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In vitro selection and characterization of RNA aptamers binding
thyroxine hormone
Dominique LÉVESQUE, Jean-Denis BEAUDOIN, Sébastien ROY and Jean-Pierre PERREAULT1

RNA possesses the ability to bind a wide repertoire of small molecules. Some of these binding interactions have been shown to
be of primary importance in molecular biology. For example,
several classes of mRNA domains, collectively referred to as
riboswitches, have been shown to serve as RNA genetic control
elements that sense the concentrations of specific metabolites
(i.e. acting as direct sensors of chemical compounds). However,
to date no RNA species binding a hormone has been reported.
Here, we report that the use of an appropriate SELEX (systematic
evolution of ligands by exponential enrichment) strategy results in
the isolation of thyroxine-specific aptamers. Further biochemical
characterization of these aptamers, including mutational studies,
the use of transcripts with site-specific modified nucleotides,
nuclease and chemical probing, binding-shift assays and CD,

demonstrated that these RNA structures included a G-rich motif,
reminiscent of a guanine quadruplex structure, adjacent to a
helical region. The presence of the thyroxine appeared to be
essential for the formation of the structural motif’s scaffold. Moreover, the binding is shown to be specific to thyroxine (T4) and
tri-iodothyronine (T3), the active forms of the hormone, whereas
other inactive derivatives, including thyronine (T0), do not support
complex formation. These results suggest that this aptamer specifically binds to the iodine moieties of the thyroxine, a previously
unreported ability for an RNA molecule.

INTRODUCTION

ection of rare functional molecules (reviewed in [6]). This method,
basically, consists of sequentially repeating a process that includes
the selection of a specific activity (e.g. the binding sequence)
coupled to an amplification of either the RNA or DNA molecules
possessing this activity. These techniques have broadened our
appreciation of the abilities that nucleic acids are capable of.
In vitro selection has been used to identify aptamers binding a
diverse array of small molecules including nucleotides, amino
acids, peptides, cofactors, basic antibiotics and transition-state
analogues, among others [6,7]. However, RNA species binding
either a steroid or a hormone have yet to be reported. We undertook to investigate whether or not T4 (L-thyroxine), as a model
hormone, can bind to RNA molecules (Figure 1A). Here we
describe the development of a SELEX strategy for the isolation
of thyroxine-specific aptamers. The selected aptamers were then
characterized further in terms of their binding activities.

Several of the original discoveries of biological molecules binding
RNA species occurred during the characterization of the selfsplicing mechanism of the group I intron (reviewed in [1]). For
example, the first step of this mechanism, which is composed of
two trans-esterification reactions, requires the binding of a GTP
that subsequently acts as a nucleophilic group. The amino acid
arginine binds to the same site in the intron, leading to inhibition
of the splicing reaction [2]. In addition, various antibiotics have
been shown to be potential inhibitors of group I intron self-splicing
[3]. These initial results revealed the interesting ability of RNA
species to bind small molecules [4].
More recently, it has been demonstrated that specific metabolites can directly bind mRNA molecules (reviewed in [5]).
Several classes of mRNA domains, collectively referred to as riboswitches and serving as RNA genetic control elements that sense
the presence of specific metabolites, act as direct sensors of chemical compounds. Upon interaction with the appropriate small
ligand molecule, riboswitch mRNAs undergo a structural reorganization that results in the modulation of the genes that they
encode. Riboswitches are known to be responsible for sensing
metabolites that are critical for a number of fundamental biochemical processes, metabolites such as coenzyme B12 , thiamine
pyrophosphate, flavin mononucleotide, S-adenosylmethionine,
lysine, guanine, adenine and glucosamine-6-phosphate among
others [5]. Clearly the ability of RNA molecules to bind a wide
repertoire of small ligands is not confined to the test tube, but
rather is of primary importance in molecular biology.
In vitro selection, or SELEX (systematic evolution of ligands
by exponential enrichment), makes use of a large population of
random RNA or DNA sequences as the raw material for the sel-
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EXPERIMENTAL
Preparation of T4-Sepharose

T4-Sepharose was prepared as previously described [8]. Briefly,
6 g of cyanogen bromide-activated Sepharose (Amersham Biosciences) was rinsed with 1 litre of 1 mM HCl and dried. Half of
the Sepharose was then mixed with 20 ml of solution containing
50 % (w/v) ethylene glycol, 50 mM NaHCO3 (pH 9.6) and 3 mM
of T4 (Sigma). The other half of the Sepharose was prepared
in the same solution without T4 (i.e. negative selection). Both
solutions were stirred overnight at 4 ◦C, centrifuged at 5000 g
for 15 min, washed twice with 50 ml of the solution lacking
T4 for 2 h at 4 ◦C, twice with 50 ml of buffer containing 10 mM
Tris/HCl (pH 7.5), 500 mM NaCl and 1 mM MgCl2 for 1 h, and

Abbreviations used: DMS, dimethyl sulfate; G-quartet, guanine quadruplexes; ITP, inosine triphosphate; SELEX, systematic evolution of ligands by
exponential enrichment; T0, L-thyronine; T2, 3,5-di-iodo-L-thyronine; T3, 3,3 ,5-tri-iodo-L-thyronine; T4, L-thyroxine.
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In vitro selection cycle

Figure 1

Atomic structure of T4 and selection cycle schematic

(A) Atomic structure of T4. The circled amino group is involved in the reaction with the Sepharose.
(B) Schematic representation of the selection cycle used to isolate T4–aptamer. (C) Enrichment
profile of the T4–aptamers. The percentage of T4-bound aptamers after each cycle is illustrated
in histogram form.

then resuspended in 10 ml of buffer containing 20 % (v/v)
ethanol, 10 mM Tris/HCl (pH 7.5), 500 mM NaCl and 1 mM
MgCl2 and stored at 4 ◦C. The same procedure was used for the
preparation of T3 (3,3 ,5-triiodo-L-thyronine)-, T2 (3,5-diiodo-Lthyronine)-, 3-iodo-L-tyrosine- and T0 (L-thyronine)-Sepharose
(Sigma).

