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A hairpin RNA aptamer has been identified by in vitro selection
against the transactivation-responsive element (TAR) of HIV-1. A
nuclease-resistant N3’ — P5’ phosphoramidate isosequential ana-
log of this aptamer also folds as a hairpin and forms with TAR a
loop-loop “’kissing’”” complex with a binding constant in the low
nanomolar range as demonstrated by electrophoretic mobility-
shift assays and surface plasmon resonance experiments. The key
structural determinants, which contribute to the stability of the
RNA aptamer-TAR complex, loop complementarity and the GA
residues closing the aptamer loop, remain crucial for the N3’ — P5’
aptamer-TAR complex. Moreover, the N3’ — P5’ phosphoramidate
aptamer specifically interferes with the binding of a peptide
derived from the transactivator protein (Tat) peptide to TAR and
selectively inhibits the Tat-mediated transcription in an in vitro
assay, which marks this nuclease-resistant aptamer as a relevant
candidate for experiments in cells.

Various RNA motifs play key roles in the regulation of gene
expression. Thus, RNAs are involved in many regulatory
processes including transcription, nucleocytoplasmic transport,
RNA degradation, and translation through highly specific inter-
actions with other RNAs, DNAs, or proteins (1). It was shown
that transactivation of the transcription of the HIV-1 genome
requires binding of the viral protein Tat to a structured RNA
segment called the transactivation-responsive element (TAR).
This element is transcribed from the R region of the long
terminal repeat of the HI'V-1 genome and present at the 5" and
3’ ends of neo-synthesized viral mRNAs (for reviews see refs.
2-5). TAR, functional as a nascent RNA, folds into a stable
hairpin with a tripyrimidine bulge and serves as a binding site for
Tat. In the absence of Tat, initiation of the transcription is
efficient, but the RNA polymerase II disengages rapidly from the
template, leading to premature termination of HIV-1 genome
transcription (6). Therefore TAR RNA constitutes a good target
for artificial control of the replication of HIV-1 (7).

Different compounds have been evaluated as TAR binding
molecules (8). Combinatorial approaches have been used to
identify peptoids able to selectively recognize TAR and specif-
ically inhibit the interaction of TAR with Tat in biochemical
assays. In addition, this compound displayed antiviral properties
in tissue culture (9). Recently, we used the RNA-based SELEX
approach to identify efficient and selective DNA and RNA
aptamers interacting with TAR (10, 11). The RNA aptamers
with highest affinity for TAR fold as hairpins and interact with
the RNA target primarily through loop-loop complementarity.
The resulting kissing complex is further stabilized by stacking
interactions by both stems through the loop-loop helix. Addi-
tional and crucial stabilizing interactions involve the GA residues
closing the aptamer loop (12).

Feng and Holland (13) have shown that mutations in the apical
loop of TAR that do not interfere with Tat binding modulate the
transactivation, suggesting that the loop region acts as a binding
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site for essential cellular cofactors. Recent studies have indeed
demonstrated that the transactivation domain of Tat interacts
with the cyclin subunit (CycT1) of the positive transcription
elongation factor (P-TEFb) complex and induces loop sequence-
specific binding of the P-TEFb complex to TAR RNA (14, 15).
Therefore, the selected RNA aptamers strongly interacting with
the apical loop of the TAR hairpin could disrupt the ternary
TAR-Tat—-CycT1 complex, leading to abortive RNA synthesis.
However, in a cellular environment RNAs are rapidly degraded
by nucleases.

Numerous chemically modified oligonucleotides antisense to
the TAR stem loop and with increased resistance to nuclease
have shown activity in inhibition of Tat-dependent transactiva-
tion (16-19). Synthesis of N3’ — PS5’ phosphoramidate oligode-
oxynucleotides (NP-DNA), which are resistant to digestion by
snake venom phosphodiesterase and by nucleases in HeLa cell
nuclear extract, has been described (20, 21). NMR experiments
showed that a NP-DNA duplex d(CGCGAATTCGCG); adopts
an A-type helix conformation in solution (22), suggesting that
NP-DNA could be used as RNA mimetics. To ascertain this
possibility, a NP-DNA version of the anti-TAR RNA hairpin
aptamer was synthesized.

