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ABSTRACT. The transactivation responsive element (TAR) plays a crucial role in the transcription of the
HIV-1 genome upon specific binding of the viral protein Tat and cellular proteins. We have previously
identified a RNA hairpin aptamer forming a stable and specific kissing complex with TAR RNA (Duconge

F., and ToulmeJ. J. (1999)RNA 5 1605-1614). We chemically modified this aptamer with hexitol
nucleic acid (HNA) residues. We demonstrate that a fully HNA-modified aptamer is a poor ligand but,

in contrast, mixmers containing both HNA and unmodified RNA nucleotides display interesting properties.
Two HNA—RNA mixmers bind to TAR with an equilibrium dissociation constant in the low-nanomolar
range and show a reduced nuclease sensitivity. In addition, they show a moderate dependence on magnesium
ions for binding to TAR. These HNARNA mixmers are able to inhibit transactivation of transcription

in an in vitro assay.

For more than twenty years, oligonucleotides have been Tat (transactivator protein) and two cellular proteins, namely
a powerful tool for inhibiting gene expression. Indeed, cyclin T1 and CDK9 (Figure 1A). This Tat-associated kinase
different strategies were used for the identification of ligands hyperphosphorylates the C-terminal domain of RNA poly-
able to bind to an mRNA target with high affinity and merase Il, and consequenthans-activates the transcription
selectivity. In the antisense approach, chemically modified machinery leading to the efficient synthesis of full-length
oligonucleotides were designed, essentially (i) to increaseviral RNAs (7). We are interested in strategies aiming at
the affinity of the antisense sequences for this RNA target, inhibiting the transcription transactivation step, thus abolish-
(ii) to improve their nuclease resistance, and (iii) to promote ing viral replication. We previously identified against the
their uptake in live cellsk). Whereas antisense oligonucle- TAR RNA of HIV-1, an aptamer called R06, which was
otides hybridize much better with single-stranded RNA proven to bind its target with high affinity and selectivity
regions, in vitro selection (or SELEX) permits the identifica- (5). The aptamer R06 folds into a stem-loop; the loop is
tion of high-affinity oligonucleotides targeting a folded eight-nucleotides long with six of them complementary to
structure 2). The selected molecules are called aptamers; the six-nucleotide loop of TAR RNA (Figure 1B). This
both their sequence and their structure are responsible forgenerates a looeploop interaction also known as kissing
the target recognition3j. complex. To investigate the biological properties of the

We previously conducted in vitro selections against the Selected oligomer, it was important to improve its nuclease
HIV-1 TAR! RNA stem-loop 4—6). This 59-nucleotide-long  Stability. Post-selection modification is one way to circum-
regulatory element is present at tHeefid of all viral RNAs ~ Vent nuclease digestio8) This led us to use chemically
and plays a crucial role in viral transcription: TAR RNA is modified R06 oligomers, taking care of keeping the char-
recognized by a ternary complex formed by the viral protein aCteristic A-type conformation of the selected aptamer. We
previously investigated N3-P5 phosphoramidate (NP);-2
O-methyl (20) or locked nucleic acid (LNA) derivatives of
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A. Table 1: R06- and HNA-Modified Aptamers

Tm (°C)

Cyclin T1

R0O6 RNA
HNA GA
HNA CU
HNAT11

C GUCCCAG
C
C
C
HNAI12 C
C
C
C
C
C

GUCCCAG
CLCCCAQG
GUCCCAG
GUCCCAGQG
GUCCCAG
GUCCCAG
GUCCCAG
GUCCCAG
GUCCCAGQG
GT CCCAG

29+1.8
2040.3
10+0.4
31£0.7
<10

<10

<10

23+1.8
17+0.8
2240.6
2842.1

HNAI13
HNA14
HNAIS
HNA17
HNAI18

TAR HNAI9  C

aHNA GA and HNA CU are fully HNA modified whereas HNATL
19 have both HNA-modified (bold) and RNA nucleotides (plain). HNA
CU has a combination of mutated loop closing residues. The six central
nucleotides of the loop are underlined. Melting temperatures of the
aptamer-miniTAR complex (see Experimental Procedures) are given.
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EXPERIMENTAL PROCEDURES
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B. Oligonucleotides and PeptideSynthesis of HNA oligo-
mer and HNA-RNA mixmers was carried out as described
= ucmmcu(g) ducaea Lacuc—tcves 3 pre\{iously (5, 16. Both .U anq T HNA residues were useq.
| AGUUGUGC AZII,ACCCU e Their sequences are given in Table 1. The 27-nucleotide-
i () long RNA target, miniTAR, was prepared on an Expedite
R06 miniTAR 8908 synthesizer (Applied Biosystems); LNA oligonucle-
c. otides were prepared as previously describEl. (All the
oligonucleotides were purified by electrophoresis on dena-
i turating 20% polyacrylamide/ M urea gels, and desalted
o by extensive dialysis. The peptide Tavas purchased from
Neosystem, Strasbourg, France.
o |l oH i Thermal DenaturationThe oligonucleotides (M each)
ol Nl o were preincubated for 30 min at 2& in 200uL of a 20
' I mM sodium cacodylate buffer, pH 7.3, containing 140 mM
potassium chloride, 20 mM sodium chloride, and 0.3 mM
FioURe 1: (A) Target and aptamer sequences. TAR RNA seconda magnesium chloride. The thermal denaturation was generated
structure is showéJ togetherpwith prote(i]ns involvedrans-activation Y by increasing the temperature from 2'.5 1095 at 0.3°C/
of transcription. (B) Sequences and secondary structures of Rog™MiN, and was followed by UV absorption at 260 nm on an
aptamer and miniTAR RNA. The eight-nucleotide loop of R06 is Uvikon XL spectrophotometer. The melting temperatdig) (
partially complementary to the six-nucleotide loop of miniTAR was determined as the maximum of the first derivative of
RNA. The variant residues of the aptamer loop are indicated (C,U). the melting curve.
(C) Schematic representation of HNA and RNA nucleotides. Electrophoretic Mobility Shift AssayFor the miniTAR-