c 2007 Biochemical Society

Synthetic 98-mer oligonucleotides manually synthesized for the
random sequence of 58 nt (5 -GAATTCGTCGACGGATCC-N58 CTGCAGGTCGACGCATGCGCCG-3 ; Biosource) were amplified by 30 PCR cycles using the T7 primer (5 -TAATACGACTCACTATAGGGAATTCGTCGACGGATCC-3 ) and a 3 -end primer
(5 -CGGCGCATGCGTCGACCTGCAG-3 ). The PCR products
were purified using the QIAquick PCR purification kit (Qiagen).
Purified PCR products were transcribed in 100 µl reactions
containing 27 units of RNA guard (Amersham Biosciences),
80 mM Hepes/KOH (pH 7.5), 24 mM MgCl2 , 2 mM spermidine,
40 mM dithiothreitol, 4mM of each of ATP, UTP, CTP and GTP,
30 µCi of [α 32 P]UTP (3000 Ci/mmol; New England Nuclear),
0.01 units of yeast pyrophosphatase (Roche Diagnostic) and
10 µg of purified T7 RNA polymerase at 37 ◦C for 4 h. The reactions were stopped by the addition of 5 units of RNase free
DNase I (Promega) and incubation at 37 ◦C for 30 min. The
resulting products were extracted twice with phenol/chloroform,
the nucleic acids precipitated, and subsequently dissolved in
50 µl of water and 25 µl of formamide dye buffer [97.5 % (v/v)
formamide, 0.025 % Xylene Cyanole and 0.025 % Bromophenol
Blue] prior to being fractionated by 8 % (w/v) denaturing (7 M
urea) PAGE (acrylamide/bisacrylamide, 19:1, w/v) in buffer containing 45 mM Tris/borate (pH 7.5) and 1 mM EDTA. Products
were visualized by UV-shadowing, and the bands corresponding
to the full-length RNAs were excised. The transcripts were eluted
by a solution of 0.5 M ammonium acetate and 0.1 % SDS from the
gel slices overnight at 4 ◦C. The resulting products were passed
through Sephadex G-50 spun columns (Amersham Biosciences)
and the RNA precipitated. The quantity of RNA was determined
by spectrophotometry at 260 nm.
Radiolabelled transcripts (300 pmol) were dissolved in 100 µl
of loading buffer [10 mM Tris/HCl (pH 7.5), 500 mM NaCl and
1 mM MgCl2 ], heated at 65 ◦C for 2 min and then cooled to room
temperature (22 ◦C). The mixtures were then loaded on to columns
containing a 0.2 ml bed column of Sepharose without T4 and
incubated for 20 min at room temperature. The columns were
rinsed with 300 µl of loading buffer, and the eluates (unbound
RNAs) were then loaded on to a second column containing a
0.2 ml bed column of T4-Sepharose and incubated for 20 min at
room temperature. The columns were then rinsed with 1.2 ml of
loading buffer. Bound transcripts were eluted by either 600 µl
of ultrapure water (for cycles 1–6) or 300 µl of 5 M urea (cycles
7–12). Eluted RNAs were ethanol precipitated in the presence
of 20 µg of glycogen (Roche Diagnostic). The resulting pellets
were conserved for the subsequent reverse transcription reactions.
The percentages of RNA bound to the column were calculated
as follows: 5 µl of the solutions were recovered both before the
loading onto the T4-Sepharose and after the elution, and the radioactivity measured using a scintillation counter.
The pellets from the column eluates were dissolved in 9 µl
of ultrapure water and reversed transcribed using Superscript II
reverse transcriptase (Invitrogen) as recommended by the manufacturer. The reactions were stopped by the addition of RNase A
(10 µg) and incubation at room temperature for 5 min. Aliquots
(6 µl) of the resulting products were used as cDNA sources for
the PCRs of the subsequent selection cycles.
Cloning and sequencing

PCR products of various cycles were cloned into pGEM-T vector
as recommended by the manufacturer (Promega). Several clones
were sequenced using the T7 sequencing kit (USB), and the
sequences were aligned using the Clustal multiple alignment
program [9], followed by minor manual readjustments.

Thyroxine RNA aptamers

In vitro transcription and 32 P labelling of T4-aptamers

A large collection of aptamer variants was synthesized. Briefly,
pairs of complementary and overlapping DNA oligonucleotides
corresponding to the T7 RNA promoter followed by the fulllength aptamer were synthesized and annealed. The second
strands were then synthesized by adding 2.5 units of Pwo DNA
polymerase (Roche Diagnostic) in a final volume of 100 µl containing 200 µM dNTPs, 10 mM Tris/HCl (pH 8.9), 25 mM KCl,
5 mM (NH4 )2 SO4 and 2 mM MgSO4 , followed by five cycles of
amplification. The resulting products were purified by extraction
with phenol/chloroform twice, then the nucleic acids were precipitated and the DNA templates were in vitro transcribed as
described above, except that non-radioactive NTP was used. In the
case of the aptamers, including either inosine or 7-deaza-GTP,
the GTP was replaced by 5 mM GMP and 5 mM of either ITP
(inosine triphosphate) or 7-deaza-GTP respectively. After the
gel purification and extraction procedures, the RNA aptamers
(20 pmol) were dephosphorylated in a final volume of 20 µl
containing 200 mM Tris/HCl (pH 8.0), 10 units of RNA Guard
and 0.2 units of calf intestinal alkaline phosphatase (Roche
Diagnostic) at 37 ◦C for 30 min. The reactions were purified by extraction with phenol/chloroform twice, and the RNA was ethanol
precipitated. Dephosphorylated RNA aptamers (5 pmol) were 5 end-labelled in a final volume of 10 µl containing 3.2 pmol of
[γ -32 P]ATP (6000 Ci/mmol), 50 mM Tris/HCl (pH 7.5), 10 mM
MgCl2 , 50 mM KCl and 3 units of T4 polynucleotide kinase
(Amersham Biosciences) at 37 ◦C for 30 min. The reactions
were stopped by the addition of 5 µl of formamide dye buffer,
and the mixtures fractionated through denaturing 8 or 12 %
(w/v) polyacrylamide gels. The bands containing the appropriate
5 -end-labelled RNAs were excised, and the nucleic acids
recovered as described above. For the preparation of 3 -endlabelled aptamers, the latter were incubated in the presence of
[32 P]Cp (3000 Ci/mmol) and T4 RNA ligase as described by
the manufacturer (New England Biolabs), and then purified as
described above.
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were then ethanol precipitated, fractionated on denaturing 10 %
(w/v) PAGE and analysed.
Binding shift assay

