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ABSTRACT. Multiple loop—loop interactions between adjacent RNA hairpins regulate gene expression in
different organisms. To demonstrate that such natural interactions could be mimicked for generating RNA
ligands that are able to recognize simultaneously at least two structured RNA targets, a double kissing
complex model was designed. The target consisted of two HIV-1 transactivating responsive (TAR) RNA
variants, BRU and MAL, connected by a non-nucleotidic linker. The double ligand was generated by
combining the corresponding hairpin aptamers, RO6BRU and RO6MAL, identified previously by in vitro
selection [Duconge-., and Toulmel. J (1999RNA 5 1605-1614]. The resulting interaction was analyzed

by thermal denaturation monitored by UV spectroscopy, electrophoretic mobility shift assays (EMSAS),
and surface plasmon resonance (SPR) experiments. The bimodal complex was characterized by a binding
equilibrium constant increased by at least 1 order of magnitude compared to that of the complexes between
the individual parent hairpins. This resulted from a slower dissociation rate. We then made use of such
a strategy for targeting two structured functional motifs of the foldedriranslated region (BTR) of

HIV-1. Two bivalent RNA ligands were designed that targeted simultaneously the TAR and dimerization
initiation site (DIS) hairpins or the TAR and poly(A) ones. The results show that these ligands also displayed
enhanced affinity for their target compared to the individual molecules. The work reported here suggests
that bimodal structured RNA ligands might provide a way of increasing the affinity of aptamers for folded
RNA targets.

RNA kissing complexes are functional motifs formed  We endeavored to mimic these multiple interactions by
between stemloop structures. Such motifs are involved in  designing RNA ligands able to bind simultaneously to two
the regulation of several biological processes in both stem—loop structures of an RNA target. Compared to the
prokaryotic and eukaryotic organismg).( Some natural  targeting of a single structure, the proposed strategy is
processes make use of multiple ledpop interactions expected to increase the affinity and the specificity of such

between adjacent hairpins. Bscherichia coli the ColE1 ligands for their target.
plasmid replication is controlled by two RNA transcripts, This work focused first on the analysis of a model of
RNA I and RNA 11, that fold as three adjacent hairpir2s—( interaction consisting of a double kissing complex derived

4). The interaction between these two RNAs is initiated with from the individual loop-loop complex identified previously
base pairing of at least two complementary loops. This by in vitro selection against the transactivation responsive
transient kissing complex is stabilized by the structure- (TAR)! element of the human immunodeficiency virus type
specific plasmid-encoded protein Rop. The complex betweenl (HIV-1) (9). The TAR imperfect hairpin is a 57-nucleotide
the two RNAs subsequently “zips up” to form an extended RNA with a 6-nucleotide apical loop. TAR displays a bulge
RNA duplex. mRNA translation irE. coli can also be in the upper part of the hairpin, which constitutes part of
regulated through multiple loegloop interactions. OxySis  the binding site of the viral protein TalQ, 11). Hairpins

a small untranslated RNA induced in response to oxidative corresponding to the top part of the two TAR variants, BRU
stress that represses the expression of several gend$é and MAL, which differ by a single residue in the loop were
secondary structure of OxyS RNA shows three stéoop connected by a non-nucleotidic linker to generate the bivalent
structures. Two of them are engaged in ledgop interac- target. The corresponding specific BRU and MAL aptamers,
tions with the two nonadjacent sterfoop structures of the  identified previously by in vitro selection against TAB)(
fhlamRNA (6—8). Such a double kissing complex prevents were connected similarly to generate the bivalent ligand.
the ribosomes from binding to the Shine Dalgarno sequenceElectrophoretic mobility shift assays (EMSAs) and surface
repressing the translation of the transcriptional activator plasmon resonance (SPR) experiments showed that the