studies of a HNA-RNA hybrid have shown a particular  ©ligonucleotide complex analysis?#]-5-end-labeled mini-
rigidity of the hexitol sugar moiety. This constrains HNAto AR (1 nM) was incubated with an increasing concentration

adopt preferentially an A-type conformatiat®). This might ~ ©f HNA oligonucleotide, in 1QuL of SE buffer (20 mM
account in part for the high HNARNA duplex stability,. ~ HEPES, pH 7.3, at 20C, 140 mM potassium acetate, 20
Moreover, HNA-modified antisense oligonucleotides were MM sodium acetate, 3 mM magnesium acetate)lfd at
shown to be translation inhibitors in a cell-free assay and in 23 “C- The samples were then loaded on a nondenaturing
cultured cells, the high stability of the HNARNA duplex 15% polyacrylamide (75:1) gel in 50 mM Tris-acetate, pH
leading to a steric block of translatiof4). 7.4 (at 20°C), 3 mM magnesium acetate, equilibrated at 4
Several derivatives of the RO6 aptamer, fully or partially ~C- The electrophoresis was run for 16 h at 10 V/cm at 4
HNA-modified, were synthesized. In the latter case, HNA ~C- Complexes were then quantified on an Instant Imager
and RNA nucleotides were interspersed in different ways in @Pparatus (Hewlett-Packard). The dissociation consk)t (
order to optimize looploop interaction. Interestingly, two 1S déduced from data-point fitting with KALEIDAGRAPH
HNA—RNA mixmers displayed an affinity similar to that -0 (Abelbeck Software, Reading, PA) according to eq 1
of the RNA parent aptamer for TAR RNA. We investigated B [RO6
the binding properties of these derivatives. We also carried — maod b
out in vitro transcription assay and demonstrated that HNA [RO6], + K
mixmers are potent and specific inhibitors of TAR-mediated
transcription. whereB is the proportion of complex at a given aptamer

RNA HNA

(1)
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concentrationBmax is the maximum of complex formation, 0.002
and [R06} the total RO6 concentration.

For the miniTAR-Tat competition experiments’?P]-5 - 0.0015 R =

end-labeled miniTAR (1 nM) was incubated fbh at 4°C, : / N

— RO6RNA
HNAT1
HNA GA

in SE buffer containing 1 mM dithiothreitol (DTT) and _ .
0.01% Triton X100, in the absence or in the presence of T o0 | p S
125 nM Tags peptide and in the absence or in the presence ® - / / LA
of an increasing concentration of HNA oligonucleotide. The e //\ \ .',/ A
complexes were loaded on a native 10% polyacrylamide (75:  0.0005 : M it (-
1) gel containing 44.5 mM Tris borate, pH 8.3, atZ3 20 : o
uM magnesium acetate, 0.01% Triton X100, and run for 2 B
h at 4°C at 12 W. The same conditions were used for the o T e e e e o
HNA—Tat competition experiments witFP]-5-end-labeled Temperature (°C)

HNA11 or HNA14 (1 nM). For the HNA1+LNA5 com- : : L

petiion experiment, P]-5-end-labeled MinTAR (1 M) denaturation of compiexes between M TAR. R06, HNALL, or
was incubated fol h at 4°C, in SE buffer containing 1 ~ HNA GA was carried out as described in Experimental Procedures.
mM dithiothreitol (DTT) and 0.01% Triton X100, in the

absence or in the presence of 125 nMz§ geptide and 5 RESULTS

nM of HNA11 oligonucleotide and in the absence or in the The HNA Fully Modified Aptamer Is a Weak Ligand of
presence of an increasing concentration of the LNA5 HIV-1 TAR. We derived HNA-aptamers from the RNA
aptamer. hairpin R06 previously identified as a TAR RNA ligand
Surface Plasmon Resonande.total of 200-300 reso-  through a SELEX proceduré), The association between
nance units (RU) of '3end-biotinylated miniTAR were  the aptamer and TAR hairpins was investigated by UV-
immobilized on a carboxymethylated dextran sensorchip monitored thermal denaturation. To make the synthesis and
(CM5, BlAcore, Sweden) coated with streptavidin as previ- the analysis easier the stems were shortened. TAR was
ously describedl(7). The HNA oligonucleotide was prepared reduced to its 27-nucleotide-long apical region termed
in the SE buffer and injected at a 20/min flow rate, at 23 “miniTAR” and the aptamer R06 to a 16-mer Wwia 4 base
°C. The kinetic parameters were determined as previously pair stem (Figure 1B). Such a shortened TAR element has

