hydroxyl group substi-
tution of the amino group at position 6 at ring I (Fig. 5B).
This indicates the specificity of the regulation for neo-
mycin. In contrast, ribostamycin, an analog of neomycin
lacking ring IV, still showed regulation. Furthermore, it has
been demonstrated that ring IV of neomycin has only
minor importance in RNA recognition for a neomycin-
binding aptamer R23, which has the same overall fold but
no sequence similarities to M4 (Jiang et al. 1997, 1999), or a
neomycin-binding RNA motif derived from the decoding
site (Fourmy et al. 1998; Francois et al. 2005).

Identification of determinants necessary
for regulatory activity

The binding of aminoglycosides to RNA has been proposed
to be determined more by shape than by sequence
(Schroeder et al. 2000). Binding sites for aminoglycosides
are primarily located in helical domains that have a
widened major groove that serves as docking site for the
antibiotics. These sites are formed by an asymmetrical

TABLE 1. Regulatory activities of neomycin-binding aptamers

Relative
fluorescencea�no neomycin

Relative fluorescencea

100 mM neomycin

Construct SD/% SD/% Regulatory factor

pWHE601 100 6 2.5 99.2 6 1.3 1.0
N1 8.2 6 0.1 3.2 6 0.0 2.6
M1 16.6 6 0.3 4.0 6 0.0 4.2
M2 2.0 6 0.0 0.6 6 0.0 3.1
M3 11.2 6 0.4 1.6 6 0.1 7.1
M4 41.4 6 2.2 5.5 6 0.1 7.5
M5 53.7 6 1.5 17.0 6 0.8 3.2
M6 40.6 6 1.3 13.0 6 0.1 3.1
M7 35.5 6 1.2 9.0 6 0.2 3.9
M8 50.3 6 1.1 31.6 6 0.1 1.6
M9 52.4 6 2.0 45.8 6 0.7 1.1
M10 59.9 6 1.8 55.6 6 0.9 1.1
M11 44.9 6 2.3 48.1 6 1.3 0.9
M12 62.0 6 3.3 62.5 6 0.3 1.0
M13 32.5 6 0.3 5.9 6 0.1 5.5
N2 58.3 6 1.0 26.5 6 1.4 2.2
Neo5 12.4 6 0.4 7.2 6 0.0 1.7
Neo61 66.4 6 1.8 59.2 6 2.2 1.1
A(N1) 65.6 6 2.1 65.4 6 1.1 1.0

M4_paromomycin 41.4 6 2.2 39.5 6 0.4 1.0
M4_ribostamycin 41.4 6 2.2 17.7 6 0.4 2.3

aThe relative fluorescence of each construct is calculated with the fluorescence of the vector pWHE601 without aptamer insertion set as 100%.
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internal loop closed by a set of Watson–Crick and non-
Watson–Crick base pairs as in the decoding site (Fourmy
et al. 1998; Francois et al. 2005) or by a zippered-up hairpin
loop through three GU wobble pairs in the case of several
in vitro selected aptamers (Wallis et al. 1995). In both cases,
the binding sites adopt the structure of a continuous but
disturbed helix as docking platform for rings I and II of
aminoglycosides.

The regulatory active aptamers identified with our in
vivo screen are consistent with this model. A comparison of
several neomycin-binding RNA motifs (Fig. 6A) reveals
that N1 and N2 show sequence similarities to the decoding
site of the ribosome but lack the functional adenines
A1408, A1492, and A1493 (Fig. 6, cf.
A-site and N1/2). Sequence similarities
also exist to the neomycin-binding
aptamer Neo5 but not to Neo61 (both
are from the same in vitro selected
aptamer pool but randomly picked)
(Wallis et al. 1995). These similarities
of the central parts of the motifs
prompted us to the test regulatory
activity of all five candidates. Therefore,
these motifs were attached to a 5-nt-
long stem (equivalent to M7), and the
A-site construct was capped with the N1
terminal loop.

In vivo reporter gene assays of N2
and Neo5 demonstrate that these RNAs
exhibit neomycin-dependent down-

regulation of gfp expression (Fig. 6B) with slightly reduced
regulatory efficiency compared to N1. The basal activity of
N2 is increased compared to N1. In contrast, it is strongly
reduced for Neo5, the reason for which may be the GU
wobble instead of the shared UU pair at position 23–34.
Furthermore, no neomycin-dependent decrease in reporter
activity was detectable for the Neo61 and A-site constructs.