A mixture of non-radioactive (3 µM) and radioactive
(10 000 c.p.m.) aptamers was incubated at room temperature in
a final volume of 10 µl containing 10 mM Tris/HCl (pH 7.5) and
1 mM MgCl2 in the absence or the presence of 150 mM NaCl,
LiCl or KCl, and with or without 100 µM of T4. After 1 h of incubation, 2 µl of native gel loading buffer was added and the mixtures, which were then analysed on native 15 % (w/v) PAGE
gels (acrylamide/bisacrylamide, 29:1, w/v) in buffer containing
45 mM Tris/borate (pH 7.5) and 1 mM EDTA, with or without
150 mM of the salt used for the incubation. When the incubations
were performed in the presence of T4, the gel also included
100 µM of T4. The results were visualized with a PhosphorImager
(Molecular Dynamics). In order to determine the equilibrium
constant (K d ), the experiments were repeated in the presence of
various concentrations (1 to 100 µM) of T4 in both the sample
and the gel.
CD

CD measurements were performed with a Jasco J-810 spectropolarimeter. The samples were analysed in quartz cells with pathlengths of 1 cm at 22 ◦C. Far- and near-UV wavelength scans were
recorded from 200–250 nm and from 250–340 nm respectively.
All experiments were performed using 5 µM ApT4-A’ dissolved
in 50 mM Tris/HCl (pH 7.5) either in the absence of monovalent
salt or in the presence of 50 mM of NaCl or KCl. When required,
100 µM of T4 was added to the samples. The means of at least
three wavelength scans are presented. Substraction of the buffer
was not required since control experiments in the absence of RNA
sample showed negligible curves.
RESULTS

Binding assays

Selection of T4-specific aptamers

The binding assays of individual aptamers on T4-Sepharose
were performed as described above for the selection. Briefly,
both radioactive (200 000 c.p.m.) and non-radioactive (300 pmol)
aptamers were pooled, and then loaded on to the column. Several
washes were performed, and the quantity of unbound aptamers was determined by 32 P counting. At least two independent
experiments were performed for the determination of the percentages of bound T4-aptamers.

Initially an appropriate SELEX strategy was devised in order to
isolate T4-specific aptamers (Figure 1). The 98 nt oligodeoxyribonucleotides used as templates for the first PCR amplification
included a randomized domain of 58 positions (i.e. an equal
likelihood of all four nucleotides at each of the 58 positions). The
selection step included two columns. First, a column of Sepharose
alone, permitting a negative selection, was used. The transcripts
that passed through this column (i.e. the unbound flow-through),
which therefore had no affinity for the support material, were
selected. Next, a column of T4-Sepharose was used for positive
selection from the above initial fraction. The T4 was immobilized
through its amine group (Figure 1A). The concentration of T4Sepharose was determined to be 7 mM by iodine reactivity [10].
The transcripts in the flow-through from this second column
(i.e. those positively selected) were discarded, while those bound
to the column were eluted and used in the subsequent cycles.
Since the transcripts were 32 P-radiolabelled, both the retention of
the column and its elution were easily monitored. The proportion
of transcripts retained on the T4-Sepharose column in each cycle
is illustrated in Figure 1(C). This percentage was negligible for
the four initial cycles, and then increased significantly at each
cycle up to approx. 50 % by cycle nine.
The aptamers resulting from cycle eight, prior to saturation,
were cloned and sequenced in order to avoid any bias that might
be created by using a limited set of sequences. Out of a total of
60 clones, 53 were found to include a characteristic UGGAGG

Chemical probing

Either 5 - or 3 -32 P-end-labelled (50 000 c.p.m.) ApT4-A’ RNA
and 30 µM non-radioactive RNA were added to a 9 µl final
volume solution containing 1 mM MgCl2 , 30 mM sodium
cacodylate (pH 7.0) and 150 mM of LiCl, NaCl or KCl. The
solution was kept at room temperature for 20 min before the
addition of 1 µl of DMS (dimethyl sulfate; diluted 1:8 in 100 %
ethanol) and then incubated at room temperature for a further
20 min. The RNA samples were ethanol precipitated, and the
pellets washed twice with ethanol in order to remove all traces of
DMS. The resulting pellets were dissolved in 20 µl of 500 mM
Tris/HCl (pH 7.5). Sodium borohydride (200 mM; 10 µl) was
added to the samples, which were then kept on ice for 5 min in
the dark. Next, 10 µl of aniline solution (aniline/glacial acetic
acid/water, 10:6:93, by vol.) was added to the samples and the
tubes incubated at 60 ◦C for 10 min in the dark. The aptamers
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Figure 2
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T4–aptamer enrichment

Sequences of the majority of the clones analysed. The conserved UGGAGG sequence is boxed, and the substitution of a U in the ApT4-C is indicated in bold. The frequencies of each clone, after
cycle eight, are indicated in parentheses. The groups of sequences (I–IV) are also indicated.