1

described 17). been previously shown to retain functional properti2s, (
In Vitro Transcription Assaydn vitro transcription was ~ 22). The binding properties of these RNA truncated hairpins
performed at 30°C for 20 min with 15uL of HeLa cell are identical to that of the full-length TAR and RO06

nuclear extract in a 4@L final volume containing 80 mMm ~ Molecules, indicating that the formation of the complex is
potassium chloride, 3.5 mM magnesium chloride, 20 mm driven by loop-loop interactions. Two fully modified HNA
HEPES (pH 7.9), 2 mM DTT, 1@M zinc sulfate, 10 mM hairpins were synthesized (Table 1) corresponding to the
creatine phosphate, 10@/mL creatine kinase, 1 mg poly-  Selected sequence HNA GA and to a mutant HNA CU. The
[d(1—C)], 50uM of ATP, GTP, CTP and &M of UTP a3% two hairpins differ only by the residues closing the aptamer
(10 uCi), 10 nM of Di\lA témplate and 200 ng of Tat loop. Even though these bases do not engage direct interac-
recombinant protein18—20) were added as well as an tions with TAR RNA we previously demonstrated that the
increasing concentration of HNA-modified aptamers. The Selected G,A combination is crucial for RNA-RNA loop

reaction was stopped by adding 50 of a solution loop interaction. Substitutions at these positions are detri-
containing 0.3 M sodium acetate pH 5.2, 20 mM EDTA mental to complex formation; the C,U combination abolishes

1% SDS and 10@g/mL of tRNA. Then, the transcripts were th?”?ssocllta_\tlon b?_tlwe?n TAT?ASnd :he mUt"’.‘ti’\d ROGhRNA'
extracted by phenol/chloroform and precipitated with ethanol. € metting profile of mini -aptamer mixtures Shows

The products were analyzed by electrophoresis on a dena-tWO transitions (Figure 2), the broad one at high temperature

! ) corresponds to the overlapping signals of both miniTAR and
turating 6% polyacrylamide ge¥ M urea and revealed by g .
. . 2 hairpin stem denaturation whereas that at low temperature
autoradiography. The full-length transcripts were quantified

. . characterizes the dissociation of the ledpop helix. As
by IMAGE 1.62 Software of the National Institutes of Health expected the stem of the HNA aptamers is much more stable
(Bethesda, USA).

than that of the parent ROG\{, ~ 18 to 22°C). But the
Nuclease-Resistance Assd§y’P]-5-End-labeled HNA-  introduction of hexitol sugars at every position in the loop
modified aptamers (10000 cpm/sampte340 Bq at 10 nM)  was deleterious for the kissing complex formation. The HNA
were incubated at 37C in DMEM (Dubelcco’s medium GA—miniTAR complex shows aAT,, of about —9 °C
eagle modified) containing 5% fetal calf serum. Forty compared with the parent RO6(RNAMINITAR complex
microliter aliquots were withdrawn at different incubation (Figure 2 and Table 1). The aptamer mutant HNA CU is an
times. These samples were immediatly diluted withk®0  even poorer ligand: a slight transition could be detected at
of 0.3 M sodium acetate buffer pH 5.2, containing 20 mM about 10°C (Table 1). As previously observed with the RNA
EDTA, and 10Qug/mL tRNA. They were then extracted with  aptamer, this means that the loop closing residues play a
phenol/chloroform and precipitated with ethanol. Samples key role in the HNA-TAR kissing complex formation,
were loaded on a denaturating 20% polyacrylamide, 7 M suggesting that the overall organization of the chemically
urea gel. The band corresponding to the full-length aptamer modified loop-loop complex share similar properties with
was quantified by Instant Imager. the RNA-TAR complex. The sugar rings of HNA in HNA
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Ficure 3: Sensorgrams of the R0O6- and HNA-modified aptamer
miniTAR complexes. Experiments were carried out in the SE buffer
at 23°C. 500 nM HNA11, HNA19, R06, HNA GA, or HNA CU
(as indicated on figure) was injected on a miniTAR-functionalized
sensor chip (see Experimental Procedures).
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RNA hybrids were shown to have a rigid chair conformation
(13). The rigidity induced by the HNA strand might not be
favorable to a kissing interaction. It might prevent achieve-
ment of an optimal conformation, particularly at the junction
between the stems and the ledpop helix. We therefore
synthesized a series of R06 derivatives with mixed RNA
HNA backbones.

A HNA-RNA “Mixmer” Is a Good TAR RNA Ligand.
Eight mixmers were synthesized with empirically inter-

Biochemistry, Vol. 44, No. 8, 20022929

Table 2: Equilibrium and Rate Constants of AptameniniTAR
Complexed

EMSA surface plasmon resonance

Ko (M) kon (x10*M~1s1) ket (x1074s7Y)  Kp (NM)
RO6 RNA 2+0.5 6.2+ 0.2 3.6+ 0.2 5.9+ 0.5
HNA11 6+0.4 19.8+ 8.2 2.9+ 0.1 1.5+0.1
HNA19 6+1.5 9.0+21 1.6+0.1 1.7+ 0.3
HNAGA 46+6.0 13.9+ 6.4 115.0£47.0 82.6+5.5

a Dissociation constantt) were determined by electrophoretic
mobility shift assay (EMSA) and surface plasmon resonance (see text
for details).