N1 and the A-site construct differ in the lower part of the
asymmetrical loop. The aptamer has the nucleotides CUU
(nucleotides 19–21) instead of both functional adenines
A1492 and A1493 and lacks A1408 on the opposite strand.
All three adenines make specific contacts to ring I of neo-
mycin B, whereas rings II and III are mainly coordinated by
3 bp of the upper part of the loop (1496C/1405G, 1495U/
1406U, 1494G/1407C) (Francois et al. 2005). This proposes
that rings II and III of neomycin are bound by N1 in a
manner similar to the A-site, whereas ring I must form
different contacts. Thereby, the amine group at position 6
of ring I (marked in Fig. 1D) seems to be crucial since
paromomycin, which lacks only this functional group,
shows no regulation at all.

DISCUSSION

Model of neomycin-binding pocket

Structural probing and mutational analysis underline the
importance of both loop regions for neomycin binding and
regulation. The data support a model in which the aptamer
recognizes rings II and III of neomycin similarly to the
decoding site (Fourmy et al. 1998; Francois et al. 2005).
This is supported by the strong neomycin-dependent pro-
tection of T1 cleavage at G22, which would correspond to
G1494 of the decoding site. In addition, mutagenesis of this
position and the neighboring base pair C24/G35 (which
corresponds to 1496C/1405G) results in a complete loss of
neomycin binding. A crucial interaction of the decoding
site with ring I, which stacks against G1491 forming a

FIGURE 5. Analysis of dose-dependence and ligand specificity. (A) GFP expression of the
neomycin-binding aptamer M4 measured with increasing concentrations of neomycin. The
half-maximal concentration needed for efficient neomycin-dependent regulation is indicated.
(B) Measurement of fluorescence expression of pWHE601 and M4 in the absence (�) and
presence of 100 mM neomycin (N), paromomycin (P) and ribostamycin (R).

FIGURE 4. Mutational analysis of the minimal M4 neomycin
aptamer. (A) Secondary structure of the minimal neomycin-binding
aptamer M4 with the consensus sequence highlighted in gray.
Mutations introduced to study structure–function relationships are
indicated. (B) Measurement of gfp expression in the absence (black
bars) and presence (white bars) of 100 mM neomycin. The fluorescence
emission of GFP expressed by the vector pWHE601 was set to 100%.
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pseudo base pair to two Watson–Crick sites of the uni-
versally conserved A1408, cannot be formed within the
aptamer because a nucleotide between positions C35 and
C36 (which corresponds to 1408 in the decoding site) is
lacking in the aptamers N1, N2, and Neo5, indicating that
correct positioning of ring I in the aptamer is crucial for
regulation. This is supported by the fact that paromomycin,
which lacks only the amine at position 6 of ring I, shows no
regulation at all.

Our data also indicate the importance of the terminal
loop for neomycin binding (see neomycin-dependent pro-
tection in the cleavage pattern) and regulation (all mutants
within the loop region are inactive). The NMR structure
of a neomycin-binding aptamer R23, which is similar to
Neo61 (Jiang et al. 1999), shows important contacts of the
terminal loop with the aminoglycoside by a flipped out
adenine (A16, which corresponds to A29 in N1). This
forms a flaplike structure sandwiching the bound ligand
between the zippered-up hairpin loop through three GU
wobble pairs and the flipped adenine.

The terminal loop of the regulatory active aptamer is
able to form a similar flaplike structure. Therefore, we
propose a neomycin-binding pocket that is composed of
the internal loop segment coordinating rings II and III,
similar to the decoding site, with a flaplike loop structure
that closes the binding pocket. Thereby, the terminal and
the internal asymmetrical loop represent each half of a
clamp in which the neomycin is tightly bound. This
complex is then able to interfere with translation initiation.

Combining in vitro selection and in vivo screening
creates artificial riboswitches

Previous studies have shown that small molecule-binding
aptamers display regulatory activity and can be used as

artificial switches to regulate gene
expression. However, there are only a
few aptamers that have been reported
that act as a riboswitch in vivo
(Werstuck and Green 1998; Grate and
Wilson 2001; Harvey et al. 2002;
Hanson et al. 2003). In a previous study,
we have shown that only 1 of 15 differ-
ent tetracycline-binding aptamers is able
to mediate ligand-dependent regulation
of gene expression (Suess et al. 2003). In
vitro selection enriches RNA popula-
tions for high affinity binding and
specific recognition of their cognate
ligands. However, these characteristics
seem to be necessary, but not sufficient,
to obtain aptamers that are capable of
acting as riboswitches.