encoded by théhla gene. double kissing complex is characterized by a binding
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equilibrium constant increased by at least 1 order of Electrophoretic Mobility Shift Assayrhe apparent dis-
magnitude compared to that of the individual parent leop  sociation equilibrium constant&y, of the complexes were
loop complexes. This enhanced stability originates in a determined using 4000 cpm per lane b&&d-labeledf-32P]-
slower dissociation rate. RNA incubated with an increasing concentration of ligand
We then tried to design bivalent RNA ligands able to for atleas3 h atroom temperature in 20 mM HEPES buffer
interact simultaneously with two steatoop structures of the ~ (PH 7.3) at 20°C, containing 20 mM sodium acetate, 140
5 untranslated region (8TR) of the HIV-1 BRU genome. mM potassium acetate, and 1 mM magnesium acetate. Each
Two adjacent hairpins were used to target simultaneously Mixture was loaded onto nondenaturing gels [10% acryl-
the TAR and dimerization initiation site (DIS) hairpins. A amide/bisacrylamide at a 19:1 ratio in 50 mM Tris-acetate
ligand consisting of a hairpin connected to a linear oligo- (PH 7.3) at 20°C, and 1 mM magnesium acetate] equilibrated
nucleotide was generated to bind the TAR and po|y(A) at 4°C. The electrophoresis was carried out at 200 or 150
hairpins. Complexes formed between theBR and bivalent V, at 4°C, for 12 h. The radioactivity was quantitated with
RNA ligands exhibit enhanced stability compared to those an Instant Imager apparatus (Hewlett-Packard). Rhevas
formed with single ligands. Therefore, compared to mono- deduced from data-point fitting of the titration curves using
valent ligands, bifunctional RNA molecules provide a way Kaleidagraph 3.0 (Abelbeck software) according to eq 1:

of increasing the affinity for folded RNA targets. ,
[RNA] = {[RNA], + [Oligo], + K4 £+

\/([RNA]O + [Oligo], + Kd)2 — 4[RNA][Oligo]}/
OligonucleotidesAll RNA molecules except the HIV-1 {2[RNA]} (1)
BRU 5UTR were either synthesized on an Expedite 8908
synthesizer or purchased from Dharmacon Research Inc. andyhere [RNA} and [Oligo}, are the initial concentrations of
purified by electrophoresis on denaturing polyacrylamide the radiolabeled probe and the oligonucleotide ligand,
gels. respectively, and [RNA] is the concentration of the bound
PCR Amplification and T7 Transcriptioithe HIV-1 BRU radiolabeled probe.
5'UTR molecule was synthesized by in vitro transcription  Surface Plasmon Resonance Kinetic Measurem&mR
of DNA fragments obtained by PCR amplification during experiments were performed on a BlAcore 2000 apparatus
which a T7 promoter sequence was introduced thanks to a(Biacore AB, Uppsala, Sweden) running with the BlAcore
sense primer. The BluescripttSR plasmid was used as a 2.1 software. The biotinylated target RNA was immobilized
template for PCR amplification with the T7-2 sense primer on carboxymethylated dextran sensor chips (CM5, Biacore
5'-AAT TCT AAT ACG ACT CAC TAT AGG GTC TCT AB) coated with streptavidin according to the procedure
CTG GTT AGA CCA G (the underlined portion corresponds described in the BIA Applications Handbook. Binding
to the promoter region) and the R-290 antisense prinier (5 kinetics were determined at 28 in 20 mM HEPES buffer
CCA GTC GCC TCC CCT CGC CTC TTG). DNA  (pH 7.3) at 20°C, containing 20 mM sodium acetate, 140
fragments containing the T7 promoter sequence and the TAR,mM potassium acetate, and 1 mM magnesium acetate. All
poly(A), PBS, and DIS elements of the HIV-1 BRUBR RNA samples were prepared in this buffer and injected at a
were obtained. The DNA products were purified with the rate of 20uL/min.
Nucleospin kit (Macherey-Nagel) and then transcribed for  Nonlinear regression analysis of a single sensorgram was
6 h at 37°C, using the AmpliScribe T7 transcription kit used to determine the kinetic parameters of the complex
(Tebu). The transcripts were purified on a denaturing 8% formation. The data were analyzed with BIA-Evaluation 3.0.
polyacrylamide-7 M urea gel. The pure samples were Two different models were used depending on the studied
ethanol precipitated, desalted by being washed with 70% complex. The first was a simple reversible reaction mech-