deduced from direct fitting of the curves. R06, HNA11,
HNA19, and HNA GA are characterized by association rate
constants in the same range (6.2 M st < ky, < 19.8

10* M1 s1, Table 2). The dissociation rate constants for
RO6(RNA), HNA11 and HNA19 are also similar (1.5710

s < kot < 3.6 104 s71). The fully modified HNA GA
shows an increased dissociation rdtgs (= 115 104 s,
Table 2). The equilibrium constants deduced from these
sensorgrams confirm that HNA11 and HNA19 form high
affinity complexes with TAR Kp = 1.5 nM and 1.7 nM,
respectively, Table 2). In contrast, the fully modified aptamer
HNA GA displays a moderate affinity due to a higher
dissociation rate constant. The mutant HNA CU shows a
slow association with TAR (Figure 3), but the curve could
not be fitted to extract kinetic parameters. Electrophoretic
mobility shift assays confirmed the results obtained from
surface plasmon resonance experiments: HNA11, HNA19

spersed HNA and RNA residues (Table 1). Each aptamerand RO06 display affinities for TAR in the low nanomolar

derivative stem has the same fully modified HNAsBrand
and unmodified RNA 5strand. This results in a stabilization
of the stem compared to the parent aptamer ROG,(~ 6
°C; not shown) as expected for RNAINA hybrids 23).
This will also likely protect the oligomer against &onu-

range, whereas the fully modified aptamer HNA GA gives
rise to aKp of about 50 nM (Table 2).

HNA Oligonucleotides Do Not Compete with Tat for the
Association with TARThe Tat protein and the aptamer bind
to different parts of the TAR element: the kissing complex

cleases. Four aptamers bore an RNA G,A combination formation involves the loop, whereas it has long been shown

(HNAL11, 15, 18, and 19), three an HNA G,A combination
(HNA12, 13, 14), and one a mixed HNA G, RNA A
combination (HNAL17). In addition, different HNA and RNA
distributions were introduced into the aptamer loop (Table
1). The stability of the different mixmefTAR complexes
was first followed by thermal denaturation.

The HNA modification of the G,A closing residues largely

that Tat associates in the region of the three-nucleotide bulge
(Figure 1A). However, it was recently suggested that Tat
also recognizes the TAR upper stem and lodg).(Indeed

the N3—P5 phosphoramidate derivative of the R06 aptamer
(9) and a LNA-DNA chimeric aptamer, LNA5 (unpub-
lished), inhibit TAR-Tat association. It was therefore of
interest to investigate the effect of HNA-modified aptamers

destabilizes the kissing complex. No transition was observedon Tat-TAR complexes. We used a 36 amino acid long

for complexes between TAR and HNA12, 13 or 14 (Table

peptide that retains both the affinity and the specificity of

1). In contrast the loop of the strongest TAR ligands is closed the intact Tat protein25) for electrophoretic mobility shift

by RNA G,A residues (28C < T, < 31°C; Table 1). The
derivative HNA17 with a mixed HNA G, RNA A combina-
tion binds with an intermediate stabilitf 4 = 17 °C, Table

1). It must be noted that the HNAEITAR complex has a
slightly increased thermal stability compared to that of the
parent RO6 (Figure 2). The two best mixmers (HNAIM;

= 31°C and HNA19: T, = 28 °C, Figure 2) were used for
further investigations in comparison with RO6(RNA), HNA
GA, and HNA CU aptamers.

assays. As the migration of the TARat complex in a 3
mM magnesium containing buffer promotes the dissociation
during migration 9) the assay was carried out in a buffer
containing only 20uM magnesium to allow both the
aptamers and Tat to associate with TAR. RNRNA kissing
complex formation is highly dependent on magnesium
concentration. Consequently the R06 aptamer binds much
more weakly to TAR at 2quM magnesium than under
selection conditions (3 mM magnesiund)7. Interestingly,

Surface plasmon resonance experiments were carried ouHNA-modified aptamers efficiently bind to TAR at low
in order to determine the association and dissociation ratemagnesium concentration. The formation of the HNA11
constants. The different aptamers were successively intro-miniTAR complex can be monitored by electrophoresis
duced on a sensor chip on which miniTAR RNA was (Figure 4A; lane 2). The Ta¢—miniTAR complex is detected
immobilized. In Figure 3 is represented the sensorgram on the same nondenaturing polyacrylamide gel as a slow
obtained with different aptamers injected at a single con- migrating band (Figure 4A; lane 3). The simultaneous
centration. The kinetic parameters listed in Table 2 were addition of the Taj peptide and of the HNA11l aptamer
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Ficure 4. Competition between Tat peptide and aptamers for binding to TAR RNA. (A) Competition assay between HNA mixmers and
Tatss peptide with radiolabeled miniTAR RNA. 1 nM of radiolabeled miniTAR was incubated with or without 125 nM of Tat peptide, as
indicated at the top of the lanes. Increasing amounts of HNA11 (left) or HNA14 (right) were added as indicated. (B) Competition assay
between miniTAR RNA and Tg§ peptide with radiolabeled HNA mixmers. 1 nM radiolabeled HNA was incubated with or without 125

nM of Tat peptide, as indicated at the top of the lanes. Increasing amounts of miniTAR RNA was added as indicated. (C) Competition
assay between HNA mixmers, LNAS5 aptamer, andsd peptide with radiolabeled miniTAR RNA. 1 nM radiolabeled miniTAR was
incubated with or without 125 nM of Tat peptide and 5 nM of the HNA11 mixmer as indicated at the top of the lanes. Increasing amounts
of LNA5 aptamer were added as indicated. Arrows indicate the different binary and ternary complexes between the aptamers, the peptide
(Tat), and the TAR element (nTAR).