Therefore, we applied a strategy using
the combination of in vitro selection

and in vivo screening to identify small molecule-binding
regulatory active aptamers. Interestingly, these aptamers
show no sequence similarities to randomly analyzed
aptamers from the same in vitro selection, demonstrating
that in vitro selection does not necessarily result in biolog-
ically relevant structures (Wallis et al. 1995). However, the
additional step of genetic screening leads to molecules that
are capable of controlling gene expression in vivo. In this
study, the isolated RNAs possess similarities to natural
neomycin-binding sites. Therefore, these results demonstrate
that an advanced strategy of in vitro selection and in vivo
screening can yield information about biological systems.

We anticipate that combining in vitro selection with
genetic screens will be a useful strategy to identify RNAs
with desired in vivo functionalities. Thereby, in vitro
selection yields RNA molecules able to bind a ligand with
high affinity and specificity, but the following selection
process in vivo allows us to isolate the subset of molecules
with the desired functionality, like the regulation of gene
expression. This is underlined by the fact that inactive
sequences that form a zippered-up hairpin loop like Neo61
are overrepresented in the in vitro selected neomycin
aptamer pool (Wallis et al. 1995). Furthermore, an in vitro
selection of an RNA pool of mutagenized A-site motifs
for neomycin binding led to Neo61-like, but not to active
(N1-like), sequences (Famulok and Hüttenhofer 1996).
This impressively demonstrates that selection for high
ligand affinity is not sufficient for in vivo activity of
aptamers and underlines the need for further selection
within the cell.

A recent report by Lynch et al. (2007) presents a similar
strategy. The authors used the theophylline aptamer and
performed a genetic screen for a respective sequence con-
text turning the aptamer into a functional riboswitch,
which is a further example of the tremendous potential of

FIGURE 6. Comparison of neomycin-binding RNA motifs. (A) Secondary structure of the
neomycin-binding site of the ribosomal decoding site (A-site) and the neomycin-binding
aptamers N1, N2 (this study), Neo5, and Neo61 (Wallis et al. 1995). The lines dissect the
aptamers into an upper part (terminal loop), the internal asymmetrical loop, and the closing
stem; conserved nucleotides are highlighted in gray. (B) gfp expression in the absence (black
bars) and presence (white bars) of 100 mM neomycin. Fluorescence of a vector without
aptamer (pWHE601) was set to 100%. All motifs were constructed with a 5-nt-long stem
(from construct M7); the A-site motif was capped with the terminal loop of N1.
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coupling in vitro selection and genetic screens for the
isolation of molecules that have a specific in vivo function.

Taken together, the assay described in this report can
easily be applied to identify novel regulatory active
aptamers binding to any ligand of choice. This will lead
to a great variety of novel regulatory active aptamers but
also to new building blocks for engineering complex,
modularly built riboswitches and opens up the possibility
of more customized and applicable riboswitches with bind-
ing domains selected for particular needs.

MATERIAL AND METHODS

Plasmids and strains

For all experiments the yeast 2m plasmid pWHE601 was used to
constitutively express the gfp+ gene from an Padh promoter (Suess
et al. 2003). The vector contains a restriction site for AflII
immediately upstream of the start codon with a 59 UTR length
of 38 nt or 44 nt, respectively, depending on the two described
transcriptional start sites, and a singular site for NheI directly
behind the start codon. For aptamer insertion, the vector was
digested with AflII and NheI. Mutations and respective restriction
sites were introduced into the aptamer sequences by PCR muta-
genesis. The start codon that was cut out of the vector after AflII/
NheI digestion was attached 39 to the aptamer sequence together
with an optimized Kozak sequence for yeast. For all experiments,
S. cerevisiae strain RS453a was used (Suess et al. 2003). Primer
and vector sequences are available upon request.