We demonstrate here that the NP-DNA analog interacts
specifically with the TAR of HIV-1 with an affinity of 1.5-3.4
nM. This analog likely forms with the RNA target a kissing
complex, the overall conformation of which is close to that
formed by the selected RNA sequence. Moreover, this nuclease-
resistant aptamer derivative competes with binding to TAR of a
Tat-derived peptide that includes the central basic region of the
viral protein necessary for TAR RNA recognition (23) and
inhibits the HIV-1 Tat-dependent in vitro transactivation with an
1Csq of about 400 nM.

Materials and Methods

Oligonucleotides. RNA molecules including the biotinylated mini-
TAR RNA aptamer (Fig. 1) were purchased either from Xer-
agon (Ziirich) and Eurogentec (Brussels) or were synthesized on
an Expedite 8908 synthesizer (Applied Biosystems). Oligonucle-
otide N3’ — PS5’ deoxyphosphoramidates were prepared as
described (20, 21). All oligonucleotides were purified by elec-
trophoresis on denaturing 20% polyacrylamide, 7 M urea gels
and desalted on Sephadex G-25 spin columns.

UV Melting Experiments. Thermal denaturation of mini-TAR with
R06,4 aptamer or phosphoramidate analogs were performed as
described (12) with 1 uM final concentration of each oligomer

Abbreviations: TAR, transactivation-responsive element; EMSA, electrophoretic mobility-
shift assay; RU, resonance unit; Trm, melting temperature; NP-DNA, N3’ — P5’ phosphor-
amidate oligodeoxynucleotide.
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Fig. 1. R06,4 aptamers targeted to the HIV-1 mini-TAR RNA. (A) Sequence
and secondary structure of the R06,4 aptamer and mini-TAR RNAs used in this
study. BRU or MAL refer to two HIV-1 strains differing by apical loop sequences
(the mutated base is in italics). The consensus octamer obtained from in vitro
selection (11) and the loop bases of the TAR element susceptible to base pair
with the aptamer loop are shown in bold. The closing residues of the aptamer
loop are underlined. The variant of R06,4 in which a CU closing combination
was substituted for the selected GA residues is indicated at the top (R06,4 CU).
(B) Schematic representation of the N3’ — P5’ deoxyphosphoramidate chem-
ical modification.

in 20 mM cacodylate buffer, pH 7.3 at 20°C, containing 140 mM
potassium chloride, 20 mM sodium chloride, and 0.3 mM
magnesium chloride. Denaturation of the samples was achieved
by increasing the temperature at 0.4°C/min from 5°C to 90°C.
The melting temperature (7},) was determined as the maximum
of the first derivative of the UV melting curves.

Surface Plasmon Resonance Kinetic Measurements. Surface plasmon
resonance experiments were performed on a BIAcore 2000
apparatus (Biacore, Uppsala, Sweden). A total of 200-300
resonance units (RUs) of biotinylated mini-TAR RNA were
immobilized on carboxymethylated dextran sensorchips (CMS,
Biacore) coated with streptavidin according to the procedure
described (12). Binding kinetics experiments were performed at
23°Cin a 20 mM Hepes buffer, pH 7.3 at 20°C, containing 20 mM
sodium acetate, 140 mM potassium acetate, and 3 mM magne-
sium acetate (R buffer). All oligonucleotides were prepared in
this buffer and injected at a flow rate of 20 ul/min.

The kinetic parameters were determined by assuming a pseudo-
first-order model according to Egs. 1 and 2, for the association
and dissociation phases, respectively,

dR

Z = konC(Rmax - R) - koffR [1]
dR
Z = —kofiR, [2]

where R is the signal response, R, the maximum response level,
C the molar concentration of the injected oligonucleotide, kop
the association rate constant, and k. the dissociation rate
constant.

