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ABSTRACT: The transactivating responsive (TAR) element is a RNA hairpin located in the 5" untranslated
region of HIV-1 mRNA. It is essential for full-length transcription of the retroviral genome and therefore for
HIV-1 replication. Hairpin aptamers that generate highly stable and specific complexes with TAR were
previously identified, thus decreasing the level of TAR-dependent expression in cultured cells [Kolb, G., et al.
(2006) RN A Biol. 3, 150—156]. We performed genomic SELEX against TAR using a human RNA library to
identify human transcripts that might interact with the retroviral genome through loop—loop interactions and
potentially contribute to the regulation of TAR-mediated processes. We identified a genomic aptamer termed
al that folds as a hairpin with an apical loop complementary to five nucleotides of the TAR hexanucleotide
loop. Surface plasmon resonance experiments performed on a truncated or mutated version of the al aptamer,
in the presence of the Rop protein of Escherichia coli, indicate the formation of a highly stable al—TAR
kissing complex. The 5 ACCCAG loop of al constitutes a new motif of interaction with the TAR loop.

In prokaryotes, loop—loop interactions between RNA hair-
pins, so-called kissing complexes, participate in the regulation
of numerous cellular processes (/—3). As an example, the
replication of the ColEl plasmid in Escherichia coli is regulated
by the formation of a natural kissing complex between two RNA
hairpins displaying complementary loops (4—7). A limited num-
ber of examples are available in eukaryotes: it has been demon-
strated that the dimerization of the HIV-1' RNA is also initiated
by the formation of an RNA loop—loop complex involving the
DIS (dimerization initiation site) hairpin loop structure (§—10).

Numerous aptamers were generated against RNA structures
such as the yeast tRNAP™ the dimerization initiation site
of HIV-1 mRNA, or regions of the hepatitis C virus mRNA
(11—16). All these aptamers adopt hairpin structures that bind to
their cognate target hairpin through loop—loop interactions.
Kissing aptamers such as RNA aptamer R06 were also obtained
against the transactivation responsive (TAR) RNA element of
HIV-1 (17—-20), an imperfect 59-nucleotide RNA haipin located
at the 5 end of the 5 untranslated leader region of HIV-1
mRNA. Upon binding to the viral protein Tat and to host
proteins, TAR allows the efficient full-length transcription of the
retroviral genome and is therefore essential for HIV-1 repli-
cation (21—27). Anti-TAR RNA aptamer R06 was shown to
reduce the level of TAR-dependent expression of reporter genes
in cultured cells (20).
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It was previously reported that the HIV genome contains
a hairpin named TAR* susceptible to giving rise to Kissing
interaction with TAR (28—30), but no function was described
for this viral RNA element. As kissing interactions result in
strong RNA—RNA association, we wondered whether transcript
(s) from the host cell could be identified that might generate stable
complexes with the TAR RNA through loop—loop interaction,
thus constituting potential regulatory element(s) for the viral
infection. To address this question, we conducted a genomic
SELEX experiment (37, 32). Genomic SELEX allows the identi-
fication of RNA fragments that might reflect natural interactions
with the chosen target, very generally a protein. We extended this
approach to the identification of RNA—RNA interactions using
the TAR hairpin as a target. Indeed, genomic SELEX previously
enabled the discovery of novel noncoding RNAs (33). We
identified genomic RNA aptamers able to interact with the
TAR RNA element through loop—loop interactions. We char-
acterized an aptamer, forming a stable kissing complex with
TAR and containing a motif that was not fished out in pre-
vious SELEX experiments conducted with synthetic RNA
libraries (18, 19).

MATERIALS AND METHODS

Library and Oligonucleotide Synthesis. The starting geno-
mic DNA library has been generated from double-stranded
fragments of genomic DNA from human placenta. Genomic
DNA was incubated with random primers containing nine-
nucleotide random sequence and a fixed forward primer (5 AG-
GGGAATTCGGAGCGGGGCAGCNy) or a fixed reverse
primer (5 CGGGATCCTCGGGGCTGGGATGNy). After a
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Klenow extension step, PCR amplification and size fractionation
were conducted. Genomic sequences have been flanked by 5’ and
3" additional primer regions to enable the PCR amplification of
the library, the T7 transcription reaction, the reverse transcrip-
tion, and the PCR amplification of selected sequences. The two
oligonucleotides used, Fixfor containing the T7 transcription
promotor (underlined) (5 CCAAGTAATACGACTCACTA-
TAGGGGAATTCGGAGCGGG) and Fixrev (5 CGGGAT-
CCTCGGGGCTG), have been synthetized by Eurogentec.
Variants of RNA aptamers were synthesized in our laboratory
on an Expedite 8909 synthesizer (Applied Biosystems) as well as
the TAR sequence 5 CGCCAGAUUUGAGCCUGGGAGC-
UCUCUGGCG. All oligonucleotides were purified by electro-
phoresis on denaturing 20% polyacrylamide, 7 M urea gels.

