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Inhibit HIV-1 Tat-Mediated Transcription

Fabien Darfeuilleé, Andrey Arzumano\, Michael J. Gai Carmelo Di Primd, and Jean-Jacques Toliltie

INSERM U386, Uniersite Victor Segalen, 33076 Bordeauxdsx, France, Institut Eurogs de Chimie et Biologie,
16 avenue Pey Berland, 33607 Pessac, France, and Medical Research Council, Laboratory of Molecular Biology,
Hills Road, Cambridge CB2 2QH, U.K.

Receied April 16, 2002; Reised Manuscript Receed July 17, 2002

ABSTRACT: The interaction of the TAR RNA element of human immunodeficiency virus type 1 (HIV-1)
with a Z2-O-methyl analogue of an RNA hairpin aptamer previously identified by in vitro selection
[Duconge F., and ToulmeJ. J. (1999RNA 5 1605-1614] was characterized by UV-monitored thermal
denaturation and surface plasmon resonance experiments. The complex between TAR and this aptamer
derivative displays stabilityg = 9.9 4 1.0 nM) and kinetic propertiekf, = 9.0+ 0.3 M1 571, kst =

(8.94 0.6) x 107*s71] close to those of the parent RNA aptamer. The modified aptamer forms a “kissing”
complex with TAR driven by the same key elements as the TRRIA aptamer one. In particular, the

G and A residues closing the aptamer loop remain crucial for F2RO-methyl aptamer complexes.
Moreover, the 20-methyl aptamer analogue specifically inhibits Tat-mediated transcription in an in vitro
assay more efficiently than the RNA aptamer. This is likely due to the increased lifetime of the former
oligonucleotide in the cell-free extract. The@-methyl modification extends the range of molecules that
can be used to target viral hairpin RNA through ledpop interactions. More generally, this demonstrates
the interest of SELEX for targeting RNA hairpins and understanding nucleic acid interactions.

Oligonucleotides complementary to an RNA sequence arenot targeted even though a number of them play important
a powerful means of ablating the expression of any gene ofroles in gene expression.
known sequence. The selection of an accessible target region, Various strategies can be used to generate oligonucleotides
a crucial step for the success of such an approach, is madehat are able to recognize folded RNA structurés)( In
difficult as RNAs fold to form secondary and tertiary vitro selection of oligoribonucleotides led to the identification
structures. A number of ways have been explored for the of RNA aptamers against structured RNA from the HCV
identification of optimal targetsl(-3). Computer-assisted (14) and the HIV-% genomes 15, 16). Hairpin aptamers
identification of single-stranded regions has been shown towhich form stable kissing complexes with the TAR RNA
be of limited interest, despite some successful attempts inelement of HIV-1 were selected, 16). This element, a
the design of long antisense sequenc®s The shotgun 59-nucleotide stemloop structure found at the -bintrans-
approach, making use of 5000 individually synthesized lated end of all retroviral mRNAs, regulates transcription
oligomers targeted to various regions of an mRNA, is an by interacting with the viral transactivator protein Tat. This
expansive method which allowed screening on a functional protein acts together with host cellular factors, including
basis 6—7). Several empirical methods have been reported cyclin T1 and the cyclin-dependent kinase 9 (CDK?9), to form
which correlated target recognition and biological efficacy; a ternary complex at the apical part of TAR. This Tat-
this includes RNase H-mediated degradation of RNA por- associated kinase (TAK) involved in the hyperphosphoryl-
tions hybridized to randomly synthesized DNA librari&, ation of the C-terminal domain of RNA polymerase |l
extension of random oligonucleotide pools by reverse stimulates the transcriptional efficiency, resulting in an
transcription 9), hybridization to scanning array&d, 11), increased level of formation of full-lengh transcripts. Thus,
and the use of ribozyme librarie$3). These various methods aptamer interference with the upper part of TAR RNA which
identify accessible sites which generally correspond to single- contains critical protein binding sites would be expected to
stranded RNA regions. Consequently, the numerous RNA cripple viral mRNA synthesis and potentially inhibit viral
structures resulting from intramolecular folding are generally replication.
The use of RNA aptamers in a biological context is of
tF.D. is the recipient of a fellowship from the Agence Nationale de limited interest as these ligands are rapidly degraded by
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been previously recognized, and this problem has beenpotassium acetate, and 3 mM magnesium acetate (R buffer)
addressed in two different ways. On one hand, a few and injected at a flow rate of 2@L/min. The kinetic

modified nucleotides such as’-@mino- and 2fluoro-
pyrimidine nucleotides1(7) conferring nuclease resistance

parameters were determined assuming a pseudo-first-order
model as previously describedf).