Electrophoretic Mobility-Shift Assays (EMSAs). Dissociation con-

stants (Kq) for mini-TAR RNA-R06,4 complexes were deter-
mined at room temperature. A total of 0.5 nM of [*?P] 5’
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end-labeled mini-TAR was incubated with increasing concen-
tration of R0624 for 15 min at 23°C in R buffer. Binding reactions
were loaded onto running native gels [15% (wt/vol) acrylamide
and 75:1 acrylamide/bis(acrylamide) in 50 mM Tris-acetate (pH
7.3 at 20°C), 3 mM magnesium acetate] equilibrated at 4°C and
electrophoresed overnight under 10 V/cm at 4°C. Complexes
were quantitated with an Instant Imager apparatus (Hewlett—
Packard). The K4 was deduced from data-point fitting with
KALEIDAGRAPH 3.0 (Abelbeck Software, Reading, PA), accord-
ing to Eq. 3,

B max[R06]O

B =TRo6], + K, 31

where B is the proportion of complex, Bmax the maximum of
complex formed, and [R06]y is the R06,4 total concentration.

Aptamer/Tat Competition Assays. 3’P-labeled mini-TAR (2 nM)
was incubated with 100 nM of Tat peptide, Tatzs(37-72) (Neo-
system, Strasbourg, France) and with increasing concentrations
of R06,4 NP-DNA aptamer in R buffer containing 0.01% Triton
X-100 and 1 mM DTT at 4°C for 30 min. Complexes were loaded
onto running native gels [10% (wt/vol) acrylamide and
75:1 acrylamide/bis(acrylamide) in 44.5 mM Tris-borate (pH
8.3 at 20°C), 20 uM magnesium acetate] and electrophoresed
for 2 h at 12 W, at 4°C. The gel was dried and visualized by
autoradiography.

Tat-Dependent Transcription Assays. Cell-free transcription assays
were carried out essentially as described (16, 17). Before the
transcription assays, modified aptamers were heated 1 min at
85°C in 20 mM Hepes (pH 7.9 at 20°C), 140 mM KCI, 3 mM
MgCl,, 2mM DTT, and 10 uM ZnSOy, and put on ice for 15 min.
In vitro transcription reaction contained 15 ul HeLa cell nuclear
extract, 20 mM Hepes (pH 7.9), 80 mM KCl, 3 mM MgCl,, 10
nM DNA template, 10 uM ZnSOy4, 2 mM DTT, 10 mM creatine
phosphate, 100 pg'ml~! creatine kinase, 1 pg poly[d(I-C)], 50
uM ATP, GTP, and CTP, 5 uM UTP, [a->?P]UTP (10 nCi), 1
unit-pl~! Rnasin, 200 ng recombinant Tat protein, and aptamers
at increasing concentration. The samples were incubated at 30°C
for 20 min. Transcription reaction was stopped with 50 ul of 150
mM sodium acetate solution, 0.5% SDS, 10 mM EDTA, and 20
pgml~! tRNA. The transcripts were extracted by phenol/
chloroform followed by ethanol precipitation. The reaction
products were then analyzed on 6% polyacrylamide, 7 M urea
gels and revealed by autoradiography. The full-length transcripts
were quantified with National Institutes of Health IMAGE 1.62
software.

Results

Design of R0624-Derived Aptamer Sequences. In vitro selection of
RNA candidates, within a library of about 10'> sequences with
a 60-nt variable region, against the TAR RNA structure of
HIV-1 generated hairpins recognizing the RNA target through
loop-loop interactions (11). Aptamer designed as R06,4 and
exhibiting the highest affinity for TAR RNA was chosen to
evaluate the effects of chemical modifications on its properties.
R06,4 displayed the 5'-GUCCCAGA-3" consensus sequence
characteristic for the selected aptamers, the six central bases of
which are complementary to the TAR loop (Fig. 1A4). In this
study, mini-TAR, a 27-nt long hairpin, which contains the
minimal motif for in vivo responsiveness (24), was used instead
of the full-length TAR. The selection was carried out against the
TAR motif of the BRU strain of HIV-1. The MAL variant
differs in particular by a U — C substitution in the loop (Fig. 14).
An aptamer selective for TAR MAL was previously derived
from the selected candidates by introducing A — G compensa-
tory mutation in the aptamer loop (11). Mini-TAR and R0624
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Fig. 2. UV-monitored melting transition of aptamer-mini-TAR complexes.
(A) First derivative melting curves of individual mini-TAR RNA and R06;4
variants: mini-TAR (thin line), R06,4 RNA (dotted line), and NP-DNA (bold line).
(B) First derivative melting curves of mini-TAR complex with R06,4 variants:
RNA (dotted line) and NP-DNA (bold line). Experiments were performed with
1 uM of each oligomer in 20 mM cacodylate buffer, pH 7.3 at 20°C, with 140
mM potassium chloride, 20 mM sodium chloride, and 0.3 mM magnesium
chloride.

are named BRU or MAL depending on their loop sequence.
When unspecified, mini-TAR and R06,4 refer to the BRU
version as described (11, 12). R06,4 2'-deoxy oligonucleotide N3’
— P5’ phosphoramidate (R06,4 NP-DNA) was investigated in
this study (Fig. 1B).