induces the appearance of a species migrating slower thaminiTAR to HNA11 (left panel) but not to HNA14 (right
the binary complexes TaminiTAR and HNA11-miniTAR panel), corresponding to the kissing complex. A faint band
(Figure 4A; lanes 46). Such a pattern was not observed moving ahead of the TARHNAL11l major band was also
when HNA14 which does not bind to TAR is substituted to seen which might correspond to an impurity or to a different
HNA11 (Figure 4A; lanes 810). This suggests that the conformation of the kissing complex. In the presence of both
upper band seen with HNA11l corresponds to a ternary Tatand miniTAR a slowly migrating species was seen with
complex between the aptamer, TAR and Tat. This is HNA1l, but not with HNA14 as expected for a ternary
confirmed by the experience shown in Figure 4B in which complex. A similar behavior was seen with HNA15 or
[3?P]-end-labeled HNA aptamer derivatives were used for HNA19 that do not bind to TAR either (not shown).
monitoring the complexes. In agreement with the previous Therefore the supershifted species requires the formation of
experiment a retarded band was shown upon addition ofa kissing complex. But the addition of the Tat peptide to the
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Ficure 5: In vitro Tat-mediated transcription assay. (A) Schematic representation of the linearized DNA template containing the HIV-1
promoter (LTR), an artificial terminator sequenag, @nd the runoff terminatorpj, giving rise to two RNA products, 325-nucleotide3 (
and 524-nucleotides) long. (B) Autoradiograph of the transcription products analyzed on a 6% polyacrylamiMeirea gel. The DNA
template (10 nM) was incubated in the presence of HelLa cell nuclear extract in the presence<{mngsa in the absence (lane f) of
200 ng of recombinant Tat. HNA11 aptamer (lanesfor HNA CU (lanes ab) was added at concentrations of up to 4 mM. (C) Relative
amount of full-length transcripts) as a function of aptamer concentration.

HNA hairpins does not result in a detectable complex. These RNA synthesis in a dose-dependent manner (Figure 5B
results mean that in contrast to other modified anti-TAR and C).

aptamers the HNA derivative does not displace the Tat

peptide from its TAR binding site. Chimeric LNADNA

derivatives of the aptamer R06 were recently synthesized

and investigated1). A hairpin termed LNA5 with three

LNA residues interspersed in a DNA loop generates a kissing

complex with TAR and displaces the Fapeptide at high

concentration (Darfeuille et al., unpublished). We used LNA5

as a competitor of HNA11 (Figure 4C). The two kissing
complexes HNA1+mTAR and LNA5-mTAR show a
different mobility. The addition of increasing amounts of
LNAS to a mixture containing miniTAR, Ta4, and HNA11

The mixmers HNA11, HNA15, and HNA19 inhibit the
transcription with an 1C50< 750 nM whereas HNA CU
which is a poor TAR ligand shows a weaker inhibition with
an IC50 around M. The fully modified HNA GA is also
a weak inhibitor of TAR dependent transcription (data not
shown), indicating that the efficiency of inhibition is related
to the binding affinity of the aptamer. Since the HNA
mixmers do not compete with Tat binding, these results
suggest that these modified aptamers interfere with the
association of proteins to the TAR loop.

results in the decrease of the band corresponding to the HNA-Modified Aptamers Are Resistant to Nuclea3é®

miniTAR—HNA11 binary complex and of the slowly moving
one ascribed to the miniTARHNAL11—Tatss ternary com-
plex to the expense of the miniTAR.NAS kissing complex.

nuclease resistance of the different aptamers was tested in a
cell culture medium (DMEM supplemented with 5% fetal
calf serum). The fully modified HNA aptamers HNA GA

Therefore these results confirm that the aptamer HNA11 andand HNA CU are strongly resistant to nuclease digestion

the Tags peptide bind simultaneously to the TAR RNA
element and do not compete with each other.

Inhibition of Tat-Mediated Transcription’Ve next inves-
tigated the ability of HNA-modified aptamers to inhibit the
trans-activation of transcription mediated by the viral protein
Tat. We used a DNA template containing the HIV-1 long

and no degradation was observed up to 48 h (Figure 6). As
far as the mixmers HNA19 and HNA1l are concerned,
degradation was observed and the half-lifetime is estimated
around 90 min (Figure 6). This is significantly higher than
that of the parent RO6(RNA) which has a half-life of 10 min
under the same conditions (not shown). Therefore, the

terminal repeat. Two transcripts 325- and 524-nucleotides introduction of HNA modifications increases the half-lifetime
long are obtained, corresponding to the runoff transcript and of the mixmers and renders the fully modified HNA aptamers