MATERIALS AND METHODS

ethanol, resuspended in water, and storeet2 °C. anism:
UV-Monitored Melting Experiment3hermal denaturation
of RNA—RNA complexes («M each oligonucleotide) in A+B gAB
Koff

20 mM sodium cacodylate buffer (pH 7.3) at 2C,

containing 140 mM potassium chloride, 20 mM sodium . . . .
chloride, and 1 mM magnesium chloride, was monitored with where A and B stand for the immobilized biotinylated ligand

a Uvikon XL spectrophotometer (Bio-Tek Instruments). and the injected RNA analyte in solution, respectively. The

Denaturation of the samples was carried out by increasing @sSeciation and dissociation rate constahts, and ko,
the temperature at a rate of G@/min from 4 to 85°C and respectively, were determined from direct curve fitting of

was followed at 260 nm. The absorption at 310 nm was usedthe sensorgrams according to egs 2 and 3 for the association
as a reference. Prior to the experiments, single RNA hairpins 21d dissociation phases, respectively:

were heated at 90C for 1 min, put on ice for 5 min, and k,.CR

allowed to warm at room temperature. Double hairpins were =7 1 _ g keniCHkon(t—to) )
heated at 65°C for 5 min and then cooled at room KorC + Kot

temperature to prevent alternative folding&NA samples

were then mixed at room temperature and allowed to interact R= Rtoe_k""(t_t“) 3
15 min before cooling to 4C. The experiment started after

45 min at this temperature. The melting temperatUig, whereR is the signal responsBmnaxthe maximum response

was given as the maximum of the first derivative of the UV level, Ry the response at the end of the injection, &hithe
melting curve. molar concentration of the injected RNA molecule.
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Ficure 1: Sequence and secondary structure of the model system.
The target, dTAR, consists of the TAR BRU hairpin linked to TAR
MAL by three triethylene glycol phosphate units. BRU and MAL
refer to two HIV-1 strains differing by one base in the apical loop
(the mutated base is underlined). To generate the double ligand
dR06, the RO6BRU hairpin was connected to RO6MAL by the same
linker used in dTAR. The loop bases that could potentially pair
are shown with bold type. The three G’s in the target loops or the
three C’s in the ligand ones that were substituted with three A’s to
generate the mutated dTAR or dR06 are in italics. MAL* or BRU*
in the text will refer to a mutated MAL or BRU loop, respectively,
either on the target or on the ligand side.
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FIGURE 2: Interaction analysis of the double loofmop complex
model. First-derivative UV (260 nm) melting curves of dTAR
complexed with RO6BRU-(-), with RO6MAL (— — —), and with
dR06 (). The experiments were performed with each oligomer at
1 uM in 20 mM sodium cacodylate buffer (pH 7.3 and 20)
containing 140 mM potassium chloride, 20 mM sodium chloride,
and 1 mM magnesium chloride.

Initially, TARBRU and TARMAL were connected by a 10-
nucleotide linker equivalent in length to the one connecting

Second, a model that describes an interaction between ondhe two hairpins of théhla mRNA, a natural species giving

analyte and two independent ligands was used:

Kons

A+ B=AB

Ko
A, +B==AB

rise to a bifunctional kissing complex. However, multiple
migrating bands were observed on acrylamide gels, suggest-
ing alternative foldings involving the linker. Three triethylene
glycol phosphate units equivalent in length to the nucleotide
linker were used to connect TARBRU and TARMAL
truncated hairpins (Figure 1) to generate the bifunctional
target, dTAR.