Melting Transition of TAR-Aptamer Complexes. Complex formation
was first characterized by thermal denaturation experiments
monitored by UV absorption spectroscopy. As observed with
mini-TAR and R06,4 RNA hairpins, the NP-DNA analog dis-
plays a single transition (7, > 80°C) independent of the
oligonucleotide concentration (Fig. 24). This finding indicates
that it folds as a hairpin likely similar to the parent RNA
aptamer. Therefore, the consensus 8-mer sequence is offered to
the target TAR RNA hairpin in a structural context appropriate
for loop-loop interaction. The effect of magnesium on kissing
complexes is well documented (25-27) and was extensively
characterized for the TAR-R06,4 RNA complex: magnesium
ions are required for stable loop-loop interactions (12). The
stability of the bimolecular complexes decreases with the mag-
nesium concentration but that of the corresponding monomo-
lecular hairpins is not as sensitive. We took advantage of this fact
to avoid overlapping of the monomolecular and bimolecular
melting transitions. The melting experiments were then per-
formed at 0.3 mM Mg?* even though the selection was carried
out at 3 mM. Two melting transitions were observed for com-
plexes between mini-TAR and R06,4 either in its RNA or
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Table 1. T, equilibrium, and rate constants for
aptamer-mini-TAR complexes

+ Mini-TAR Bru

kon, X 104 koff, X 104
Tm, °C M-1s1 s 1 Kg, NM
R0624 RNA 303+1.4 3.9+09 2.6 0.5 6.9 +29
R0624 NP-DNA  28.6 = 0.4 10.2 = 0.1 3.5+0.3 34+03

UV transitions of aptamer-mini-TAR complexes and individual hairpins
were monitored as described in Materials and Methods in a buffer containing
0.3 mM Mg?*. Tpps are the average and standard deviation of at least three
independent experiments. Kq was calculated as Koff/kon. Kd, kon, and ks are
the average of five sensorgrams: surface plasmon resonance experiments
were performed in R buffer (3 mM Mg?*) at 23°C as described in Materials and
Methods.

NP-DNA form (Fig. 2B): a first one above 60°C resulted from
the melting of the hairpin stems, whereas the second one below
40°C reflected the melting of bimolecular complexes (Table 1).

N3’ — P5’ Phosphoramidate and RNA Aptamers Display a Similar
Kinetic Behavior. Surface plasmon resonance was used to follow
the interaction of the sensor chip-immobilized mini-TAR with
the different aptamers in the BRU series. Sensorgrams obtained
with R06,4 RNA or NP-DNA aptamer injected over the mini-
TAR-functionalized surface are presented in Fig. 3. The ele-
mentary rate constants were obtained from direct curves fitting
of the sensorgrams assuming a pseudofirst-order model. The
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Fig.3. Sensorgrams of R06,4-mini-TAR complexes. Increasing concentration
of R0624, RNA (A) or NP-DNA (B) as indicated by the arrows were injected on
amini-TAR-functionalized sensor chip. Elementary rate constants, kon and Ko,
for bimolecular complex formation were deduced from direct fitting of these
plots according to Egs. 1and 2 (see Materials and Methods). Experiments were
carried out in R buffer (3 mM Mg?*) at 23°C.
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Fig. 4. Analysis of R0624~mini-TAR complexes at 23°C by EMSAs. (A) Radio-
labeled mini-TAR was incubated in R buffer at 23°C with increasing amounts
of R06,4 variants as indicated above each lane (nM). Thin and bold arrows to
the left indicate free mini-TAR and mini-TAR-R06,4 complexes, respectively.
(B) The percentage of the complex formed with mini-TAR [Bound (%)] was
determined by Instant Imager analysis and binding constants (Kq) were de-
duced from direct fitting of the curves according to Eq. 3.