are readily incorporated by the enzymes used in the SELEX  Tat-Dependent Transcription Assayzell-free transcrip-
procedure. On the other hand, chemical modifications cantjon assays were carried out as described previod$ly2().

be introduced post-SELEXL8). In this case, the positions
which can be modified without alteration of the aptamer
properties should be carefully identified as chemical modi-
fications may induce conformational changes.

As for anti-TAR kissing aptamers, we considered post-
SELEX modifications known to retain the A-type helix

geometry adopted by double-stranded RNA. In this report,

we describe the results obtained with@methyl oligo-

In vitro transcription reactions were performed in a final
volume of 40uL of transcription buffer supplemented with

50 uM ATP, CTP, and GTP,d-*?P]JUTP, 15uL of HeLa

cell nuclear extract, 10 nM HIV-1 LTR DNA template
[plasmid p10SLT 21)], 200 ng of recombinant Tat protein,
and increasing concentrations of aptamers. The samples were
incubated at 30C for 20 min and the reactions stopped as
described above for degradation experiments. Reaction

ribonucleotide derivatives of the previously selected aptamer products were analyzed on 6% polyacrylami@eM urea

(15). We demonstrated that a-@-methyl RNA truncated

gels and revealed by autoradiography. The autoradiographs

version of the originally selected aptamer recognized the were scanned. The amount of full-length transcripts was

TAR RNA with properties similar to those of the parent RNA
aptamer Kqg ~ 10 nM). This nuclease resistant oligomer
selectively inhibited Tat-mediated transcription in a cell-free
assay with an Ig; of ~400 nM in contrast to the unmodified
molecule.

MATERIALS AND METHODS

OligonucleotidesRNA molecules, including the biotinyl-
ated mini-TAR RNA, were synthesized as described previ-
ously (15). 2-O-Methyl oligoribonucleotides (OMe) were
synthesized on an Expedite 8908 synthesizer. All oligo-
nucleotides were purified as described previoudl§) (

Oligonucleotide Stability in HeLa Cell Nuclear Extracts.
R0O6,, RNA (4 uM), OMe aptamer containing 2 niP 5-
end-labeled RNA, or OMe aptamer was incubated at@G0
in transcription buffe{ 20 mM HEPES (pH 7.9) at 2€C,

80 mM KCI, 3 mM MgCb, 10uM ZnSQy, 2 mM DTT, 10
mM creatine phosphate, 10@/mL creatine kinase, ig of
poly[d(I-C)], and 1 unitzL RNasir} in the presence of 15
uL of HelLa cell nuclear extract in a final volume of 44L.
The reaction was stopped by addition of B0 of a 150
mM sodium acetate solution containing 0.5% SDS, 10 mM
EDTA, and 20 ug/mL tRNA. Reaction products were
extracted with an equal volume of phenol and chloroform,
followed by precipitation with 2 volumes of ethanol, and
analyzed on 20% polyacrylamidé M urea gels. The amount
of full-length aptamer (percentage) was quantified on an
Instant Imager apparatus (Hewlett-Packard).

UV Melting Experiments Thermal denaturation of
miniTAR with R06,4 RNA or OMe analogues was monitored

guantified from autoradiographs with the NIH Image 6.1
software. For HIV-1 Tat-independent in vitro transcription,
the plasmid phRL-CMV (Promega) was linearized using
Nhd. Transcription reactions were carried out essentially as
in Tat-dependent transcription with minor differences: the
amount of DNA template was 200 ng, the KCI concentration
was decreased to 50 mM, and the HIV Tat protein was not
added to the reaction mixture.