Table 1

Deletion mutants of the ApT4-A aptamer

The sequences of the PCR primers located at both ends of the aptamer, and the conserved UGGAGG sequence, are boxed.
Name

Sequence

ApT4-A

5 -GGGAAUUCGUCGACGGAUCCGCAGUGCGUCUUGGGUUGUGAGCUCCCGGCUCGCAUUGUGAGGUGGAGGGGGACGUGCUGCAGGUCGACGCAUGCGCCG-3
5 -GGGCAGUGCGUCUUGGGUUGUGAGCUCCCGGCUCGCAUUGUGAGGUGGAGGGGGACGUGCUGCAGGUCGACGCAUGCGCCG-3
5 -GGGUUGUGAGCUCCCGGCUCGCAUUGUGAGGUGGAGGGGGACGUGCUGCAGGUCGACGCAUGCGCCG-3
5 -GGGAAUUCGUCGACGGAUCCGCAGUGCGUCUUGGGUUGUGAGCUCCCGGCUCGCAUUGUGAGGUGGAGGGGGACGUGCUGCA-3
5 -GGGAAUUCGUCGACGGAUCCGCAGUGCGUCUUGGGUUGUGAGCUCCCGGCUCGCAUUGUGAGGUGGAGGGGGACGUG-3
5 -GGAUCCGCAGUGCGUCUUGGGUUGUGAGCUCCCGGCUCGCAUUGUGAGGUGGAGGGGGACGUGCUGCA-3
5 -GGGCAGUGCGUCUUGGGUUGUGAGCUCCCGGCUCGCAUUGUGAGGUGGAGGGGGACGUG-3
5 -GGAUCCGCAGUGCGUCUUGGGUUGUGAG - - - - - - - - - - GUGGAGGGGGACGUGCUGCA-3
5 -GGAUCCGCAGUGCGUCUU - - - - - - - - - - - - - - GUGGAGGGGGACGUGCUGCA-3
5 -GGAUCCGCAGUGCGUCUUGGGUUGUGAG - - - - - - - - - - - - - - - ACGUGCUGCA-3
5 -GGUGCAGCACGUCCCCCUCCACCUCACAAUGCGAGCCGGGAGCUCACAACCCAAGACGCACUGCGGAUCC-3
5 -GGAUCCGCAGUGCGUCUUGGGUUGUGAGCUCCCGGCUCGCAUUGUGAGGUGGAGGGGGACGUGCUGCA-3
3 -CCUAGGCGUCACGCAGAACCCAACACUCGAGGGCCGAGCGUAACACUCCACCUCCCCCUGCACGACGUGG 5

ApT4-A20nt-5
ApT4-A32nt-5
ApT4-A17nt-3
ApT4-A22nt-3
ApT4-A14nt-5 /17nt-3
ApT4-A20nt-5 /22nt-3
ApT4-A20nt-int
ApT4-A30nt-5 int
ApT4-A30nt-3 int
ApT4-A-Comp
ApT4-A-db

sequence box and one possessed an UGGUGG box (Figure 2).
Since the conserved UGGAGG box occupies various positions, it
cannot be used as a common feature in attempting to produce an
accurate alignment. In fact, even considering only the 54 clones
possessing either the UGGAGG or the UGGUGG box did not
yield a relevant sequence alignment. Moreover, the 54 sequences
showed variable abundances. Four groups of closely related
sequences accounted for 49 of the 54 sequences. Groups I, II, III
and IV include 12, 10, 21 and 6 clones respectively. Ten aptamers
from cycle ten, which corresponds to that after the saturation
of enrichment, were also sequenced. Only representatives from
groups I and II, which always include the UGGAGG box, were
retrieved.
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Binding %
61 +
−5
68 +
−4
17 +
−2
65 +
−5
31 +
−4
58 +
−3
22 +
−4
63 +
−7
22 +
−3
6+
−2
<1 +
− 0.5
<1 +
− 0.5

Smaller ApT4-A and structural characterization

In order to identify a motif binding T4, we chose to study ApT4-A
(Figure 2) for two reasons: it was abundant, and one variation of
its UGGAGG box was observed (i.e. UGGUGG). Several deletion
mutants were synthesized, and their binding on the T4-Sepharose
column was assessed (Table 1). All individual mutants exhibited
binding to the Sepharose column deprived of T4, although in very
small amount (< 5 %). Therefore any binding activities smaller
than 5 % were considered negligible. In general, we observed
that the estimated percentages were higher than those observed with the selected populations; for example, ApT4-A
bound at 61 +
− 5 %. Briefly, the sequences that were used as

Thyroxine RNA aptamers

Figure 3
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Determination of a minimal structure and important nucleotides for ApT4-A

(A) Nucleotide sequence and proposed secondary structure of the deletion mutant ApT4-A20nt-int. The binding activity is indicated in parentheses. The highly conserved sequence UGGAGG
is shown in bold. The boxed nucleotides indicate bases that were deleted when designing ApT4-A’ [see (B)]. The arrow indicates the position where the loop of ApT4-A20nt-int was opened to
produce ApT4-A’. (B) Nucleotide sequences and proposed secondary structures of ApT4-A’ and ApT4-A’-upper. (C) Nucleotide sequences and proposed secondary structures of ApT4-A’-lower and
ApT4-A’-lower-12. (D) Nucleotide sequences and proposed secondary structures of ApT4-A’-L and ApT4-A’-R. (E) Nucleotide sequence and proposed secondary structure of ApT4-A’. All point
mutations are indicated in the boxes along with the observed binding levels (averages from at least two independent experiments).

the primer-binding sites for PCR can be deleted from the
5 -end without any loss of binding capacity; however, any
additional deletion results in a significant loss (i.e. compare
ApT4-A20nt-5 with ApT4-A32nt-5 ; Table 1). Conversely,
only 17 nt can be removed from the 3 -end without significant
loss of binding capacity (compare ApT4-A17nt-3 with ApT4A22nt-3 ; Table 1). The effects of the various modifications
were confirmed with aptamers possessing deletions at both ends
(Table 1). Subsequently, in order to further minimize the aptamer,
internal deletions were performed (Table 1). When 20 nt from
the middle of the aptamer were deleted, the binding ability of
the resulting aptamer remained unchanged (ApT4-A20nt-int,
63 +
− 7 %). However, the further removal of an additional 10 nt
significantly reduced the binding percentage (ApT4-A30nt5 int, 22 +
− 3 %). Lastly, removal of a further 10 nt, including the
UGGAGG box, was noticeably detrimental to binding (ApT4A30nt-3 int, 6 +
− 2 %). Thus these results show that it is possible
to reduce the aptamer to 48 nt (i.e. ApT4-A20nt-int), and that
the presence of the UGGAGG box was essential for efficient
binding.
Transcripts complementary to ApT4-A14nt-5 /17nt-3 were
synthesized, and their binding to the column was tested (Table 1).
The resulting ApT4-A-Comp did not exhibit any binding
activity, indicating that the nature of the sequence is important.
Finally, when ApT4-A14nt-5 /17nt-3 and ApT4-A-Comp
were heat-denatured and slowly cooled together in order to
favour their annealing into a double-stranded structure, no binding