internal artificial terminator 4 and 7) (Figure 5A). The

strongly resistant to nucleases. Nuclease resistance of

presence of HelLa cell nuclear extracts and of the protein mixmers might be further improved by substitutingQ-
Tat enhanced the transcription yield. The addition of HNA methyl nucleosides for ribonucleosides. This would likely
aptamers to the in vitro transcription mixture reduces the generate A-type molecules able to recognize the TAR hairpin.
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A. allows an increased inter-strand distance, thus reducing
HNA-CU  HNA-GA HNAL11 electrostatic repulsion between the phosphate gro8ps (
Time (hours) 48 24 0 48 24 0 0 218 26 48 The rigidity induced in the sugar moiety in LNA and HNA
- .rmgh.t prevent op'umal_ positioning of the res@ues at the
B o= ‘- junction. It is also of interest to note that an inter-strand
. hydrogen bond involving the sugar of the G residue has been

suggested by a molecular dynamics stugh)(The presence
of HNA guanine is more detrimental to kissing interaction
P than that of a HNA adenine.

- & -HNA-GA HNA mixmers containing HNA and RNA residues in the
—_— loop show strong binding properties (as far as G and A
closing residues are provided as ribonucleosides). This is
reminiscent to the results obtained with LNA. As few as two
to three modified residues provide the aptamer with an
48 affinity equivalent to that of the parent aptamer. The rules
for the location of these modified residues are presently
FiGURE 6: Nuclease resistance assay. (A) HNA GA, HNA CU, un!(nown bu.t likely depend on the interaction with the
and HNA19 were incubated in DMEM medium containing 5% fetal adjacent residues, that is, on the loop sequence.
calf serum. Aliquots were Wit.hdrawn at different times and The effect of the association of the aptamer with TAR on
elgCtEg?h,gr:?gSgt o ?n?ae(g‘tagurgg‘géogg F;O'ﬁ’]?]‘é%’(')ﬂ?ﬂi%r:isee the binding of the protein Tat indicates different structural
%xberimental Procedures fofdetails). properties of_ the kissing complex. Whereas thé_—NBS
phosphoramidate aptamer (9) or the LNBNA mixmer
DISCUSSION (unpublished) displaces the Tat peptide from TAR the
HNA—RNA mixmer gives rise to a ternary complex. Even
if the recognition of TAR by both the N3-P5 phospho-
ramidate aptamer and the HNA mixmer relies on letgop
interactions, the conformation of the TAR element is likely
to be different in the two types of complexes. Consequently,
the recognition of the same site might lead to different

rationally 28—30) or after a computational approach. properties, making aptamers very subtle ligands allowing one

) : . . to decipher structurefunction relationships.

Peptides and peptidomimetics have been designed on the _ oo _
basis of the Tat minimal TAR binding regio82), and a The magnesium dependence of kissing interactions also
peptoid-peptide hybrid was identified thanks to a combi- elates to different complex conformation. Whereas HNA
natorial approach2g). Even though the TAR hairpin is not ~and LNA mixmers bind to TAR with a similar affinityTe,
favorable for antisense hybridization, some interesting ligands™ 31 °C) in the presence of 3 mM magnesium a 10-fold
have been designed, wiks in the nanomolar range. Such €xcess of the LNA mixmer is required to compete with the
molecules were able to inhibit Tat-dependent transcription HNA mixmer for binding to TAR at lower magnesium
in vitro and in cell culture 20, 33, 33. concentration (2@M) as shown by electrophoretic mobility

In vitro selection allowed the identification of an RNA ~ Shift assays (Figure 4C). This might be related to the inter-
aptamer, R06, forming a kissing complex with the TAR Strand phosphate-phosphate distance at the-lamp helix
target (7). This aptamer shows both a strong affinity and a a@ptamer stem junction. The HNA mixmer which is less
high specificity for TAR. Itis of interest to identify nuclease- deépendent on magnesium ions might be a candidate of
resistant derivatives of R06 retaining the binding character- Interest for biological assays. Indeed the inhibition of in vitro
istics of the parent R06. Hexitol nucleic acid-modified —transcription make them promising tools.
oligonucleotides, which bind RNA with an increased affinity In summary, from this work and previous reports we
compared to RNA Z3) and which adopt the C@xo— clearly showed that the recognition of the same target, the
C3endo conformation, are candidates of inter&s).(The TAR RNA element of HIV-1, by different chemically
fully modified HNA derived from R0O6 shows a reduced modified derivatives of the parent RNA aptamer involves
affinity for the TAR RNA element compared to the parent very subtle differences. Even though the primary recognition
RNA aptamer. This is at variance from the NS5 mode remains the same for all the aptamer derivatives, that
phosphoramidate and-@-methyl RO6 derivatives which is the formation of a looploop complex, the conformation
displayed binding properties analogous to that of the RNA of the complex is nicely tuned by the oligonucleotide
aptamer. The behavior of the HNA analogue is reminiscent chemistry. Among the nuclease resistant RNA mimics
to what we previously observed for the fully modified LNA investigated so far only N3-P5 phosphoramidate and-2
aptamer {1). The chemistry of the G,A residues closing the O-methyl residues are tolerated at the positions closing the
aptamer loop are of key importance: for the HNA series aptamer loop10, 39. Interestingly these derivatives as well
the presence of riboA and riboG nucleosides at theseas LNA—DNA (11) and HNA—RNA mixmers bind to the
positions led to strong TAR ligands. These residues have TAR hairpin with similar affinity. But the latter analogue
been demonstrated to be important for kissing complex does not compete with Tat in contrast to the other ones.
formation §). The G,A combination leads to optimal stacking Therefore these aptamer derivatives constitute a class of tools
interactions at the looploop helix and stem junction. It also  that can nicely modulate biological interactions.