RESULTS

R0OG4-Derived Aptamer and MiniTAR RNA Targ&NA
hairpins recognizing the HIV-1 TAR RNA were previ-
ously identified by in vitro selection in a random pool of
sequenceslb). These aptamers displayed an octamefic 5
GUCCCAGA-3 consensus sequence in the loop and inter-
acted with TAR primarily through looploop interactions
(Figure 1A). The aptametTAR complex formed with the
ligand of highest affinity, R0, was characterized, and the
key structural determinants for stable interaction were
analyzed 16). This included a six-nucleotide sequence
complementary to the TAR loop, located in the apical loop
of the hairpin, flanked by the selected G and A residues. In
the study presented here, we investigated the properties of a
2'-O-methyl (OMe)-modified analogue of the RQ@ptamer
(Figure 1B) selected against the TAR motif of the BRU strain
of HIV-1. The MAL variant of TAR which differs essentially
by a U— C substitution in the loop (Figure 1C) was also
used. An anti-TAR MAL aptamer was generated by intro-
ducing an A— G mutation. When unspecified, miniTAR, a
truncated TAR which maintains biological responsiveness

at 260 nm on a Cary 1 spectrophotometer. Denaturation of (22), and R0, refer to the BRU versions1g, 16). In

the samples in 20 mM cacodylate buffer (pH 7.3) at°20
containing 140 mM potassium chloride, 20 mM sodium

addition, two mutants of the aptamer loop, ROPBA and
CU (Figure 1C), were used as negative controls as these

chloride, and 0.3 mM magnesium chloride was achieved by mutations were shown to decrease drastically the stability

increasing the temperature at @/min from 5 to 90°C.
The melting temperatureTg) was determined to be the
maximum of the first derivative of the UV melting curves.
Surface Plasmon Resonance Kinetic MeasuremBiris-
ing kinetics experiments were performed at 23 on a

BlAcore 2000 apparatus (Biacore AB, Uppsala, Sweden).

Immobilization of streptavidin and biotinylated miniTAR
RNA was achieved as described previoudlg)( All oligo-
nucleotides were prepared in 20 mM HEPES buffer (pH 7.3)
at 20 °C containing 20 mM sodium acetate, 140 mM

of the miniTAR—RNA aptamer kissing complexL§, 16).
These different aptamer variants and mutants were prepared
both in the RNA and in the OMe series.

Stability and Kinetics of the MiniTARAptamer Com-
plexesComplex formation was characterized first by thermal
denaturation experiments as monitored by UV absorption
spectroscopy (Figure 2). The experiments were performed
in a buffer containing 0.3 mM Mg instead of 3 mM M§"
in the selection buffer to avoid overlapping of the mono-
and bimolecular transitions corresponding to the melting of



12188 Biochemistry, Vol. 41, No. 40, 2002

Darfeuille et al.

A 5’ GUC GA 3’
UCAACACG € G GCUC UCUGG
AGUUGUGC € G CGAG AGACC
' AGA UC uuu >
RO6,, aptamer miniTAR RNA
B Base Base
HO o HO o
OH OH OH OMe
RNA 2'-0-Methyl (OMe)
C
RO6,, aptamer miniTAR RNA
Name Sequence 5’ - 3’ Name Sequence 3' - 5’
BRU | UCAACACG GUCCCAGA CGUGUUGA| BRU | GGUCUCUCG AGGGUC CGAGUUUAGACC
MAL | UCAACACG GUCCCGGA CGUGUUGA| MAL | GGUCUCUCG AGGGCC CGAGCUGGACC
Ccu UCAACACG CUCCCAGU CGUGUUGA
3A UCAACACG GUAAAAGA CGUGUUGA|

Ficure 1: RO6, aptamers targeted to the HIV-1 miniTAR RNA. (A) Sequence and secondary structure of theapaéner and miniTAR

RNA. The octameric consensus sequence, including the loop flanking G and A nucleotides (bold italic) obtained from in vitro selection
(15), is shown in bold. Underlined bases indicate complementarity between aptamer and TAR loops. (B) Schematic representation of the
2'-O-methyl (OMe) chemical modification compared to RNA. (C) Sequence of the mutated variants of theRa@fer (left) and miniTAR