NP-DNA aptamer-mini-TAR complex is slightly more stable
than the RNA one because of a faster association process:
kon was equal to 10.2 X 10* and 3.9 X 10* M~ !s~! for NP-
DNA-mini-TAR and RNA-mini-TAR complexes, respectively
(Table 1).

Chemically Modified Aptamers Bind Specifically to Mini-TAR RNA.
Binding constants of R06,4 RNA or NP-DNA with mini-TAR
were determined by using EMSAs in the presence of 3 mM
magnesium ions in the gel. Formation of the complex with
radiolabeled mini-TAR results in the appearance of a single
slowly moving band characteristic of a (1:1) complex stoichiom-
etry (Fig. 44). The apparent dissociation constants (Kq) for the
R0624 RNA-mini-TAR complex, 6.2 = 0.9 nM (Table 2),
determined by direct fitting of the titration curves to Eq. 3 (Fig.
4B), agrees well with the one found previously in solution (2.0 =
0.4 nM) (12). Binding affinity for the complexes with the
NP-DNA analog is in the low nanomolar range as well (Kq =
1.5 = 0.1 nM). In contrast, the unmodified DNA aptamer binds
very poorly (Kg > 1,000 nM, data not shown). The stability of
complexes formed by the BRU and MAL mini-TAR targets with
the RNA and NP-DNA compounds (Table 2) resides primarily
in the Watson-Crick base pairs involved in the loop-loop
interaction (12). Indeed mismatched BRU/MAL complexes are

Table 2. Apparent dissociation constants Kq (nM) of complexes
formed by R0624 aptamers, in the RNA or NP-DNA series, with
mini-TAR variants

R0624 Mini-TAR BRU Mini-TAR MAL
RNA
BRU 6.2 +0.9 >1,000
MAL 92 =17 6.6 £ 1.5
(@V] 634 + 94 >1,000
NP-DNA
BRU 1.5*=0.1 >1,000
MAL 12313 1.7 =0.2
CcuU 114 = 38 >1,000

K4 determined by EMSA at 23°C as described in Materials and Methods are
the average and standard deviation of two or three experiments.
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Fig. 5. Inhibition of Tat-TAR interaction by R06,4 NP-DNA aptamers. The
R06,4 NP-DNA aptamer was used with either GA (Left) or CU closing nucleo-
tides (Right). 32P-labeled mini-TAR (2 nM) was run in the absence (lane 1) or
presence of 100 nM of Tat peptide (Tat36; lanes 2, 4-7, and 9-12). Aptamer
variants were added either to mini-TAR alone (lanes 3 and 8) or the mini-TAR-
Tat peptide complex at the concentration (nM) indicated at the top of each
lane. Experiments were analyzed on a 10% polyacrylamide gel in Tris-borate
buffer, pH 8.3 at 20°C, containing 20 M magnesium acetate, after incubation
in R buffer as described in Materials and Methods.

less stable than the matched ones (Table 2): regardless of the
oligonucleotide chemistry, the BRU aptamer hardly binds to
mini-TAR MAL (K4 > 1,000 nM) because of the substitution of
an A-U pair by an AC mismatch. The crossed complexes
aptamers MAL/mini-TAR BRU are less unstable (Kq = 92 +
17 nM in the RNA series), which is in good agreement with a GU
mismatch being thermodynamically more stable than an AC one.
If the loop complementarity between the aptamer and mini-
TAR is restored, the complex with MAL is as stable as the one
with BRU for either RNA or NP-DNA aptamers.

We also tested a mutation of the GA “pair” closing the loop
of the aptamer that was previously shown to be crucial for the
loop—loop complex stability (12). As described for RNA-RNA
complexes (11, 12), the GA to CU substitution dramatically
decreases the stability of the R06,4 NP-DNA/mini-TAR com-
plex: the Ky value for the CU variant is lowered by 2 orders of
magnitude for the NP-DNA analog as well as for the RNA
parent aptamer (Table 2). Therefore the loop closing GA
combination of the NP-DNA is also crucial for the complex
stability.