Then the sensorgrams obtained are simply the sum of the The bivalent ligand was derived from a shortened version

two independent reactions and can be fitted according to eqsC! the 24-nucleotide RNA aptamer identified against the TAR
4 and 5 for the association and dissociation phases, respecBRY variant. The aptamer, RO6BRU, derived from the parent

tively:

konICR

R=—2"  1-— e—(konlc+|<oﬁ1)(t—to) +
konlC + koffl

konZCR
kon2C + koffz

R= Rtoe—koffl(t—lo) + Rtoe—koffz(t—to)

1— e*(konzcﬂ%ffz)(t*to) (4)

®)

whereRis the signal respons&ax the maximum response
level, Ry the response at the end of the injection, &ntthe
molar concentration of the injected RNA molecutg, and

kot are the association and dissociation rate constants,

respectively, and the numbers 1 and 2 refer to the two
different sets of kinetic parameters.

RESULTS

Design of the Model Systeifo validate the use of bivalent
RNA molecules as ligands for nonlinear RNA targets, a
model was developed on the basis of a kissing complex
identified by in vitro selection against TARY, Two HIV-1
variants of TAR, BRU and MAL, that differ mainly by a
single mutation in the loop were used for generating a
bifunctional target (Figure 1). Both individual hairpins were
truncated above the bulge that constitutes part of the binding
site for the viral protein Tatl(0, 11). A GC pair was added
at the bottom of each stem to stabilize the hairpin structure.

one is 18 nucleotides long (Figure 1). It displays the same
apical loop but has a shortened stem reduced to 5 bhp,
including the GC pair added at the bottom to stabilize the
hairpin structure. The kissing aptamer selective for the TAR
MAL variant, RO6MAL, was derived from the RO6BRU
aptamer by introducing an A~ G compensatory mutation
into the aptamer loop as reported previoush?, (13).
RO6BRU and RO6MAL were connected by three triethylene
glycol phosphate units to generate the bifunctional aptamer,
dR06 (Figure 1).

Binding Properties of Single and Double Aptamers.
Thermal denaturation experiments monitored by UV absorp-
tion spectroscopy were performed to compare the stability
of single and double kissing complexes. The first derivatives
of the thermal transitions characteristic of the bimolecular
complexes are reported in Figure 2. The RO6BRITAR
complex displays a melting temperature of 35.60.2 °C
(Table 1). TheTl, for the ROBMAL—dTAR complex is~50
°C but could not be determined precisely as this transition
was close to that of the hairpins. Surprisingly, the dR06
dTAR complex displays dy, of 43.8+ 1.4 °C.

EMSA experiments were then performed to determine the
apparent dissociation equilibrium constamtgvalues equal
to 6.2 £ 2.0 and 1.0+ 0.3 nM were obtained for the
RO6BRU-dTAR and RO6MAL-dTAR complexes, respec-
tively (Table 1). The dissociation equilibrium constant for
the dRO6-dTAR complex could not be determined by this
method since at the lowest concentration that was used, 0.4
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Table 1: Melting Temperature§{) and Apparent Dissociation Constankg) of the Complexes Formed between the Single Ligands,
R06BRU and RO6MAL, or the Double One, dR06, and dTAR or the Mutated Targets on the BRU Loop (dTARBRU*) and on the MAL Loop
(dTARMAL*)

Tm (°C) Kg (NM)
dTAR dTARMAL* dTARBRU* dTAR dTARMAL* dTARBRU*
RO6BRU 35.6+ 0.2 33.0£ 0.7 nd 6.2+ 2.0 11.7+0.1 >2000
ROG6MAL ~50 19.4+ 0.6 ~50 1.0+0.3 >2000 3.9£0.9
dRO6 43.8- 1.4 34.5+ 0.5 ~50 <0.4 6.9+ 2.8 1.2+0.1

aNot determined.