=
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Conserved regions of the HIV-1 RNA are valid targets
for the development of inhibitors of retroviral replication.
The TAR hairpin present at the Bxtremity of the RNA
genome is of key interest due to its role in thens-activation
of transcription 26). Different artificial ligands have been
tested to this end27). Small molecules were designed, either



Chemically Modified Aptamers as TAR RNA Ligands

ACKNOWLEDGMENT

We are indebted to Guy Shepers for oligonucleotide
synthesis and purification.

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Couvreur, P., and Malvy, C. (2000) pp 321, Taylor & Francis,
London.

Toulme J.-J. (2000) Aptamers: selected oligonucleotides for
therapy,Curr. Opin. Mol. Ther. 2318-324.

. Patel, D. J., and Suri, A. K. (2000) Structure, recognition and

discrimination in RNA aptamer complexes with cofactors, amino
acids, drugs and aminoglycoside antibiotids,Biotechnol. 74
39-60.

. Boiziau, C., Dausse, E., Yurchenko, L., and Touldhel. (1999)

DNA aptamers selected against the HIV-1 TAR RNA element
form RNA/DNA kissing complexes]. Biol. Chem. 27412730~
12737.

. DucongeF., and ToulmeJ. J. (1999) In vitro selection identifies

key determinants for loop-loop interactions: RNA aptamers
selective for the TAR RNA element of HIV-RNA 5 1605-14.

. Sekkai, D., Dausse, E., Di Primo, C., Darfeuille, F., Boiziau, C.,

and Toulme J.-J. (2002)In »itro selection of DNA aptamers
against the HIV-1 TAR RNA hairpinAntisense Nucleic Acids
Drug Dev. 12, 265-274.

. Karn, J. (1999) Tackling Tad. Mol. Biol. 293 235-254.
. Brody, E. N., and Gold, L. (2000) Aptamers as therapeutic and

diagnostic agentfRev. Mol. Biotechnol. 745—13.

. Darfeuille, F., Arzumanov, A., Gryaznov, S., Gait, M. J., Di Primo,

C., and ToulmeJ. J. (2002) Loop-loop interaction of HIV-1 TAR
RNA with N3—P5 deoxyphosphoramidate aptamers inhibits in
vitro Tat-mediated transcriptio®roc. Natl. Acad. Sci. U.S.A. 99
9709-14.

Darfeuille, F., Arzumanov, A., Gait, M. J., Di Primo, C., and
Toulmg J.-J. (2002) 2-O-methyl-RNA hairpins generate loop-
loop complexes and selectively inhibit HIV-1 Tat-mediated
transcription,Biochemistry 4112186-12192.

Darfeuille, F., Hansen, J. B., Orum, H., Di Primo, C., and Tdulme
J. J. (2004) LNA/DNA chimeric oligomers mimic RNA aptamers
targeted to the TAR RNA element of HIV-Nucleic Acids Res.

32, 3101-7.

Declercq, R., Van Aerschot, A., Read, R., Herdewijn, P., and Van
Meervelt, L. (2002) Crystal structure of double helical hexitol
nucleic acidsJ. Am. Chem. Soc. 12828-933.

Lescrinier, E., Esnouf, R., Schraml, J., Busson, R., Heus, H.,
Hilbers, C., and Herdewijn, P. (2000) Solution structure of a HNA-
RNA hybrid, Chem. Biol. 7719-731.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Vandermeeren, M., Preveral, S., Janssens, S., Geysen, J., Saison-

Behmoaras, E., Van Aerschot, A., and Herdewijn, P. (2000)
Biological activity of hexitol nucleic acids targeted at Ha-ras and
intracellular adhesion molecule-1 mRNBjochem. Pharmacol.
59, 655-663.

De Bouvere, B., Kerrema, n., L, Rozenski, J., Janssen, G., Van
Aerschot, A., P, C., Busson, R., and Herdewijn, P. (1997)
Improved synthesis of anhydrohexitol buiding blocks for oligo-
nucleotide synthesid,iebigs Ann. Cheml453-1461.

Hendrix, C., Verheggen, L., Rosemeyer, H., Seela, F., Van
Aerschot, A., and Herdewijn, P. (1997}, 15'-anhydrohexitol
oligonucleotidess: synthesis, base pairing and recognition by
regular oligodeoxyribonucleoties and oligoribonucleotidasem.

Eur. J 3, 110-120.

DucongeF., Di Primo, C., and Toulmel. J. (2000) Is a closing
“GA pair” a rule for stable loop-loop RNA complexes? Biol.
Chem. 27521287-21294.

Arzumanov, A., Walsh, A. P., Liu, X., Rajwanshi, V. K., Wengel,
J., and Gait, M. J. (2001) Oligonucleotide analogue interference
with the HIV-1 Tat protein-TAR RNA interactiorNucleosides
Nucleotides Nucleic Acids 2@71—-80.