The TAR RNA stem—loop structure used in this study was
restricted to nucleotides C18—G44 of the HIV-1 TAR element.
The hairpin stem was lengthened by two GC pairs at the bottom
and was biotinylated at the 3’ end.

Transcription of the Genomic Library. The DNA genomic
library (6 ug) was transcribed at 37 °C for 2 h in a final volume
of 40 uL using the Ampliscribe T7 high-yield transcription
kit (Epicentre Technologie). DNase I treatment was performed
(2 uL at 1 unit/uL) at 37 °C for 30 min. Transcription products
were purified by phenol (pH 4.3)/chloroform extraction and
ethanol precipitated. The resuspended pellet was purified on
Sephadex G-25 Fine (GE Healthcare). The RNA amount was
quantified by UV absorption at 260 nm. Genomic RNA candi-
dates were then ready for the first round of selection in R buffer
[20 mM HEPES, 20 mM sodium acetate, 140 mM potassium
acetate, and 3 mM magnesium acetate (pH 7.4)].

Genomic SELEX Procedure. (i) Counterselection. To
eliminate nonspecific binders, the genomic RNA pool was
submitted to a counterselection step prior to each round of
selection. The RNA pool was heated at 95 °C for 1 min in water,
cooled to 4 °C for 1 min, and left at room temperature for
5 min in R buffer. Then, 250 pmol of the genomic RNA library
(or decreasing amounts of the selected RNA pool in the
successive rounds) was incubated in 100 uL of R buffer for
15 min at room temperature (23 °C) with 100 ug of strepta-
vidin MagneSphere Paramagnetic beads (Promega) (or 1 mg
of Dynabeads M-280) previously equilibrated in R buffer for
10 min. The supernatant was recovered for proceeding to the
positive selection step. Bound RNA candidates were eluted from
the beads and quantified by UV absorption at 260 nm.

(ii) Positive Selection. The TAR RNA target was heated at
65 °C for 3 min, chilled in ice for 1 min, and folded at room
temperature for 5 min in R buffer. Then, 10 pmol of the target
was mixed in a final volume of 100 uL of R buffer, with 100 ug of
streptavidin magnetic beads from Promega (or 1 mg of Dyna-
beads M-280) at room temperature for 10 min. After the free
target had been discarded, 250 pmol of the counterselected
library was added to the beads and incubated at room tempera-
ture in a final volume of 100 uL of R buffer for 15 min. Non-
selected candidates were removed, and the beads were washed
once with 100 uL of R buffer. The target-bound candidates were
eluted in 80 uL of water by being heated at 80 °C for 45 s. Selected
RNAs were copied into cDNA with 240 units of M-MLYV reverse
transcriptase RNase H™ point mutant (Promega) for 50 min at
50 °C in a final volume of 20 L. Then, PCR amplification was
performed for 10 cycles in a final volume of 1 mL, using 40 units
of Ampli Taq gold (Applied Biosystems) and Fixfor and Fixrev
primers. After phenol (pH 8)/chloroform extraction and ethanol

Biochemistry, Vol. 48, No. 26, 2009 6279

precipitation, PCR products were purified with nucleospin
Extract II (Macherey-Nagel), transcribed, and submitted to
a DNase I treatment as described for the genomic library.
RNA candidates were then ready for the next round of selection.
The stringency of the selection increased from one round to the
other (see Table S1 of the Supporting Information).