RNA (right). BRU and MAL refer to two HIV-1 strains differing in particular by apical loop sequences. The MAL aptamer was generated

by introducing a compensatory mutation in the loop to restore complementarity with the TAR MAL loop (the mutated positions are shown
in bold). The CU and 3A variants of the BRU aptamer were used as controls (see the text). The aptamer loop closing residues are in italics.
The loop bases of the TAR element and of the aptamer susceptible to formation of Watsthnpairs are underlined.

the stem and of the loegloop complex 16). R0&4 OMe each side of the aptamer loop are substituted with C and U,
exhibits a single cooperative transitiof(= 77.6 + 0.3 respectively (Figure 2 and Table 1). These values are similar
°C) independent of the oligonucleotide concentration com- to the ones obtained with the parent RNA molecule (Table
pared to that of the unmodified ROGT,, = 69.8+ 0.3°C, 1). Complexes formed by the MAL sequences are clearly
not shown). This result indicates that the OMe aptamer likely more stable than those with the BRU ones (TableAD),
folds as a hairpin similar to the parent RNA molecule but = +13 and+16.2°C for the miniTAR RNA—RNA aptamer
with an increased stability. Three transitions are observedand miniTAR RNA-OMe complexes, respectively, in
for the ROG4 OMe aptamer/miniTAR mixture. The firstone agreement with the GC pair content of the ledpop helix
at 29.0+ 0.2°C results from the melting of the bimolecular (Figure 1C).
complex, and the second and third transitions-&0 and Surface plasmon resonance was used to follow in real time
~78 °C reflect the melting of the miniTAR and aptamer the interaction of the sensor chip-immobilized miniTAR
hairpins, respectively. No complex formation was detected RNA with the R06, OMe aptamer. Representative sensor-
with the octamer corresponding to the consensus sequencgrams are presented in Figure 3. The kinetic parameters
(not shown), underlining the contribution of the stem to the deduced from direct fitting of the curves obtained from three
stability of the complex. independent experiments in which R@®Me was injected
We previously demonstrated the key role played by loop at five different concentrations, as indicated in Materials and
complementarity and the G and A residues flanking the Methods, have the following values,, = (9.0 £ 0.3) x
aptamer loop for the stability of the miniTARaptamer 100 M1 st and ks = (8.9 £ 0.6) x 10 st for the
RNA—RNA kissing complex 16). These key structural association and dissociation reactions, respectively. These
determinants are also crucial for stable interaction betweenrates are slighly faster than those obtained for the RNA
the OMe aptamer and miniTAR. Indeed, if the three cytosines aptamerminiTAR complex @3), but within experimental
in the aptamer loop are substituted with three adenineserror, the equilibrium constant of the OMe aptamer
(Figure 1), the stability of the complex is dramatically miniTAR complex remains unchanged compared to that of
decreased from @&, of 29 °C to aT, of <10°C (Table 1). the RNA aptamerminiTAR one withKy values of 9.9+
A similar effect is observed when the G and A residues on 1.0 and 6.9 2.9 nM, respectively. The affinity of the CU
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Ficure 2: UV-monitored melting transition of aptameminiTAR
complexes. First-derivative melting curve of Rp©Me alone (thin
line) and complexed with miniTAR RNA (bold line and bold dotted
line for BRU and CU aptamer variants, respectively). Experiments,
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FicurRe 3: Sensorgrams of the R6O0Me—miniTAR RNA
complex. Increasing concentrations of ROOMe as indicated by
the arrow were injected on a miniTAR-functionalized sensor chip.
Three independent experiments were carried out in R buffer (3 mM

repeated at least three times, were performed with each oligomerMg?*) at 23 °C. Elementary rate constantk, and ks, for

at 1uM in 20 mM cacodylate buffer (pH 7.3) at 2&C with 140
mM potassium chloride, 20 mM sodium chloride, and 0.3 mM
magnesium chloride.