In vivo screening

The neomycin-binding aptamer pool of round six (Wallis et al.
1995) was amplified by PCR using the primer pair 59-GAT
GATCTTAAGGAGCTCAGCCTTCACTG and 59-GATGATGCT
AGCCATTTTGGATCCGACCGTGGTGCC (restriction sites for
AflII and NheI, respectively, are shown in bold, the start codon
with an optimized Kozak sequence AAAATG is in italics, the
underlined sequences anneal to the constant region of the in
vitro selected aptamer pool; Wallis et al. 1995). The PCR product
was cloned into the yeast plasmid pWHE601 that expresses the
gfp+ gene from an constitutive Padh promoter (Suess et al. 2003)
thereby inserting the aptamer sequences into the 59 UTR directly
in front of the start codon. Yeast cells were transformed with the
plasmid pool according to the protocol supplied with the frozen
EASY yeast transformation II kit (Zymo Research). Cells were
grown at 28°C in minimal medium (0.2% [w/v] yeast nitrogen
base, 0.55% ammonium sulfate, 2% [w/v] glucose, 12 mg mL�1

adenine, MEM amino acid; Gibco BRL). Fluorescent colonies
were transferred to 96-well plates containing 200 mL minimal
medium and incubated for 24 h. Twenty-microliter aliquots of
each sample were transferred into fresh medium in new plates
with and without the ligand in a final volume of 200 mL. Fluo-
rescence measurements were performed 48 h after inoculation
using an excitation wavelength of 484 nm and an emission
wavelength of 512 nm with a SpectraFluor Plus fluorescence
reader (Tecan, Crailsheim). Additionally, the optical density was
determined to correlate the fluorescence to the cell number. The

measurements were repeated at least twice. Positive candidates
were streaked out to single colonies, and plasmids were prepared
according to the protocol supplied with the Zymo prep kit
(Zymo Research). After an E. coli passage, yeast cells were
retransformed with the plasmids and the fluorescence measure-
ments repeated. Positive candidates were sequenced and subjected to
detailed analysis.

GFP measurements

For all measurements S. cerevisiae strain RS453a was transformed
according to the protocol supplied with the frozen EASY yeast
transformation II kit (Zymo Research). Yeast cells transformed
with the respective constructs were grown at 28°C for 48 h in
minimal medium in the absence or presence of 100 mM neomycin
in a final volume of 5 mL. Cells were harvested by centrifugation
and resuspended in 2 mL phosphate-buffered saline (PBS). For
each construct three independently grown cultures were analyzed.
Fluorescence measurements were carried out at 25°C on a
Fluorolog FL3–22, with the excitation wavelength set to 395 nm
and an emission wavelength of 510 nm. Additionally, we deter-
mined the optical density (OD) at 600 nm to ensure homoge-
neous cell growth. The vector pVTU102 without the gfp+ gene was
analyzed in parallel as a blank and its value subtracted from all
data. The relative fluorescence of each construct is calculated with
the fluorescence of pWH601 either in the presence or absence of
100 mM neomycin set as 100%. All measurements were repeated at
least twice.

Enzymatic probing of aptamer RNA

Aptamer RNA was prepared by in vitro transcription using T7
polymerase and the PCR DNA template amplified using the
primer pair 59-TCTAATACGACTCACTATAGGAGCATACA AT
CAACTCC and 59-CAAGAATTGGGACAACTCC with the T7
recognition sequence underlined. The resulting PCR product
covers the entire 59 UTR with the aptamer and the first 48 nt of
the gfp coding region. RNA transcripts were dephosphorylated
and subsequently 59-32P-end labeled as previously described
(Hanson et al. 2005). RNA (100,000 cpm) was incubated in 50
mM sodium acetate (pH 4.5), 280 mM NaCl, 4.5 mM ZnSO4 (S1),
or 50 mM Tris-HCl (pH 7.5) (T1) for 2 min at 56°C and for
10 min at 37°C. Afterward 5 mM MgCl2 were added and the RNA
was incubated at room temperature for 5 min without or with
50 mM neomycin. We then added 0.75 U of S1 nuclease
(Promega) and 0.75 U of RNase T1 (Roche), respectively, and
incubated it for 5 min. Alkaline hydrolysis was carried out in 50
mM sodium carbonate buffer (pH 9.0) for 7 min at 90°C. All
reactions were stopped by the addition of an equal volume of
sample loading buffer (95% formamide, 0.3% bromophenol blue,
0.3% xylenecyanol, 10 mM EDTA). Denaturing 10% PAGE was
used to separate the cleavage products and they were visualized by
phosphorimaging.
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