activity was detected. These results indicate that the secondary
structure of the aptamer is important for the binding activity.
The most stable secondary structure of ApT4-A20nt-int was
predicted using Mfold [11]. Only one putative structure with a G
of − 18.1 kcal/mol (1 cal ≈ 4.184 J) was obtained (Figure 3A).
Overall, this structure consists of a hairpin that includes one
internal loop and several bulges. In order to verify whether or not
the positions of the ends were important for efficient binding, we
used a circularly permuted RNA strategy [12]. A phosphodiester
bond linked positions 4 and 48, while both the 5 - and 3 -ends
were shifted to positions 28 and 26 respectively (i.e. in the upper
loop, Figure 3A). During this process the nucleotides G1 –A3 and
A27 were deleted, generating the 44 nt ApT4-A’ (Figure 3B). The
binding capacity of ApT4-A’ was found to be similar to that of
the previous version (i.e. 71 +
− 6 % compared with 63 +
− 7 % for
ApT4-A20nt-int). The secondary structure of ApT4-A’ received
physical support from an analysis of RNase H (results not shown).
The presence of oligonucleotides complementary to the singlestranded regions of both ends allow for the detection of cleavage
product, while oligonucleotide complementary to the sequence
of the middle stem did not. Thus ApT4-A’ exhibited a singlestranded conserved UGGAGG box adjacent to a double-stranded
region.
In order to more precisely define the region responsible for
the binding of T4, various mutated aptamers were synthesized
using ApT4-A’ as a starting point. For example, when the lower
portion containing the UGGAGG sequence was removed, the
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Putative secondary structure of all isolated aptamers

These proposed secondary structures include all requirements known to be important for T4 binding. The lines at both the 5 - and 3 -ends denote sequences that have not been represented in order
to simplify the illustration. The natural variants are identified. The UGGAGG sequences are indicated in bold, while the guanosine residues located in front of them are underlined. The grey sections
define the smaller versions synthesized and tested for binding and their binding percentages are in parentheses.

residual aptamer (ApT4-A’-upper) was deprived of any binding
activity (i.e. 5 +
− 2 %; Figure 3B). Conversely, when the upper
hairpin region was deleted, the resulting aptamer (ApT4-A’lower) retained full binding activity (i.e. 73 +
− 3 %; Figure 3C).
An additional deletion of 12 nt from the upper domain was also
possible, without dramatic loss of binding activity (i.e. ApT4A’-lower-12, 52 +
− 3 %; Figure 3C). This surprised us as the
resulting aptamer appears likely to be unstructured. Moreover
it indicated that the stem, adjacent to the UGGAGG box, had
a contribution without being essential (i.e. reduction of 21 %).
Other mutated aptamers were produced and showed that the
identity of the base pairs composing the stem did not significantly
influence the binding activity (results not shown). When the last
aptamer was split in two RNA strands, the one including the
UGGAGG box exhibited a significant binding activity, while
the other strand did not (i.e. ApT4-A’-L and ApT4-A’-R showed
binding activity at 51 +
− 6 % and 5 +
− 2 % respectively; Figure 3D).
Together, these results indicate that only the UGGAGG boxed is
essential for binding to the T4-Sepharose.
Subsequently point mutations were introduced in many different positions of ApT4-A’ in order to identify the nucleotides
important for binding (Figure 3E). Only a few mutants resulted
in a significant reduction of the binding activity. From the 5 strand of the aptamer, only mutation of the guanosine residues
of the conserved UGGAGG sequence resulted in RNA molecules
with low affinities for T4 (i.e. positions 4, 5, 7 and 8). Even the
uridine and adenine residues of the UGGAGG can be mutated
without significantly reducing the binding percentage (51 % and
55 % respectively, compared with 71 % for the original ApT4A’). The latter mutation confirmed that the adenosine residue can
be replaced by a uridine, as has been observed previously with
ApT4-C. Moreover, substitution of the other guanosine residues
also results in significant reduction of the binding (e.g. positions
2 and 9). The situation was similar for the point mutations performed on the 3 -strand: only replacement of the three consecutive
guanosine residues led to aptamers with low T4 binding (positions
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37, 38 and 39). If the aptamer ended with these three guanosine
residues, the binding to the T4 was efficient, whereas the replacement of these residues by three adenosines was detrimental to the
binding activity (results not shown). Together, these results show
that the presence of guanosine residues is the basic building block
of this RNA motif. Moreover, these guanosine residues appear to
be located in single-stranded regions of the RNA that are adjacent
to a stem.
Secondary structures of the different aptamers