In Vitro Inhibition of Tat Binding by R06,4 NP-DNA Aptamer. We used
a Tat peptide (Tat3e) containing the amino acid residues 37-72,
which includes the major part of the conserved hydrophobic core
and the entire glutamine region of the Tat protein (HIV-1 BRU
strain). This peptide was shown to mimic major properties of the
intact protein for binding to TAR RNA (23). EMSA with the
aptamer—-TAR RNA complex are usually performed at 3 mM of
magnesium ions. Tat-TAR interaction cannot be detected by
EMSA under this condition. Studies of Tat peptide—TAR com-
plexes by EMSA were actually generally performed without
magnesium in the gel (23, 28). This effect was further charac-
terized in solution (29). Magnesium concentration above 10 mM
prevents Tat binding to TAR but the interaction is relatively
unaffected by concentrations up to 1 mM. A systematic band-
shift assay study was then conducted to determine the concen-
tration allowing the binding of both aptamers and Tat to TAR.
Both complexes could be detected at 20 uM Mg?* (Fig. 5, lanes
2 and 3). Despite the reduced affinity of the R06,4 NP-DNA
compared with that under in vitro selection conditions (50% of
band target RNA at 2 uM of aptamer) we observed specific
inhibition of Tat binding to TAR (Fig. 5). The addition of
increasing amounts of R06,4 NP-DNA reduced the intensity of
the band corresponding to the TAR-Tat peptide complex (Fig.
5, lanes 4-7). The presence of 500 nM R06,4 NP-DNA aptamer

Darfeuille et al.
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transcription products produced from the HIV template in the presence (lane 1) or absence (lane 2) of Tat and of increasing concentration of phosphoramidate
aptamers GA (lanes 3-8) and CU (lanes 9—-13). The run-off (p) and internal artificially terminated (7) products are marked. (C) Normalized amounts of full-length
transcripts as a function of aptamer concentration: NP-DNA(GA) (bold line), NP-DNA(CU) (dotted line).

caused almost complete dissociation of the Tat peptide—mini-
TAR BRU complex. A much less efficient competition was
observed when the aptamer with the CU closing combination
was substituted to the “wild-type” GA sequence (Fig. 5, lanes
9-12). At high concentration of the CU variant (2 uM) we
observed an inhibition of Tat-TAR interaction that was related
to nonspecific interactions with the Tat peptide as no band
corresponding to the TAR-aptamer complex was detected (Fig.
5, lane 12).

Inhibition of Tat-Dependent Transcription by Modified Kissing Apta-
mers. The ability of the NP-DNA analog to inhibit the in vitro
transcription of a DNA template containing the HIV-1 long
terminal repeat (strain NL4-3) in the presence of HeLa cell
nuclear extract and of the HI'V Tat protein was then investigated
(Fig. 6). Increasing the concentration of R06,4 NP-DNA(GA)
decreased the production of the p and 7 transcripts with an ICs,
of about 400 nM (Fig. 6A4). The observed effect is specific as the
NP-DNA(CU) variant does not significantly inhibit the tran-
scription compared with the NP-DNA(GA) aptamer (Fig. 6B).
The low inhibitory effect observed with the RNA aptamer
(ICsp > 4 uM) likely results from rapid degradation of the RNA
aptamer by nucleases present in the HeLa nuclear extract (data
not shown). The specific inhibitory effect of R06,4 on the in vitro
transcription was further assessed by using a DNA control
template containing a cytomegalovirus promoter. None of the
NP-DNA aptamers inhibits the transcription of this control
template even at a concentration of 4 uM (data not shown).

Discussion

Hydrolytic cleavage by cellular nucleases drastically restricts the
use of RNA as a therapeutic agent (30). Numerous analogs that
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circumvent this problem have been proposed, and several prom-
ising candidates have been recently described for antisense
studies (31). One way to increase RNA resistance is to modify the
internucleoside phosphodiester bond by introducing N3" — P5’
phosphoramidate linkages. We investigated the properties of a
NP-DNA analog of RNA aptamer, R06,4, raised against the
TAR RNA hairpin of HIV-1 (11). This modification was shown
to be thermodynamically favorable with respect to duplex for-
mation with complementary RNA strands that mimic the con-
formation of RNA-RNA complexes.