Electrophoretic Mobility Assay on Nondenaturing Gels.
The genomic RNA library and RNA pools from each round of
selection have been treated as described previously in TBM buffer
[89 mM Tris-borate (pH 8.3) and 5 mM MgCl,] containing 5%
glycerol. One microgram of each sample was loaded on a 12%
(w/v), 75:1 acrylamide/bisacrylamide gel, in TBM buffer, and run
at 15 W for 3—4 h (16.5 cm x 21.5 cm). The gel was stained with
ethidium bromide (0.5 ug/mL) for 30 min and washed twice with
water. The RNA species were analyzed by UV detection.

Surface Plasmon Resonance (SPR) Measurements.
SPR experiments were performed with a Biacore 3000 apparatus
as described previously (34, 35). All experiments were conducted
in R buffer. For the analysis of al RNA variants, 350 ru
(resonance units) of biotinylated TAR (50 nM) was immobilized
on an activated SA sensor ship coated with streptavidin. As a
negative control, a nonrelevant RNA hairpin has been immobi-
lized on another channel. Aptamer samples were prepared in R
buffer as described previously, at different concentrations ran-
ging from 500 nM to 4 uM; 80 uL of each sample was injected at a
flow rate of 20 uL/min, at 23 °C. The dissociation was observed
for 600 s. Between two injections, the target was regenerated with
20 mM EDTA, 100 mM EDTA, or 40% formamide. Then the
target as well as the needle and the integrated fluidic cartridge
were washed with R buffer. To evaluate the binding of Rop to the
kissing complex, 20 uL of the aptamer (2 uM) was coinjected with
20 uL of Rop from 0.5 to 40 uM, at a rate of 20 uL/min, at 5 °C.
The sensorgrams were analyzed with BIAeval version 2.2.4.

Cloning and Sequencing. An additional elongation step
(10 min, 72 °C) was performed to enable the addition of a single
deoxyadenosine at the 3’ end of the PCR products so they could
be cloned into the TOPO TA cloning vector (Invitrogen). E. coli
TOP10 One Shot cells were transformed according to the
manufacturer’s instructions. Clones from the sixth round
were sequenced with the BigDye Terminator version 3.1 Cycle
Sequencing Kit (PE Applied Biosystems). Sequences were ana-
lyzed via 4Peaks version 1.7.2 (4Peaks by A. Griekspoor and
T. Groothuis, mekentosj.com)

Rop Expression. Rop mutagenesis was performed using the
p2R plasmid containing the Rop sequence, kindly provided by
B. Bishop and L. Regan, using the Quickchange TM XL site-
directed mutagenesis kit (Stratagene) according to the manufac-
turer’s instructions. The Phel4 residue essential to the kissing
RNA—-RNA—Rop complex was substituted with an Ala residue
that abolishes the interaction between Rop and loop—loop
complexes (36). The purification of the mutated Rop protein
was performed as described by Predki et al. (36) using BL21
(DE3) E. coli cells. The Rop protein with a six-histidine tag was
expressed and purified as previously described by Di Primo and
Lebars (37).

RESULTS

Genomic Selection against the TAR RNA Element.
Genomic selection was performed using a RNA library genera-
ted by in vitro transcription of the whole human genome
(exonic, intronic, and intergenic sequences), against a chemically
synthesized RNA hairpin derived from the TAR element.
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FiGure 1: Secondary structure of the TAR RNA element of HIV-1 and of aptamer—TAR complexes. (a) Hairpin derivative corresponding to the
top part of TAR, used for in vitro genomic selection. Two G - C pairs were added at the bottom of the stem. In addition, the 3’ end was biotinylated.
(b—e) Kissing complexes between TAR and various hairpins. Mutations were introduced into truncated al genomic aptamers (b and c).
C5 (b) stands for a non-nucleotide spacer made of three methylene groups. Previously studied kissing anti-TAR hairpins R06 (d) and TAR*
(18, 29) are given for the sake of comparison. The consensus 5 CCCAG sequence of the aptamer loop and critical positions are indicated.
Potential Watson—Crick base pairs of the loop—loop helix are represented as gray dots.
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FiGure 2: Evolution of the genomic selection against TAR. (a) Electrophoresis on a nondenaturing 12% polyacrylamide gel of the candidates
contained in the genomic library (lane L) or in selected RNA pools (rounds 1—6 in lanes 1—6, respectively). (b) SPR analysis of complexes formed
between biotinylated TAR (immobilized) and RNA sequences from either the library or the pools obtained after rounds 1—7 as indicated to the
right of the panel. Samples (80 #L at 500 nM) were injected on the surface at a flow rate of 20 uL/min in R buffer (see Materials and Methods for

details).