We next asked whether or not the structural features of ApT4-A’
could be found in the other aptamers. All aptamers were folded
using Mfold, and several of the most stable structures were analysed. After minimal manual adjustments, such as the removal of
a G · U wobble base pair formed by one of the highly conserved
guanosine residues, all isolated aptamers had the ability to fold
into a structure reminiscent of ApT4-A’ (Figure 4). In some
aptamers, the UGGAGG sequence was located within an internal
loop, whereas in others it was found in an external loop (compare
ApT4-A, -G, -L and -N with ApT4-D, -J, -M and -O). The loops
were always relatively large, ranging in size from 10 to 17 nt with
an average of 14.4 nt. Furthermore, the location of the UGGAGG
sequence in either the 5 - or 3 -strand of the aptamer loops appears
to be unimportant. In ApT4-A it is located in the 3 -strand of the
internal loop, whereas in ApT4-G, -L and -N it is in the 5 -strand.
The same observation was made when analysing the location
of the UGGAGG sequence in the external loop. In ApT4-D and
-O it is located in the 5 portion of the loop, while it is located
in the 3 portion in both ApT4-J and -M. Importantly, in all
cases the UGGAGG sequence is juxtaposed to a double-stranded
region that, for the most part, appears to be stable. Finally, it
is noteworthy that all aptamers showed a high predominance of
guanosine residues in the strands opposite to the UGGAGG boxes.
For example, ApT4-A, -D, -J and -M had five guanosine residues
in these positions, whereas only one or two would be expected if
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no bias existed. Clearly the presence of guanosine residues is the
basic building block of this RNA motif.
In order to verify if the predicted structures were logical,
smaller versions of the aptamers ApT4-D and -J, which include
the UGGAGG in either the 5 or 3 region of the external loop,
were synthesized and found to efficiently bind to the T4-Sepharose
column (Figure 4, grey sections). Moreover a second in vitro selection experiment was performed using the smaller version of
the ApT4-J aptamer (results not shown). In this experiment the
16 positions of the loop, and the two corresponding to the adjacent
base pair, were randomized and the selection performed as described above. Fifty clones were sequenced and a predominance of
guanosine residues was found in the sequence (i.e. an average
of 9.8 guanosine residues in the 18 positions), and the randomized
regions appeared to form a single-stranded structure. A large proportion of the aptamers were observed to contain the UGGAGG
box. Even when the aptamer did not contain this box, several GGdimers or GGG-trimers were detected in the loop. Together these
data revealed that the selection process isolated a single motif that
can be located in many different RNA species.
Evaluation of the G-quartet (guanine quadruplexes) hypothesis

G-rich nucleic acid sequences are well known to adopt intermolecular or intramolecular quadruplex structures that are stabilized by the presence of G-quartets (Figure 5A; and reviewed in
[13,14]). Since the G-rich single-stranded domain of the aptamers
is reminiscent of a G-quartet structure, ApT4-A’ aptamers with
GTP replaced by either 7-deaza-GTP or ITP were synthesized.
In the case of the 7-deaza-GTP, this substitution replaces the
nitrogen and its lone pair at position 7 by a CH group, while in
the inosine version, the modification removes the NH2 located at
position 2 of the purine ring [15]. With the 7-deaza-GTP, position 7 is incapable of serving as a hydrogen bond acceptor, while
the inosine version loses the potential to serve as a hydrogen bond
donor from the secondary amine. Consequently, both resulting
aptamers should lose four of the eight stabilizing hydrogen bonds
per quartet and therefore become unstable. The deaza-GTP would
retain the capacity to form Watson–Crick base pairs, but not the
inosine version. The ability to bind the T4-Sepharose column was
drastically reduced from 71 +
− 6 % to 26 +
− 5 % and 18 +
− 2 % for
the deaza- and inosine-aptamers respectively. This supports the
hypothesis that the aptamers fold into a structure reminiscent of
a G-quartet, rather than into a secondary structure motif.
The hypothesis of a G-rich structure received additional physical support from DMS probing using either 5 - or 3 -32 Pend-labelled ApT4-A’ aptamers (Figures 5B–5D). The DMS
treatment modifies the N7 group of all guanosine residues and was
performed either in the absence of salt, or in the presence of LiCl,
regardless of whether or not the guanosine residues were present
in single- or double-stranded structures. LiCl is well known to
suppress G-quartet formation [14,16]. The guanosine residues
were also modified in the presence of NaCl, which supports
G-quartet formation only under conditions different from those
used here [14,16]. Conversely, the seven guanosine residues from
the 5 -end and the first three residues from the 3 -end were not
modified by DMS treatment when the aptamers were incubated
in the presence of KCl (Figures 5B and 5C), which is well
known to support G-quartet formation [14,16]. These residues
are located in a single-stranded region, and, consequently, should
be easily modified by the chemical reaction. Thus the G-quartet
was formed only in the presence of KCl and absence of T4.
When the experiments were repeated in the presence of T4, the
results were similar, with the exception that some protection
of the guanosine residues was also observed in the presence of

Figure 5

Investigation of a G-quartet-like structure

(A) Schematic representation of a G-quartet. The hydrogen bonds between the guanosine
residues are indicated by dotted lines. The NH2 groups linked to the C2 and the N7 positions are
circled in grey. (B) and (C) are autoradiograms of DMS probing of 5 - and 3 -32 P-end-labelled
ApT4-A’ aptamers respectively. Lanes 1: alkaline hydrolyses; lanes 2: the experiments were
performed in absence of salt and DMS. Lanes 3–6: show DMS treatments performed either in
the absence of salt or in the presence of LiCl, NaCl or KCl respectively. The arrows indicate the
resistant guanosine residues. The positions of the guanosine residues are indicated beside
the gels. (D) Secondary structure and nucleotide sequence of ApT4-A’. The resistant guanosine
residues are circled.

NaCl, although at a considerably reduced level compared with
that observed in the presence of KCl (results not shown). These
observations support the idea that, in the presence of both NaCl
and T4, a small proportion of the aptamers fold into a G-rich
structure. Several versions of the experiment were repeated in
the presence of T4 in order to permit observation of a higher
level of protection of the guanosine residues in the presence of
the NaCl. Unfortunately these experiments were unsuccessful,
most probably due to the limited solubility of the hormone in
water (150 µM; [17]), a property that also prevented several
other experiments which required higher hormone concentrations.
It is also possible that the T4 was modified during the DMS
treatment, which would have the effect of limiting its reactivity
with the guanosine residues. More importantly, these results are in
agreement with the hypothesis of a G-rich structure. Considering
the fact that the ApT4-A’ aptamers do not include four G-rich
segments, quadruplexes should be formed from either two or four
RNA molecules.

c 2007 Biochemical Society

136
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Figure 6 Characterization of the contribution of T4 to the G-quartet-like
structure
(A) Binding shift assays performed with both the ApT4-A’ and ApT4-A’G2C aptamers in the
presence of 150 mM of either NaCl or KCl, and with (+) or without (−) 100 µM T4. (B) CD
spectra performed for the ApT4-A’ aptamer under various conditions: no monovalent salt (䊐),
50 mM NaCl (䊉), 50 mM KCl (䉱) and 100 µM T4 either alone (䊊) or with 50 mM NaCl (×).