Table 2: Rate Constants for LigandTAR Complexe%

konl (X104 M-1 S_l) koffl (>< 104 S_l) konz (>< 1M1 S_l) koff2 (X10_4 S_l) Kp1 (nM) Kp2 (nM)
RO6BRU 497+ 1.62 8.63t 0.56 17.4+-6.8
dRO6MAL* 1.90+ 0.54 6.644+ 0.04 34+ 10
RO6MAL 0.43+ 0.07 137+ 10 3.93+ 1.35 2.68+ 0.84 3186+ 751 68+ 45
dRO6BRU* 0.84+ 0.22 117+ 3 3.89+ 1.80 1.494+ 0.22 1196+ 350 38+ 24
dR06 3.92+0.98 0.38t+ 0.11 8.67+ 3.30 1.144+ 0.36 0.97+ 0.52 13+ 9

aKq was calculated al/kon, @and the surface plasmon resonance experiments were performed@itr220 mM HEPES (pH 7.3) containing
20 mM sodium acetate, 140 mM potassium acetate, and 1 mM magnesium acetate, as described in Materials and Methods.

nM, ~90% of the radiolabeled ligand was shifted (data not
shown).

The model system was further investigated with mono-
valent or bivalent aptamers and mutated dTAR targets, either
on the BRU loop (dTARBRU*) or on the MAL one
(dTARMALY*). These TAR mutants were generated by
substituting the three Gs in the loop with three As (Figure
1), given that these mutations drastically decreased the
stability of the TAR-aptamer complexes as shown previ-
ously @). Similar T's (~34 °C) andKy's (~9 nM) were
obtained for RO6BRYdTAR complexes whether the TAR il gl gy gy, gy g R i
MAL loop was mutated (Table 1). The interaction of 0 100 200 300 400 500 60O 700
RO6BRU with dTARBRU* was no longer observed by either Time (s)
thermal denaturation experiments or EMSA. These results =
clearly indicate that RO6BRU interacts specifically with its
cognate hairpin.

No binding of RO6MAL to dTARMAL* was detected by
EMSA (Kq > 2000 nM), but a clear thermal transition was
observed with ary, of 19.4 °C indicating that the MAL
aptamer recognized the TAR BRU hairpin in agreement with
previous results12, 13).

Finally, the interaction between dR06 and the mutated
dTAR targets was analyzed. Thd,'s for dRO6- i
dTARMAL* and dRO6-dTARBRU* complexes are 344 OB o s o s st g g mi g sepse
0.5 and~50 °C, respectively (Table 1), suggesting single 0 100 200 300 400 500 600 700
loop—loop interactions. The&y values obtained for these Time (s)
complexes are consistent with those obtained for complexesFicure 3: Sensorgrams of dTARJR06 complexes. Increasing
between the single aptamers and the dTAR targets. Indeedconcentrations of dRO6BRU* (A) or dRO6 (B) as indicated by the
these results indicate that the two binding sites behave &rrows were injected on the dTAR-functionalized CM5 sensor chip.

ind dently wh h linked h The sensorgrams were fitted (gray lines) with a model that describes
independently when the aptamers are not linked or when one,p interaction between one injected analyte and two independent

site of the double target is mutated. immobilized sites. The elementary rate constatsandk, were
Kinetic Analysis of the Model Syste®PR experiments  deduced from these fits according to egs 4 and 5 (see Materials
were performed in an effort to understand the origin of the and Methods). Experiments were carried out a@3in 20 mM
increased stability of the double kissing complex over the ?fopra‘i’ﬂbgggs(g':rz 'g)c'e"’t‘;tzgéﬁgnia'rg'l\r}lgniggn;gﬂsisl?rﬂ"geat‘;tefte'
single ones. In such kinetic experiments, more than one
complex can be detected and the corresponding binding rate8oth complexes display rate constants in the same range and
determined. are equivalent for binding to dTAR as shown by tkg
The sensorgrams obtained when RO6BRU or dRO6MAL* values deduced from the ratigq/ko, (Table 2).
analytes were injected on the sensor chip surface on which Sensorgrams obtained for binding of RO6MAL or
dTAR was immobilized are similar (data not shown). The dRO6BRU* to dTAR are similar. Only those obtained for
rate constants could be determined assuming one reactiordRO6BRU* are reported in Figure 3. These sensorgrams
as previously shown with the parent RNA aptante?, (13). could only be fitted with two parallel reactions (see Materials
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Ficure 5: Analysis of ligand-5UTR complexes by EMSAs.
Radiolabeled R06 (A), R06-DIS (B), antisense 111 (C), or antisense
111-R06 (D) was incubated at 2@ in 20 mM HEPES buffer (pH
7.3), at 20°C, containing 20 mM sodium acetate, 140 mM
potassium acetate, and 3 mM magnesium acetate with increasing
amounts of BJTR as indicated above each lane (nhanomolar). The