This truncated hairpin, 31 nucleotides in length, corresponding to
the top part of the retroviral RNA structure retains the protein
binding properties of the full-length element. It has been used
throughout our study (Figure 1a). The stem is extended by two
additional G-C pairs at the bottom for locking the hairpin
in the folded conformation. In addition, the TAR derivative
is biotinylated at the 3’ end for capture by streptavidin beads or
immobilization on sensor chips.

The selection pressure has been adjusted all along the SELEX
procedure, to select the genomic sequences that display the
highest affinity for the TAR target. The concentration of the
RNA candidates and of the RNA library has been decreased in
every round. Moreover, the candidate:target ratio has been kept
high to promote competition between candidates (Table S1 of the
Supporting Information). Six selection rounds were performed in
R buffer as described in Materials and Methods.

Specific and nonspecific interactions of candidates with beads
either naked or bearing the TAR hairpin have been quantified
by UV absorbance at 260 nm for each round. When the back-
ground was increasing, beads were exchanged (see Materials and

Methods). Alternating different types of streptavidin beads
allowed us to keep the background stable and low during the
selection procedure. No significant binding was detected with the
population issued from the first five rounds of selection, whereas
limited interaction was observed in the sixth round (not shown).
The evolution of the RNA pool was monitored by electrophore-
tic mobility on a nondenaturing polyacrylamide gel (Figure 2a).
Rounds 1 and 2 showed the same migration pattern as the
genomic library; i.e., no discrete band was observed. The presence
of a smear is explained by the size of the fragments in the library,
ranging from 100 to 800 nucleotides (32). From round 3, distinct
bands were detected corresonding to over-represented species,
indicating that the population evolved.

The affinity of the different RNA pools selected against TAR
was measured by SPR (see Materials and Methods). Sensorgrams
revealed a marked evolution of the binding of the candidates
to the TAR hairpin immobilized on the chip. The magnitude of
the signal increased progressively from round 2 to 6 and then
decreased for the population of the seventh round (Figure 2b).
Such an evolution is frequently observed and might be related to
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anti-TAR 5- CGCCAGAGAGCUCCCAGGCUCAAAUCUGGCG
TAR® 5- GCUG ACAGC
RO 5- UCAACACGIGUCCCAGAICGUGUUGA
#  Lengh(nt)
Family A 15 103 5- UGUAUUGGCGCGAUCGCGGCUCACUGAAAGCUCCGCCUCCCAGGUUCACACCAUUGUG
Family B 9 151 5- .AGAUCUCACAGCUCCAGGUUCUGGGCCUACCUGGUAGIICCCAGCUGCCAGGCUGGCCCCUAUGGAUACAGGCCCCUAG
Family C R 135 s cucssut\gigggigcuncucAGGAGGCuGAGGCAGGAGAAUGGCGUGAACUGGGG.
Family D 3 7 §- AUAACCUGUA CUACUUGUGAGG
Family € k] 124 5- CUAGUGUUAGGCACCUCCUCUUCUCUGGCUGCIGUCCCAGAIGCAGCUAAGAVUGACAGAGGUCGGCUAUAGUUAUGAUGUG
Family £ 5 69 5- cuuuGCCAcuA-umunc_g
Family G 2 84 5- CACCAAACACAUAGGUCCCAGCGUGUGUGCUEECAGCCC
Orphan sequence 1 m 5- GAAGGUAGGUGAUGUGACAUUUCCUCAAGUCUCCCAGCAGCAGGUAUCAGCACCAACUCUCACAACUC

FiGure 3: Genomic RNA sequences selected against TAR RNA. The number of identical sequences selected (#) and the lengh of the sequences
are given at the left. The sequences fully complementary to TAR, TAR* (29, 30), and R06 (18, 34) are given at the top for direct comparaison with
selected sequences. Structure prediction was conducted using Mfold. Predicted loops are boxed, whereas double-stranded stems are underlined.
All sequences termed A—G as well as an orphan sequence displayed a 5 CCCAG consensus motif complementary to part of the TAR apical loop
sequence. The sequence complementary to the TAR loopisindicated (light gray). The A residue (dark gray) in sequence B is characteristic of a new

kissing motif (see the text).

the ability of a given sequence to be amplified whatever its
binding efficiency. No signal was observed on a channel on which
a nonrelevant RNA hairpin was imobilized, indicating that
binding to TAR was specific. The candidates of the sixth round
were cloned and sequenced.