T4 is essential for the formation of the G-rich structure

Subsequently, we asked whether or not T4 was important for
the formation of this G-rich structure. In order to answer this
question, binding shift assays on native gels were performed. The
ApT4-A’ aptamer was 5 -end labelled, pre-incubated for 1 h in
binding buffer, either with or without T4, and the mixtures then
fractionated by native PAGE (15 % gels) either without or with T4
in the gel. In the absence of T4, the transcripts did not shift when
the experiments were performed in the presence of 150 mM NaCl,
regardless of the aptamer tested (Figure 6A). Similar results were
obtained using either a buffer that did not include a monovalent
salt, or one containing LiCl, two conditions incompatible with
G-quartet formation (results not shown). In fact, in all of these
cases, a faint band corresponding to a product with slower
electrophoretic migration was observed under all conditions
tested. This product most probably corresponds to a misfolded
structure adopted by the ApT4-A’ and the several mutated
versions tested, or to intermolecular products formed by two
molecules due to their complementary sequences in the doublestranded region (i.e. as opposed to intramolecular base-pairing).
When the experiments were repeated in the presence of both NaCl
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and 100 µM T4 in the buffer, a shift of the ApT4-A’ aptamers was
observed (Figure 6A). In fact, almost all of the aptamers showed a
slower electrophoretic migration, a property that is characteristic
of the formation of an intermolecular G-quartet like structure
[18]. Using a range of concentrations in the sample and the gel
preparations, the K d for T4 was estimated to be 50 +
− 10 µM.
When the experiment was repeated using a mutated version of
ApT4-A’ in which the guanosine residue at position 2 was substituted by a cytosine residue (ApT4-A’/G2C), no shift was observed
(Figure 6A). This confirmed that the slower mobility observed previously was the result of the formation of the G-rich structure.
Several other mutated versions were tested, and the results always
correlated with the results of binding to the T4-Sepharose: an
aptamer that bound the T4-Sepharose shifted on the native gel (results not shown). Finally, the experiment was repeated using the
44nt ApT4-A’ and the 22nt ApT4-A’-lower-12nt together. If
the formation of the G-like structure is intramolecular, one shifted
band for each aptamer should be detected. Experimentally, we
observed three predominant shifted bands of different intensities.
Using only one radioactive aptamer at a time permitted the
detection of intermolecular complexes including only either
ApT4-A’ or ApT4-A’-lower-12nt, or the two aptamers together,
indicating that at least two RNA molecules were involved in the
G-quartet-like structure. However, we also consistently detected,
in smaller amounts, two other shifted bands that most probably
correspond to other complexes formed under these conditions.
When the experiment was repeated in the presence of 150 mM
KCl in the buffers, a condition known to favour G-quartet structure, a shift was observed with the ApT4-A’ aptamers, regardless
of the presence or absence of the T4 (Figure 6A). However, it is
important to note that the position of the latter shift was slightly
higher than that observed in the presence of NaCl. This might be
an indication that different structures were formed depending on
whether NaCl or KCl was present. In the presence of KCl, we also
accumulated evidence supporting the notion that the G-quartet
structures were intermolecular complexes including at least two
aptamers (e.g. it was aptamer concentration dependent). More
importantly, together, these results suggest that the T4 is essential
for the G-quartet-like structure formation when the buffer contains
NaCl.
In light of the results described above, we investigated the conformation of the G-quartet structure adopted by the ApT4-A’
aptamer using CD. A quadruplex formed by parallel strands is
characterized by a long-wavelength positive maximum peak near
265 nm (and a negative peak at 240 nm), whereas a structure
including antiparallel DNA strands is associated with a peak near
293 nm [16]. No specific peaks were detected at these wavelengths when the aptamer was incubated either in the absence of
monovalent ions or in the presence of NaCl (Figure 6B). Conversely the addition of either KCl or T4 alone in the samples
was sufficient to cause detection of a peak at 265 nm, suggesting
that these two conditions were sufficient for a proportion of the
aptamers to adopt a G-quartet structure. Interestingly, the addition
of both the T4 and NaCl to the ApT4-A’ yielded a significantly
larger peak at 265 nm, indicating that the G-quartet structure is
formed by parallel RNA strands. More importantly, it confirmed
the essential role of T4 in the formation of the G-quartet-like
structure.
Specificity of T4 binding

Initially we investigated whether or not the binding of the aptamer
to the column was specific to T4. Columns with immobilized T0,
iodotyrosine, T2, T3 and T4 were produced, and the binding
of ApT4-A’ aptamers to these columns was compared (Figure 7).
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Figure 7
ApT4-A’

Atomic structure of T4-derivatives and binding activity of the

(A) T4, (B) T3, (C) T2, (D) 3-iodo-L-tyrosine and (E) T0.

ApT4-A’ bound to the T0, iodotyrosine, T2, T3 and T4 columns at
3+
− 1 %, 6 +
− 2 %, 15 +
− 2 %, 62 +
− 4 % and 71 +
− 6 % respectively.
In other words, only the T3 and T4 hormones allowed efficient
binding, indicating that at least three atoms of iodine must be
present for binding to occur. Both the outer and inner rings of
T4 appeared to be essential for the binding, and both rings must
possess an iodine atom.