Table 1: Melting Temperatures of AptamevliniTAR Complexe$

Tn () Tn (°C)

R06: TARBRU TARMAL R06,s TARBRU TAR MAL
RNA OMe

BRU 30.3+ 1.4 <10 BRU 29.0+£0.2 <10

Cu <10 ND Cu <10 ND

3A <10 ND 3A <10 ND

MAL 1154+0.3 43.3+0.7 MAL 16.3+0.7 452+05

aThermal denaturations of miniTARaptamer complexes were
performed for each oligomer (ZM) in a buffer containing 0.3 mM
Mg?" (see Materials and Methods]s are averages and standard
deviations of at least three independent experiments.

mutant of the OMe aptamer for the miniTAR RNA was too
low, and the binding constant could not be determined by
SPR.

Inhibition of Tat-Dependent Transcription by the OMe-
Modified Kissing AptameiVe then investigated the ability
of the RNA or OMe aptamer to selectively inhibit the Tat-
mediated transcription of a DNA template in the presence
of HelLa cell nuclear extracts. The DNA template contains
the HIV-1 LTR (strain NL4-3) and a synthetic terminator
sequencer| leading to the synthesis of two major RNA

fragments that are 325 and 524 nucleotides long (Figure 4A).

Addition of Tat protein resulted in a stimulation of the

bimolecular complex formation were deduced from direct fitting
as described previouslyL ).

assessed by using a nonrelated DNA template containing a
CMV promoter instead of the HIV-1 LTR (Figure 4D). No
significant inhibition of transcription was observed in the
presence of 1 or 4M wild-type R0&4 OMe or of one of its
mutants, CU or 3A (Figure 4E).

The unmodified RNA aptamer exhibited a very weak
inhibition of the HIV-1 template transcription with an &
of >4 uM (Figure 4B,C). This low inhibitory effect might
be partly nonspecific, due to the trapping of TAR-binding
proteins by RNA aptamers. The absence of an effect of the
R064 RNA aptamer might be related to its low stability in
cell extracts. Indeed, we monitored the stability of the RNA
and OMe oligonucleotides by incubating them in HeLa cell
nuclear extracts (Figure 5). While the RNA aptamer is rapidly
degraded, the OMe aptamer is fully resistant to hydrolysis
by the nucleases contained in the HelLa extract for up to 80
min.

DISCUSSION

Recently, we identified high-affinity ligands of the TAR
element of HIV-1 through in vitro selectiod%). These RNA
aptamers do not disrupt the stetoop secondary structure
of TAR but rather interact with the folded RNA target with
an affinity in the low nanomolar range. The aptamer of
highest affinity, R06, forms with TAR a kissing complex
which potentially comprises up to six intermolecular base

transcription as indicated by the increased intensity of bandspairs.

corresponding to%?P-labeled terminatorzf and runoff
transcription productsj (Figure 4B, lanes a and | compared
to lanes b and m). A clear dose-dependent inhibition of the
transcription is observed with the chemically modified
aptamer R0O§ OMe (Figure 4B, lanes-ee); 50% inhibition

is reached at 38& 33 nM (Figure 4C). In contrast, the OMe
aptamers with mutated loops 3A and CU which do not bind
to the TAR RNA element (see above) do not inhibit RNA
synthesis at concentrations up to M (Figure 4B,C),
indicating that the inhibition induced with the wild-type
aptamer is specific. The effect of RQBOMe was further

To obtain molecules of interest for use in a biological
context, we derived nuclease resistant oligomers from a
truncated version, R@§ which retains the binding properties
of the 98-nucleotide selected oligomer. In this respett, 2
O-methyl modification is worth considering as a fully
modified OMe oligonucleotide duplex adopts an A-type
conformation characteristic of RNARNA helices which
might be crucial for maintaining the loepoop association
between the modified aptamer and the TAR hairpins.