Identification of Selected Genomic RN As against TAR.
The sequences of 41 candidates have been compared. Whereas
the starting genomic library consisted of sequences ranging from
100 to 800 nucleotides, selected sequences ranged from 69 to
151 nucleotides in length. The shortening of the selected candi-
dates has been previously noticed and is likely due to the reverse
transcription step (32). The sequence alignement shows that the
selection has generated seven different sequences (A—G) and one
orphan sequence. Selected genomic sequences are presented in
Figure 3. Interestingly, all sequences displayed a § CCCAG
consensus complementary to five nucleotides of the TAR apical
loop (5 CUGGG). Moreover, all sequences except sequence A
and the orphan sequence are predicted to fold into a hairpin
structure, the loop of which corresponds to the sequence com-
plementary to the TAR loop (38). The predicted secondary
structures are given in Figure S1 of the Supporting Information.

Sequence A is the most represented (15 identical candidates,
103 nucleotides in length). The candidate includes a stretch of
12 nucleotides complementary to TAR (except the second U
of the TAR bulge). Sequence B, 151 nucleotides in length, is
represented nine times. Candidates C and D show very similar
sequences of different lengths (73—135 nucleotides). All of them
display a 5 UCCCAG loop sequence fully complementary to the
TAR one. This loop is identical to that of the rationally designed
TAR* hairpin described previously (29, 30). Candidates E and
F were 124 and 69 nucleotides long, respectively. Both sequences
show a 5 GUCCCAGA loop sequence, which is characteristic
of the previously identified R06 anti-TAR aptamer, i.e., a loop
complementary to the TAR one framed by a G,A combina-
tion (18, 34). Lastly, the two G sequences display two times the
sequence complementary to the TAR loop (Figure 3). Therefore,
the selection of candidates B—G might have been driven by the
formation of kissing complexes with TAR, as demonstrated
previously for other aptamers targeted to RNA hairpins (11, 18).

Genomic RNA Aptamer Properties. The binding proper-
ties of selected genomic sequences A—G were evaluated by
SPR. Equilibrium dissociation constants (Ky) ranged from low
to high nanomolar: B (Kg =44 + 1.6 nM) > F (K4 =9.0 £
0.9nM)>G (Kg=14.1+ 1.20nM) > A (K4=174 £ 1.9 nM)

Table 1: Rate (k,, and ko) and Equilibrium Dissociation (K4) Constants
of the RO6—TAR Complex and Various Aptamer al.16—TAR Kissing
Complexes in R Buffer at 23 °C*

kon (x10* M7 s ko (x1073 571 K4 (nM)
RO6 6.30 +0.60 1.10+0.10 17.00 £3.00
al.16 4.23+0.12 0.57 £0.01 13.60 £0.39
al.16C; 6.784£0.03 19.15 +1.35 282.00 4 21.00
al.l6U 10.83 £0.20 2.8840.22 26.60+£2.16
al.16G 3.88 40.40 430+0.24 111.67+£5.04
al.16C 6.01+0.30 94.66 + 7.45 > 1000
al 24(GA) 3.34+0.13 11.60 +0.70 348.50 4 34.50

“see Figure 1 for variant sequences.

> E (K4 = 40.9£8.6nM) > D (K4=136 £ 8§ nM) > C(Ky4=
297 + 11 nM). The binding constants of sequences E and F
are in fair agreement with the results previously obained for
R06 [K4 = 17 nM (34)] which shares the same loop sequence.

Sequence B is the strongest TAR binder even though the
formation of at most 5 bp in the loop—loop helix is expected,
due to the presence of an A at the 5 position of the aptamer loop.
We focused on this " ACCCAG loop sequence and characterized
in more detail the binding of candidate al.