Arzumanov, A., Walsh, A. P., Rajwanshi, V. K., Kumar, R.,
Wengel, J., and Gait, M. J. (2001) Inhibition of HIV-1 Tat-
dependent trans activation by steric block chimeti©2methyl/
LNA oligoribonucleotidesBiochemistry 4014645-54.
Arzumanov, A., Stetsenko, D., Malakhov, A., Reichelt, S.,
Sorensen, M., Babu, B., Wengel, J., and Gait, M. J. (2003) A

32.

33.

34.

35.

36.

Biochemistry, Vol. 44, No. 8, 200322933

structure-activity study of the inhibition of HIV-1 Tat-dependent
trans-activation by mixmer '2O-methyl oligoribonucleotides
containing locked nucleic acids (LNA), alpha-L-LNA of-thio-
LNA residues,Oligonucleotides 13435-453.

Berkhout, B., and Jeang, K. T. (1991) Detailed mutational analysis
of TAR RNA: critical spacing between the bulge and loop
recognition domainsucleic Acids Res. 1%169-6176.

Roy, S., Delling, U., Chen, C. H., Rosen, C. A., and Sonenberg,
N. (1990) A bulge structure in HIV-1 TAR RNA is required for
Tat binding and Tat-mediated trans-activatidéenes De. 4,
1365-1373.

Van Aerschot, A., Meldgaard, M., Schepers, G., Volders, F.,
Rozenski, J., Busson, R., and Herdewijn, P. (2001) Improved
hybridisation potential of oligonucleotides comprising O-methy-
lated anhydrohexitol nucleoside congenétscleic Acids Res. 29
4187-4194.

Lund, L., Wahren, B., and Garcia-Blanco, M. (2003) A functional
genetic approach suggests a novel interaction between the human
immunodeficiency virus type 1 (HIV-1) Tat protein and HIV-1
TAR RNA in vivo, J. Gen. Virol. 84 603—-606.

Churcher, M. J., Lamont, C., Hamy, F., Dingwall, C., Green, S.
M., Lowe, A. D., Butler, J. G., Gait, M., and Karn, J. (1993) High
affinity binding of TAR RNA by the human immunodeficiency
virus type-1 tat protein requires base-pairs in the RNA stem and
amino acid residues flanking the basic regidnMol. Biol. 230
90-110.

Isel, C., Westhof, E., Massire, C., Le Grice, S., Ehresmann, B.,
Ehresmann, C., and Marquet, R. (1999) Structural basis for the
specificity of the initiation of HIV-1 reverse transcriptioBMBO

J. 18, 1048.

Froeyen, M., and Herdewijn, P. (2002) RNA as a target for drug
design, the example of Tat-TAR interactio@urr. Top. Med.
Chem. 21123-1145.

Dassonneville, L., Hamy, F., Colson, P., Houssier, C., and Balilly,
C. (1997) Binding of Hoechst 33258 to the TAR RNA of HIV-1.
Recognition of a pyrimidine bulge-dependent structiNecleic
Acids Res. 2564487-4492.

Tassew, N., and Thompson, M. (2003) Binding affinity and
inhibitory potency of neomycin and streptomycin on the Tat
peptide interaction with HIV-1 TAR RNA detected by on line
acoustic wave senso@Qrg. Biomol. Chem. 13268-3270.
Marchand, C., Bailly, C., Nguyen, C. H., Bisagni, E., Garestier,
T., Héene, C., and Waring, M. J. (1996) Stabilization of triple
helical DNA by a benzopynidoquinoxaline intercalat®ipchem-
istry 35 5022-5032.

Lind, K. E., Du, Z., Fujinaga, K., Peterlin, B. M., and James, T.
L. (2002) Structure-based computational database screening, in
vitro assay, and NMR assessment of compounds that target TAR
RNA, Chem. Biol. 9185-93.

Tamilarasu, N., Hug, I., and Rana, T. (2001) Targeting RNA with
peptidomimetic oligomers in human celBjoorg. Med. Chem.
Lett. 11 505-507.

Hamma, T., Saleh, A., Hugq, ., Rana, T., and Miller, P. (2003)
Inhibition of HIV Tat-TAR interactions by an antisense oligo-
2'—0-methylribonucleoside methylphosphona&porg. Med.
Chem. Lett. 131845-1848.

Holmes, S. C., Arzumanov, A. A., and Gait, M. J. (2003) Steric
inhibition of human immunodeficiency virus type-1 Tat-dependent
trans-activation in vitro and in cells by oligonucleotides containing
2'-O-methyl G-clamp ribonucleoside analogugagleic Acids Res.
31, 2759-68.

Beaurain, F., Di Primo, C., Toulmé&. J., and Laguerre, M. (2003)
Molecular dynamics reveals the stabilizing role of loop closing
residues in kissing interactions: comparison between TAR-TAR*
and TAR-aptameriNucleic Acids Res. 34275-4284.

Darfeuille, F., Cazenave, C., Gryaznov, S., Du¢ofgeDi Primo,

C., and ToulmeJ. J. (2001) RNA and N3-P5 kissing aptamers
targeted to the trans-activation responsive (TAR) RNA of the
human immunodeficiency virus-Nucleosides Nucleotides Nu-
cleic Acids 20441-9.

BI1048393S