The OMe analogue of the R@@ptamer displays a highly
cooperative melting transition with AT,, relative to the
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Ficure 4: Inhibition of Tat-mediated in vitro transcription. (A) Schematic representation of the linearized DNA template containing the
HIV-1 LTR promoter and an artificial terminator sequencg sed in this study. The transcription of this template generates two RNA
products that are 325) and 524 ) nucleotides long. (B) Autoradiographs of the transcription products analyzed on 6% polyacrylamide,

7 M urea gels. The DNA template (5 nM) was incubated in the presence of HeLa cell nuclear extract and in the presence (lanes a and I)
or absence (lanes b and m) of 200 ng of recombinant Tat,,RIMe and RNA wild-type (BRU) aptamers were added to in vitro transcription
reaction mixtures at concentrations of up taM (lanes c¢-e and lanes fip, respectively). The two mutated versions, R@BMe CU and

3A, were also added to the transcription reaction mixtures at concentrations of ytdl@nes f-k). (C) Amount of full-length transcripts

(p) as a function of aptamer concentration (values are the average of at least two experi(@@ntse nonrelated template containing

CMV promoter is a phRL-CMV plasmid (Promega) linearized withd. The transcription of this resulting template leads to the synthesis

of an RNA fragment that is 300 nucleotides longd)( (E) Autoradiograph of transcription products analyzed on a 6% polyacrylamide, 7

M urea gel. In vitro transcription of the CMV DNA template in HeLa cell nuclear extract in the absence (lane 0) or the presencg of RO6
OMe BRU (lanes 1 and 2), CU (lanes 3 and 4), and 3A (lanes 5 and 6), at the concentration (micromolar) indicated at the top of the lanes.
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—=—R06,, RNA of the HIV-1 RNA 7). In this latter case, two A residues
120 - --e--R06,, OMe-RNA closing a nine-membered loop are engaged in a sheared pair
i (28) that is crucial for formation of a kissing complex as
100 =0 =< -ommmmmmn e e - shown by SELEX experiment29). Therefore, the 20-
methyl derivative of RO, retains the binding characteristic
80 of the parent RNA aptamer; the recognition of TAR by the
aptamer hairpin is driven by a loop, complementary to the
60 | TAR one, flanked by G and A residues. Whether G and A
I form a noncanonical pair has not yet been established.
a0 - The high affinity of the anti-TAR RNA aptamer made it
I an efficient and selective inhibitor of TAR-mediated in vitro
20 L transcription. The efficacy of the OMe derivative compared
I to that of the unmodified RNA is likely related to its
ol v T increased lifetime in the cell extracts. In contrast to the parent
0 20 40 60 80 100 aptamer, no degradation of the nuclease resistant oligomer
Time (min) was detected in the time course of the transcription experi-
FIGURE 5: Aptamer stability in HeLa cell nuclear extract. Amount Ment. The transcription inhibition is dependent on the
of full-length aptamer incubated in HeLa extracts at°8as a formation of an aptamefTAR complex stable under the
function of time: R0& RNA (—) and R0g, OMe (- - -). conditions of the experiment. No effect was observed with
the OMe variant in which the critical G and A residues on
RNA aptamer equal te-8 °C, corresponding to the melting each side of the aptamer loop were substituted with C and
of the eight-base pair stem (Figure 2). No direct correlation U, respectively, a substitution leading to an oligomer that is
was observed between the intrinsic stability of the RNA unable to bind TAR up to M. The binding constanty
aptamer stem and the complex formed with the TAR RNA ~ 10 nM) and the off rate constarit.§ ~ 102 s™%) of the
target; despite its higher thermodynamic stability, the OMe R06, aptamer are in the range obtained for rationally
aptamer gives rise to a complex characterized By, salue designed antisense oligonucleotidés, 20). Indeed, R0&,
identical to that of the RNA aptamer. The equilibrium OMe induces a level of inhibition (50% at400 nM)
constant determined by SPR is fully consistent with this analogous to that obtained with these antisense oligonucleo-
result; aKy of ~10 nM was obtained for either complex. tides. This selective inhibitory effect likely results from the
The increased stabilityAT,, = +0.5 °C per modification) competition with the protein(s) interacting with the upper
of OMe—RNA versus RNA-RNA linear duplexesZ4) is part of the TAR element.
not observed in our case, underlining the noncanonical It should be pointed out that these elements provide kissing
conformation of the looploop region. The complementary aptamers with an exquisite selectivity. Such aptamers will
OMe sequence of the TAR loop has to be displayed in a not only discriminate matched from mismatched loops, on
hairpin context as the linear antisense is a poor ligand of the basis of sequence complementarity between the two
the TAR element (not shown) as previously shown for interacting species (the hexameric motif). They will also
RNA—RNA complexes16). We still observed stable kissing recognize the appropriate target on the basis of its structure.
complexes formed with an RNA aptamer truncated down to A complementary sequence presented in a suboptimal
14 nucleotides, i.e., showing a stem as short as three baseontext, for instance, inserted in a loop longer than the TAR
pairs (F. Darfeuille et al., unpublished result). Stems are one, will give rise to lower-stability complexes (F. Beaurain
crucial for kissing complexes as they provide a continuous et al., unpublished results). In other words, aptamers targeted
double-stranded stack from one end of the complex to theto an RNA motif constitute structure sensors even though
other through the looploop helix, but their stabilities do  the formation of the complex is primarily driven by Watsen
not drive the stability of the aptameTAR RNA complex. Crick (sense-antisense) interactions, hence resulting in
Not unexpectedly, the complementarity between the TAR specificity that is increased compared to those of conven-
loop and the six central bases of the octameric consensudional antisense sequences.
sequence of the aptamer is crucial for formation of a kissing  Beyond our own previous worKLp, 16), several studies
complex. The presence of a single mismatch as in the caseook advantage of secondary or tertiary interactions for
of complexes formed between BRU and MAL hairpins is improving the specificity and/or affinity of antisense se-
detrimental to kissing interaction for OMe as well as for RNA quences. Masked antisense RNA, in which most of the
aptamers. The selected G and A residues flanking the six-oligomer is sequestered within duplex elements prior to
nucleotide sequence complementary to the TAR loop alsointeracting with the target and which can unravel after
play a key role in a 20-methyl context. Substituting C for  contacting the sense sequence, was shown to exhibit an
G and U for A in the RO&, aptamer led to a very poor ligand  increased specificity compared to those of unfolded oligo-
as previously demonstrated for the parent RNA aptad®r (  mers @0). A similar approach to overcoming the potassium
Purine—purine pairs have been described in several different requirement for triple helix formation with oligopurine
RNA motifs and have been shown to be crucial for either sequences has also been descrit3d). However, in these
intermolecular or intramolecular RNARNA interaction. In cases, increased selectivity was achieved at the cost of
particular, such noncanonical pairs are key elements of thereduced efficacy due to the energy to be paid for unfolding
o-sarcin (loop E) motif which has been described, for the antisense or triplex-forming sequence prior to completion
instance, in the llld subdomain of the hepatitis C virus of association. This is no longer a prerequisite for our
internal ribosome entry sit@p, 26) and for the dimerization =~ aptamers or for the short oligomers targeted to the self-