In contrast to aptamer R06 identified previously which has
an eight-nucleotide loop, genomic aptamer al is characterized by
a predicted six-nucleotide loop, five nucleotides of which are
complementary to the TAR one. We investigated the role of the
A residue located on the 5 side by monitoring the affinity of
different al variants (Figure 1b,c). Toward this end, a truncated
version of the genomic RNA aptamer has been synthetized,
called al.16. This shortening slightly reduced the stability of the
complex (Ky = 13.6 + 0.4 nM) compared to that of the parent
molecule (Table 1). The replacement of the 5 A with a non-
nucleotide linker (three carbons) led to a Ky value of 282 + 21
nM. The substitution of A at the 5’ position of the loop with
either U, G, or C led to a destabilization of the complex, the
amplitude of which increased in this order (Table 1). The al.16
(A—U)—TAR complex was the most stable of the mutated
complexes; this might be due to the formation of an additional
A-U pair at the end of the loop—loop helix. In contrast, the
presence of C was detrimental to the aptamer—TAR association
(Kg > 1 uM).

On and off rate constants for al-TAR (k,,, = 4.23 X 10°M s
and ko = 0.57 x 107 s7") were approximatively 2 times lower
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FIGURE 4: Rop binding to TAR —aptamer complexes. Biotinylated TAR was immobilized; aptamers and Rop protein were passed over the SPR
instrument on the surface at a rate of 20 uL/min in R buffer (see Materials and Methods for details). Sensorgrams were obtained with either
full-length al (a and b) or the truncated al.16 aptamer at 2 uM (panel c; see Figure 1b). Wild-type Rop (a and c¢) or mutated Rop F14A (b and ¢)

was used at the indicated concentration.

than those of the R0O6—TAR kissing complex (ko, = 6.30 x
10* M~ 57! and kop = 1.10 x 1073 s7!) (Table 1) (34).
Interestingly, affinity variation was generally due to off rate
differences, the kg for the weakest binder (al.16C) being 2 orders
of magnitude higher than that of the parent aptamer (Table 1).
For the A sequence, the on and off rate constants were 9.52 x
10°M ™" s and 1.65 x 10~* s, respectively.

We wondered whether the 5 ACCCAG motif could generate
strong interaction in the context of the previously identified R06
kissing aptamer. This hexanucleotide has been substituted for the
original sequence in the eight-nucleotide loop closed by G and
A residues. The resulting variant, al.24, was still predicted to fold
into a hairpin. The dissociation constant of the complex it formed
with TAR was ~350 nM, i.e., more than 1 order of magnitude
higher than that of the RO6—TAR complex. These results
demonstrated that both the loop and the top of the stem of the
genomic aptamer al are crucial for strong interaction with TAR.

Rop Recognition of the al—TAR Complex. Rop (repres-
sion of primer) protein from E. coli interacts specifically with and
stabilizes the loop—loop interaction of the RNAI-RNAII
regulatory complex. It is known to recognize natural and
artificial kissing complexes (4, 39, 40). We investigated the
interaction between Rop and the genomic aptamer—TAR com-
plex by SPR. As shown in Figure 4a, a resonance signal was
detected when Rop was injected in the presence of al on a chip on

which TAR was immobilized. Such a signal was not observed
when Rop was added in the absence of al, indicating that the
protein interacted with the al—-TAR complex. No signal was
detected either when the mutated Rop (F14A) protein which does
not bind to kissing complexes was used (Figure 4b). Similar
results were obtained with the truncated al.l6 derivative
(Figure 4c). This strongly suggests that the al—TAR complex
involves loop—loop (kissing) interaction. The equilibrium dis-
sociation constant of Rop for the al.16—TAR complex is rather
high (Kq > 40 uM).

The al—TAR Kissing Complex Does Not Correspond to
a Natural Interaction. Genomic SELEX has been performed
to identify genomic RNA aptamers that might reflect a natural
interaction between the TAR RNA element of HIV-1 and human
transcripts. As the starting library was generated by in vitro
transcription of the entire genome (32), selected sequences might
actually not correspond to natural transcripts in the cell. We have
localized selected sequences on the human genome using the
humanBLAT software (http://genome.ucsc.edu/cgi-bin/hgBlat).
The al sequence was localized on chromosome 16(p12.2) and
corresponds to the complementary sequence of one intron of the
BC056679 transcript. The al sequence did not correspond to any
identified human transcript, taking into account available data-
bases. Moreover, RT-PCR experiments conducted with RNA
extracted from different human cell lines (AGS, H9, HEK-293,



Article

Hela, Jurkat, THP-1, and U937) did not allow the detection of
a natural transcript containing al. Investigations are under way
for other selected sequences.