the targeted hairpins. (B) Sequence and secondary structure of thearrows to the left indicate free radiolabeled ligands. The slowly

ligands directed against TAR and DIS (left), and TAR and poly-
(A) (right). Antisense 111, raised against the polyA hairpin, is
complementary to the apical loop and part of the stem on the 5
side. RO6 is the hairpin aptamer that recognizes the TAR RNA of
the HIV-1 BRU variant through looploop interactions. The DIS
hairpin is the dimerization initiation site which self-associates and
forms a loop-loop complex. PEG linker refers to two hexaethylene
glycol phosphate units used to join the individual molecules.

migrating bands were used to determine the apparent binding
constantskKy) (see Materials and Methods).

whether a DIS haipin linked to RO6BRU would generate a
bivalent ligand of increased affinity for thelbTR compared
to the individual ligands.

Radiolabeled RO6BRU and increasing amounts'0fTiR
result in the appearance of a retarded band detected by an

and Methods). The rate constants and the calculated dis-EMSA (Figure 5A). The apparent dissociation equilibrium
sociation equilibrium constants for these reactions are listed constantKg, is 3.6+ 1.1 nM. In contrast, no complex was

in Table 2. These biphasic kinetics are consistent with the detected with the DIS hairpin alone in the concentration range
results that showed that the MAL aptamer also recognized used for these experiments (data not shown). The apparent

the BRU target12, 13). Therefore, in light of these works,
Kp1 (~2.2 uM) and Kp; (~53 nM) can be ascribed to the
MAL —BRU and MAL—MAL complexes, respectively.

binding constant for the viral'®BTR is >200 nM.
RO6BRU and DIS hairpins were then connected to each
other by two hexaethylene glycol phosphate units (Figure

The double hairpin aptamer, dR06, was then injected over 4B). Two bands are observed in the absence of tbdR
the sensor chip surface. Compared to all other kinetics, the(Figure 5B, lane 0), suggesting that RO6BRU-DIS dimerizes.
sensorgrams display very slow dissociation phases (FigureHowever, this reaction did not prevent binding to the target.

3B). Only the parallel reaction model fitted the data,

Adding the double ligand to the’'BTR led to two slowly

suggesting again that two reactions were followed. One migrating bands. To check whether these bands could reflect

reaction is characterized by rate constakys,andk,, close
to those obtained with RO6MAL or dRO6BRU* and therefore
might reflect the formation of a MAEMAL complex (Table
2). The other is characterized by a very slow dissociation
rate of 3.8x 10° st and an on-rate of 3.% 10* M~!s™?
giving rise to the complex with the highest stabili(~ 1
nM) that likely corresponds to the expected bivalent kissing
complex.

Targeting the HIV-1 TR with Bifunctional LigandsThe
5 untranslated end of HIV-1 mRNAs folds as multiple
hairpins (Figure 4A). Each of them playing a critical role in
the regulation of the viral cycleld) is potentially a valuable
target for the design of ligands that could interact simulta-
neously with two hairpins. The dimerization initiation site
(DIS) of HIV-1, for instance, has been shown to trigger the
retroviral RNA dimerization 15—19) through the formation
of a transient kissing complex between two DIS elements.
This complex provides an interesting opportunity to test