Undegraded aptamer (%)




12192 Biochemistry, Vol. 41, No. 40, 2002

splicing site in the rRNA precursor &fneumocystis carinii

In this latter case, tertiary interactions stabilize by as much
as 100000-fold the complex formed between the hexamer
and the RNA splicing sequence. Indeed, complementaty N3
— P5 phosphoramidate hexamers are suicide inhibitors of
the cis-splicing reactior8@). Consequently, taking advantage
of tertiary interactions for designing RNA ligands might
constitute a strategy of general interest.

Natural antisense RNAs and retroviral RNA genomes
provide examples of selective recognition of RNA motifs
through loop-loop interactions. Kissing complexes have
been shown to regulate the replication of the plasmids ColE1

(33) and R1 B4), to repress the translation of thipoS 19.

encodeds subunit ofEscherichia colRNA polymerase35),

to trigger retroviral RNA dimerization 36, 37), and to
facilitate strand transfer during reverse transcription of the
HIV-1 genome 88). Interactions between the apical loop
and the internal loop have also been reported both for natural
RNA species 39) and for selected partnerd4). Besides
these intermolecular interactions which selectively control
key biological events, intramolecular loefpop complexes
have also been described; for instance, kissing interactions
drive the rearrangement of a hairpin stem required for self-
cleavage of the Varkud satellite ribozym&0). Therefore,
SELEX experiments carried out against RNA structures may
help in understanding high-order organization of RNA.
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