DISCUSSION

Genomic SELEX allows the identification of putative func-
tional interactions involving RNA motifs. Because of the way the
library is built, the starting RNA pool does not depend on the
level of differentially expressed RNAs (with respect to different
developmental stages or growth conditions), or RNAs expressed
in low abundance (32). In addition, it may allow the detection of
interactions involving noncoding RNAs. Conversely, in vitro
synthesized RNAs derived from the entire genome do not
represent celullar RNA species. Genomic SELEX carried out
against the TAR element of HIV-1, using a human RNA pool,
led to the identification of several aptamer sequences. Even
though a natural transcript containing the selected candidates
could not be identified, these aptamers which display a strong
affinity for the target RNA hairpin are artificial ligands of
interest.

All selected sequences possess a 5 CCCAG consensus motif
complementary to part of the 5 CUGGGA TAR hexaloop
sequence. All of them but sequence A were predicted to form
hairpin structures, the 5-CCCAG motif being included in the
loops. Interestingly, the two main families, A and B, exhibit
similar binding affinity. In vitro selection shows that different
binding modes may give rise to stable RNA—TAR com-
plexes. The results obtained for the B—G aptamers suggest that
these oligonucleotides interact with TAR through loop—loop
association in agreement with previous studies. Interestingly, the
strong binder al aptamer is characterized by a 5 AC-
CCAG loop sequence, different from what has been previously
identified (/8). The al sequence has been localized in the human
genome. Disappointingly enough, the al sequence does not
correspond to any known human mRNA, miRNA, or snoRNA
in data banks, and we failed to identify it experimentally in
different cell lines.

The al genomic aptamer was found to form a complex with
TAR that is recognized by the protein Rop, strongly suggesting
the formation of a kissing interaction. The affinity of al for TAR
was ~4 times higher than that of the previously identified
aptamer R06 (Ky = 4 and 17 nM, respectively) using an RNA
library (18).

Kissing complexes are restricted to a limited set of hairpin
loops. Comparison of sense—antisense RNA complexes showed
that the most common size of kissing loops is six or seven
nucleotides (41). Moreover G-C pairs are crucial for nucleating
the kissing interaction (2, /2). Lastly, purine residues have been
shown to be essential at both the first and last positions of kissing
loops. This holds true for natural dimerization elements of the
HIV-1 genome (/2) and for aptamer R06 (34). These flanking
purines were proposed to be involved in noncanonical interac-
tions (42). In the case of the TAR—RO06 aptamer complex,
molecular modeling (43), NMR studies (44, 45), and the crystal
structure (35) pointed out the key role played by the G-A pair
closing the aptamer loop in the stabilization of the kissing
complex. The al aptamer selected in the frame of our genomic
SELEX fulfils all the criteria of loop size and sequence for
generating a stable kissing complex with the TAR element.

Interestingly, an adenine residue is present at the 5 position of
the aptamer loop. In contrast to R06, this first residue does not
allow the formation of a sixth Watson—Crick base pair with the
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TAR loop. Any substitution of this A resulted in a decrease in the
stability of the aptamer—TAR complex, including the A — U
substitution that might give rise to an AU pair. Therefore, this A
nucleotide has been selected during the process. It is more than a
spacer connecting the two ends of the loop—loop helix. It might
contribute to the stability of the complex through stacking
or hydrogen bond interactions as shown for other kissing
complexes (33, 45).

TAR*, a rationally designed RNA hairpin, possesses the same
six-nucleotide 5 UCCCAG loop sequence as the al.16U aptamer
(Figure 1e) (29). Previous SPR experiments have shown that the
TAR-TAR¥* kissing complex was not sufficiently stable to
determine its equilibrium association constant under the ionic
conditions used for the al—TAR complex (34). This is to be
ascribed to the different stems of the two anti-TAR hairpins.
Indeed, it was reported in the case of the R06 aptamer that the
base pairs next to the loop have an impact on the binding (34).
Therefore, genomic SELEX allowed the identification of a new
kissing motif of high affinity. Both the loop and the upper part of
the stem do contribute to the association with the target.
Aptamer al constitutes a new TAR ligand that might prove to
be useful in designing new molecules susceptible to interference
with the function of the TAR element in the retroviral life cycle.
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as the predicted secondary srtuctures of the different sequences
(see the text). This material is available free of charge via the
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