a dimerization reaction of thé 8TR itself through its DIS
motif, displacement of the radiolabeledd R with unlabeled
5'UTR was performed (data not shown). The results dem-
onstrate that these bands rather correspond to two conforma-
tions of the viral target as no displacement was observed.
These observations are consistent with a study that showed
that the HIV-1 leader RNA might exist in vitro in two
alternative conformation®20—22). These two bands are not
observed with the individual RO6BRU ligand (Figure 5A),
suggesting that the two alternative conformations originate
in the interaction with the bivalent RO6BRU-DIS ligand. The
apparent dissociation equilibrium constant could not be
determined as at the lowest concentration that was used, 0.4
nM, the radiolabeled ligand was totally shifted (Figure 5B).
To investigate further the use of bimodal interactions in
generating ligands of increased affinity for structured RNA
targets, two adjacent hairpins, TAR and poly(A) (Figure 4A),
were targeted. Using RO6BRU as one of the partners, the
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design of the bifunctional ligand required the identification as the advantage provided by the bimodal interaction is
of an oligomer that could interact with the poly(A) hairpin. smaller than the theoretical advantage. We choose arbitrarily
The rational design of a structured ligand interacting with to connect the RO6BRU aptamer and the DIS hairpin with
poly(A) through loop-loop interactions would have been two hexaethylene glycol phosphate units. Connectors of
hazardous. This approach, used for instance to identify alength from zero to three were also tested, but the apparent
ligand that would form a kissing complex with TARZF, equilibrium constant determined by EMSA experiments
24), led to a much poorer ligand than the hairpin aptamer remained unchanged{ < 0.4 nM). This could be further
identified by in vitro selection25). Even if the interaction investigated.

is driven primarily by the loop complementarity, noncanoni-  The T, measured for the double kissing complex (43.8

cal interactions such as base stacking at the steop °C) is unexpected. It lies between the one obtained for the
junctions and interbackbone hydrogen bonds were shown toRO6BRU-dTAR complex (35.6°C) and the one for the
be critical for the stability of looploop complexes 26— RO6MAL—dTAR complex ¢50°C). To investigate whether

28). On a rational basis, these types of interaction are difficult the bimodal interaction could result in a shift of the two
to predict, not to say impossible. Rather than selecting anindividual loop—loop interactions such that the second
aptamer to the poly(A) hairpin, we took advantage of the transition was hidden under the transition for unfolding the
size of the apical loop of this element. This allowed us to hairpins, thermal denaturation experiments were performed
design a sufficiently long antisense oligonucleotide that at lower magnesium concentrations. The stability of kissing
minimally unfolds the upper stem. complexes is well-known to depend on magnesium ion, while
Antisense oligonucleotides 11 to 15-nucleotide RNA were the stability of the hairpin stems remains nearly unchanged
designed to bind to various regions of the apical part of the (25, 26). Decreasing the magnesium concentration from 1
poly(A) stem-loop structure. Oligomer 111!-65CAAGCU- to 0.1 mM resulted in the appearance of a single thermal
UUAUUGAG-3, complementary to the' Side of the stem  transition with aTr, of 28 °C, and no second transition was
and part of the loop (Figure 4A), was chosen for these observed between this transition and the one reflecting the
experiments as it displayed an affinity for its target in the unfolding of the hairpins (data not shown). When single
low nanomolar range (data not shown). Formation of the RO6BRU and RO6MAL aptamers were mixed together and
complex between antisense 111 and tHéTR results in allowed to interact simultaneously with dTAR, at 1 mM
the appearance of multiple slowly migrating bands (Figure magnesium, two thermal transitions that matched exactly
5C), suggesting that several complexes are formed. The twothose obtained for the RO6BRUTAR and RO6MAL-
major bands could be ascribed to the binding of antisensedTAR complexes were observed (data not shown), indicating
111 to the two conformations of th&lBTR. The minor bands  that such a ternary complex behaved as two independent
that represent no more than 10% in the total radioactivity of kissing complexes. In addition, the double kissing complex
each lane likely reflect nonspecific binding of the antisense migrated faster on a native polyacrylamide gel when the two
oligonucleotide to the target. The two major retarded bands aptamers were connected than when they were allowed to
were used to determine an appar&gt(1.5 + 0.1 nM) for interact together as single hairpins (data not shown). This
the antisense 1H5'UTR complex. definitively demonstrates that the double kissing complex
Antisense 111 and RO6BRU were then connected by two @d0pts & new conformation that might explain why a single
hexaethylene glycol phosphate units (Figure 4B), and thethermal transition is qbserved, reflectlng the S|multa.neo.us
affinity of this ligand for the SUTR was determined by meltmg. of the two kissing complexes. This co_nformanon is
EMSA. Multiple bands are also observed, which, in light of r€cognized by Rop (data not shown), a protein which binds
the results obtained with antisense 111 alone (Figure 5C),SPecifically loop-loop helices, further emphasizing that the
can be attributed to nonspecific binding of the antisense partdouble aptamer and target are engaged inidopp interac-
of the double ligand. The apparekt deduced from the  toONs.