As previously reported (12), there is no direct correlation
between the thermal stability of the aptamer stem and the
complex formed with the TAR RNA. Indeed, despite the high
stability of the NP-DNA analog (7, > 80°C; Fig. 2) over the
RNA aptamer, the R06,4 NP-DNA-TAR complex is slightly less
stable than the parent one. NMR studies of two different RNA
kissing complexes showed a continuous stacking from one
hairpin stem to the other one, through the loop-loop helix (27,
32). The loop complementarity is a key feature for RNA kissing
complex formation. Indeed, all mismatched RNA-RNA TAR-
aptamer complexes formed between BRU and MAL hairpins
are destabilized compared with the matched BRU-BRU and
MAL-MAL complexes, which is likely caused by the presence of
a non-Watson—Crick base pair in the loop-loop duplex. This
finding is also true for the NP-DNA aptamer—-TAR complexes.
The nucleotides closing the loop of this phosphoramidate
aptamer are crucial for kissing complex stability as for the parent
RNA aptamer. The replacement of the selected GA by CU
nucleotides is thermodynamically unfavorable, leading to a
AAG®53:c loss of +10.7 kJ/mol in the case of the NP-DNA-BRU
complex. All of the structural determinants that have been
shown to play a key role for RNA-RNA kissing complex stability
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(namely a loop complementary to the TAR loop, closed by GA
residues, followed by a stable double-stranded stem) therefore
are also crucial for the complex formed by the N3’ — P’S
phosphoramidate aptamer and mini-TAR. This finding suggests
that both RNA-RNA and RNA-NP-DNA complexes may adopt
close overall conformations at least at the aptamer stem/loop-
loop helix junctions, keeping similar stacking interaction, thus
accounting for comparable thermodynamic stability. This con-
clusion is further supported by CD experiments on both com-
plexes (data not shown). Only slight differences in CD spectra
are observed, which likely originate from those reported in the
structure of an A-type helix NP-DNA duplex (22).

The binding sites for the R06,4 aptamer and the Tat peptide
on TAR RNA do not overlap: the aptamer binds to the 6-nt
apical loop whereas the Tat protein recognizes the pyrimidine
bulge and adjacent nucleic acid bases. Nevertheless the NP-DNA
aptamer specifically competes with Tat binding to the mini-TAR
target through a teleospecific effect (Fig. 5B). R06,4 NP-DNA
binding likely induces or prevents conformational changes that
interfere with Tat binding to the bulge. Indeed, structural studies
have shown that binding of Tat to TAR reduces the conforma-
tional flexibility of the TAR RNA and induces structural
rearrangements in the trinucleotide bulge, resulting in new
contacts between Tat and the nucleoside adjacent to the bulge
(33). The Tat peptide is actually sensitive to the geometry of the
TAR loop, even though no direct interaction is involved: its
binding to a TAR element in which the three guanosines of the
loop have been substituted by three adenosines is weakened
(datanot shown). Even though the structural features brought by
the modification do not affect the stability the loop-loop inter-
action, binding of the NP-DNA aptamer likely induces a con-
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formation of the TAR bulge neighborhood different from the
RNA aptamer as only the former competes with the Tat peptide
for TAR binding.

Recent studies have shown that the transcriptional transacti-
vation of the HI'V-1 genome required the specific binding of the
positive transcription elongation factor (P-TEFb)-cyclin T1-
CDKO kinase ternary complex to the TAR loop together with
Tat binding to the bulge (14). In vitro assays reported here clearly
demonstrated that the NP-DNA kissing aptamer specifically
inhibited the HI'V-1 Tat-mediated transcription with an ICs of
about 400 nM. This finding might result from competition with
both Tat to the bulge (see above) and components of the P-TEFb
complex to the TAR loop. Anti-TAR oligonucleotides were
shown to specifically block the interaction of Tat with TAR in
vitro and inhibit the Tat-mediated transactivation of the HIV-1
transcription (16, 17, 19). Therefore, kissing aptamers that
engage at most 6 bp with TAR rival longer antisense oligonu-
cleotides complementary to both the bulge and the loop. We
have shown that a compound targeted only to the loop efficiently
inhibits the Tat-mediated transcription.

In conclusion, we showed that a posteriori chemical modifi-
cations of nucleic acid-based aptamer targeted to RNA structure
can extend the range of molecules that interfere with interactions
or processes mediated by functionally important RNA elements.
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