DISCUSSION

The designed in vitro selection protocol identified several RNA
species with the capacity to bind the hormone T4. The mutational
analysis and RNase H probing of the ApT4-A’ in combination
with a comparison of the predicted secondary structures of the
various aptamers, led to the identification of several common
structural features (Figures 3 and 4). Together, these results show
that the presence of guanosine residues is the basic building
block of this RNA motif. These guanosine residues (and more
specifically the UGGAGG box) were located in single-stranded
regions that are adjacent to a double-stranded stem. Mutational
analysis demonstrated that RNA species possessing this sequence
were able to bind to T4-Sepharose better; therefore it is expected
that these aptamers will be more abundant. Similar results were
obtained in two other independent selection experiments using
different preparations of randomized oligonucleotides (results not
shown).
The high guanosine residue content, as well as the fact that the
randomized region appears to be unable to fold into a secondary
structure, led us to postulate that the RNA species may fold
into a G-quartet or a G-quartet-like structure. This hypothesis
was confirmed by DMS probing, by T4-Sepharose binding using
aptamers synthesized with site-specific modified nucleotides and
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by electrophoresis binding shift assay experiments (Figures 5
and 6). Together, these experiments provide a strong case in favour
of the formation of a G-quartet or G-quartet-like structure that
most probably involves either two or four parallel aptamer molecules. Interestingly the ApT4-A’ DNA aptamer was also observed to bind to the T4-Sepharose, although at a reduced level
(results not shown). Considering that DNA molecules can also
fold into G-quartet structures, as observed with the telomeric
sequence [19], this provides evidence in favour of such a structure.
Some RNA and DNA sequences known to form a G-quartet
were tested for their ability to bind to T4-Sepharose; however, at
best, only weak binding was observed (e.g. the thrombin-binding
DNA aptamer; results not shown). This indicates that G-quartet
structures do not have the natural ability to bind T4. One way to
reconcile these data is to propose that the sequence of the aptamer
is important for the G-quartet formation and that the adjacent
base-paired region also contributes to the structure involved in the
binding to T4. Preliminary in-line probing experiments support
this hypothesis. Specifically, when the probing was performed in
the presence of T4 the adjacent helical region appears not to be
hydrolysed, whereas in the absence of T4 it is (results not shown).
However, the latter observation might also result from the fact
that once the G-rich structure is formed between several copies of
the aptamer, the stems of each one became parallel and were thus
protected from hydrolysis.
The mechanism of the binding of T4 to the RNA aptamer
is another intriguing issue. One interesting possibility is the
formation of halogen bonds. Halogen bonds in biomolecules can
be defined as a short C–X···O–Y interaction in which the X is
a carbon-bonded chlorine, bromine or iodine, and the O–Y is a
carbonyl, hydroxyl, charged carboxylate or phosphate group [20].
Study of the geometry of halogen bonds in small molecules
showed that the interaction is primarily electrostatic, with additional contributions from polarization, dispersion and charge
transfer [21]. Although halogen bonds are generally referred to
as weak interactions, they have been reported to be exploited
in the design of very specific and efficient recognition systems
involving proteins [22–24]. For example, the binding between
T4 and its transport protein transthyretin has been shown to
involve the formation of several I···O halogen bonds [22]. It has
been suggested that this large number of short halogen bonds
plays an essential role in the recognition of this hormone by
its cognate proteins [20]. The demonstration of halogen bonds
in nucleic acid structures is limited to only two cases [25,26]. In
both of these cases the presence of halogen bonds was shown,
by crystallographic study, to take place in complex structures
adopted by DNA molecules. More specifically, a Br···O–P halogen bond was shown to be formed in a complex four-stranded
junction formed by the oligonucleotide d(CCAGTACbr5 UGG)
(br5 U, 5-bromouridine) [25], whereas an I···O–P short link was
detected in a six-stranded complex adopted by the oligonucleotide
d(Gi5 CGAAAGCT) (i5 C, 5-iodocytosine) [26]. To our knowledge
such halogens bonds have not yet to be observed in RNA structures
either in solution or in crystal form. Therefore if they contribute to
the specific binding of T4 to the RNA aptamer characterized here,
it would be an original observation. Additional high-resolution
structural studies using both NMR and X-ray diffraction should
provide definitive proof of G-quartet formation, as well as of the
involvement of any halogen bonds between the RNA aptamer and
T4.
An interesting question is whether or not aptamers were in fact
selected for their ability to bind to T4-Sepharose, or for their
ability to fold into a G-quartet-like structure. In this regard, the
binding shift assays performed in the presence of NaCl are
the most relevant since the initial selection was performed in the
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presence of this salt. In the absence of T4, only a negligible fraction of ApT4-A’ shifted, whereas in the presence of T4 most of
the aptamers formed complexes with a K d of approx. 50 µM.
Since T4 has a limited solubility in water of 150 µM [17], this
K d value is impressive, because it is impossible to fully saturate
the complex with T4. Moreover this situation renders the accurate
determination of the aptamer–T4 stoichiometry within the complex almost impossible. However, the binding shift experiments
suggest that T4 has a role in the formation of the G-quartet-like
motif, explaining why all of the isolated aptamers possessed this
feature. Moreover, it eliminates the possibility that the G-rich
structures were formed in the solution of transcripts before their
application on to the column. More likely, the T4 molecules
that bound to the column served as scaffolds for the formation
of this structure, in a manner reminiscent of the switch role of
sodium-potassium in the formation of the DNA G-quartet [19].
Such structural motifs are not only restricted to the telomeric
sequence. For example, DNA G-quartets have been proposed to
be formed by the human c-myc oncogene promoter [27], while
RNA equivalents have been found in mRNA and proposed to
be important for ribonucleoprotein particle formation and mRNA
localization [28,29]. As a result, we were not necessarily surprised
to find one more example, although in the present case it has no
demonstrated biological relevance.
This work provides an original demonstration that RNA species
can specifically bind a hormone. Previously a DNA aptamer has
been reported to bind to the T4 hormone [30]; however, the structure of this DNA aptamer bears no relation whatsoever to those of
the RNA aptamers isolated here. This difference most probably
reflects the different conditions used in both experiments. We
do not know whether or not such RNA aptamers occur in natural
RNA species found in living cells. If so, it might have a biological
importance such as the riboswitch reported to regulate mRNA
expression in bacteria [5,31]. Clearly, thyroid hormones are a
suitable metabolite with which to search for a potential human
riboswitch. Finding equivalent structures within natural mRNAs
would most likely lead to a breakthrough in the molecular biology
of the thyroid hormones.
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