analysis of the two major retarded bands is £8.2 nM. TAR and poly(A) hairpins were targeted with a ligand
consisting of the RO6BRU aptamer connected to an antisense
DISCUSSION oligonucleotide complementary to part of the apical poly-

(A) stem—loop structure. The resulting bifunctional complex
A model of interaction that aimed at demonstrating that displayed a slight increase in stability compared to those
bimodal RNA-RNA interactions can generate higher- formed with the individual ligands. In addition, multiple
stability complexes in a structured context was investigated. bands were observed that indicated the formation of several
This model consisted of a double kissing complex formed complexes, raising the question about the specificity of the
between two TAR variants, BRU and MAL, connected by a interaction. In contrast, a unique retarded band was detected
non-nucleotidic linker on one hand and the corresponding when antisense 111 was allowed to interact with the truncated
R06 aptamer hairpins connected by the same linker on thepoly(A) hairpin (data not shown). This underlines one of
other hand (Figure 1). This bimodal interaction provided an the [imitations of the antisense strategy when larger targets
enhanced stability for the double kissing complex compared gre used. No such behavior was observed with aptamers. We
to the individual ones that resulted from a slower dissociation recently showed that hairpin aptamers more specifically
rate. discriminate between wild-type and point-mutated targets
The chemical linker was chosen to prevent alternative than antisense oligonucleotides with similar affinity (F.
conformations of the designed hairpins, and its length Darfeuille et al., unpublished observations). These results
provided a connection equivalent 1610 nucleotides. The  suggest that in a context where multiple species interact
question of whether this link is optimized with regard to its simultaneously, structured RNA aptamers would provide
length and composition arises. It is probably not optimized, better tuning of the interaction with nonlinear RNA targets
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as recognition is achieved also on the basis of the three-
dimensional structure.

Beyond our own work, bivalent ligands were previously
assayed against RNA. Tethered oligonucleotide probes
(TOPs) consisting of two short oligonucleotides joined by a
chemical tether were developed to target the HIV Rev 4,
response element (RRE). These ligands, however, were
designed to recognize two accessible single-stranded se-
guences within the folded RNA29, 30). Triplex TOPs that
interact simultaneously with one single-stranded region and
one double-stranded region of the RRE through the formation
of Watson-Crick and Hoogsteen base pairs, respectively,
were also generate@1). All complexes formed with these
bivalent oligonucleotides displayed enhanced stability com-
pared to those formed with the individual oligonucleotides.
An entropically favorable second binding was also used to
induce the cleavage of a hardly inaccessible site within a g
messenger RNA by a “maxizyme” that was composed of
two substrate-binding arms. This “double” ribozyme not only
was more efficient than a monovaent one but also could bind

and cleave a stem structure that was supposed to be 19,

inaccessible to a ribozym&Z, 33).

In conclusion, our work demonstrates that bifunctional
aptamers might provide a way of targeting structured RNA
targets with no need to unfold them. In addition to the
enhanced stability of the resulting complexes that can be
expected from multiple simultaneous interactions, specificity
could be improved as recognition is also achieved on the
basis of the three-dimensional structure.
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