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ABSTRACT

The HIV-1 Tat protein interaction with its RNA recognition sequence TAR
is an important drug target and model system for the development of spe-
cific RNA-protein inhibitors. 2′-O-methyl oligoribonucleotides complemen-
tary to the TAR apical stem-loop effectively block Tat binding in vitro. Sub-
stitution by 5-propynylC or 5-methylC LNA monomeric units into a 12-mer
2′-O-methyl oligoribonucleotide leads to stronger inhibition, as does a 12-mer
PNA. 10–16 mer 2′-O-methyl oligoribonucleotides give sequence- and dose-
dependent inhibition of Tat-dependent transcription of an HIV DNA template
in HeLa cell nuclear extract. Inhibition is maintained for the substituted 12-mer
analogues but is poorer for PNA and is not correlated with TAR binding strength.

Transcription of HIV-1 is regulated by a virally encoded trans-activator protein
Tat. Tat interacts with a stem-loop RNA structure, the trans-activation respon-
sive region TAR, that occurs at the 5′-end of all HIV RNA transcripts (see recent
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reviews (1–3). Tat acts together with a Tat-associated kinase (TAK), which includes
host cellular factors cyclin T1 and the kinase cdk9, to form a ternary complex with
TAR RNA. Tat-dependent trans-activation involves cdk9-mediated hyperphospho-
rylation of the C-terminal domain of RNA polymerase II and resultant stabilisation
of the transcription complex leading to full-length transcription (4).

The recognition site of Tat interation on TAR has been localised to a U-rich
bulge (Fig. 1a) (5,6). Compounds that bind to TAR in the region of the U-rich
bulge and which block the ability of the Tat protein to recognise TAR would be
expected to lead to loss of HIV trans-activation and hence the ability of HIV
to replicate. Thus the TAR stem-loop is an important anti-HIV drug target. A
number of small molecules and peptidomimetics have been shown to bind TAR and
block interaction with Tat, and in some cases such molecules have shown anti-HIV
activity (7).

Figure 1. a) 39-mer TAR RNA and location of the complementary oligonucleotides; b) structures
of the four nucleotide analogues studied, c) names and sequences of the oligonucleotide analogues.
Underlined and bold residues refer to sites of substitution by propynyl or LNA analogues or the sites
of mismatch in case of PNA.
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An alternative strategy for inhibition of a protein-RNA interaction is by
sequence-specific binding of a complementary oligonucleotide to the part of the
RNA involved in protein recognition. Ecker et al showed that oligonucleotides and
their analogues can strand invade the apical stem-loop of TAR RNA and interfere
with Tat binding in vitro (8). Strand invasion was poor for short phosphodiester
oligonucleotides and phosphorothioates, but longer phosphorothioates of 26–28
residues were able to induce a partially sequence-specific antisense effect in a
trans-activation reporter assay when transfected into cultured cells (9). By con-
trast, short oligoribonucleotides and 2′-O-methyl oligoribonucleotides were found
to bind much more strongly to the TAR loop, allowing the formation of a half
pseudo knot structure (8).

Recently, we showed by use of improved polyacrylamide gel mobility shift
assays that certain 2′-O-methyl oligoribonucleotides of 12–16 residues bound TAR
RNA in vitro with affinities in the 20–100 nM range and blocked Tat binding very
efficiently (10,11). We have now synthesised 12-mer 2′-O-methyl oligoribonu-
cleotides containing 5-propynyl-2′-O-methyl C or by 5-methylC LNA monomeric
units as well as a PNA 12-mer. We show that the ability to displace Tat correlates well
with TAR binding strength. We also show that 2′-O-methyl oligoribonucleotides
and their substituted analogues as well as PNA inhibit sequence-specifically Tat-
dependent transcription in vitro directed by HeLa cell nuclear extract but that the
magnitude of inhibition is not correlated with their ability to block in vitro Tat
binding.

RESULTS

We found previously that a 12-mer 2′-O-methyloligonucleotide complemen-
tary to residues 25–36 (Fig 1c, 12 BRU OMe (25–36)) bound to TAR RNA sequence
specifically with apparent Kd of 50–70 nM and inhibited 50% Tat interaction also
at about 50 nM as judged by gel mobility shift analysis (10,11). We wished to
establish whether the ability to inhibit Tat could be enhanced by the incorporation
of other nucleotide analogues known to bind strongly to RNA. Phosphorothioate or
2′-O-allyl oligonucleotides substituted with a 5-propynyl uridine or cytidine have
been shown to enhance interaction with RNA in vitro and within cells (12,13). Sim-
ilarly, LNA oligonucleotides containing at least one LNA monomeric unit (a 2′-O,
4′-C-methylene-β-D-ribofuranosyl nucleotide) have shown remarkable RNA bind-
ing properties either in the form of an all LNA oligonucleotide or when combined
with standard 2′-deoxynucleotides (14). Combined LNA/DNA oligonucleotides
have also shown potent antisense activity in vivo (15). An entirely different ana-
logue PNA, which has a N -(aminoethyl)glycine backbone but normal heterocyclic
bases, also binds strongly to RNA and has found wide utility as a sequence specific
antisense agent (16).

We have therefore synthesised chimeric 12-mer 2′-O-methyl oligoribonu-
cleotides containing either a) six 5-propynyl-2′-O-methylC (pC) units or b) five
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Figure 2. Autoradiograph and results of gel mobility shift analysis of direct binding of oligonu-
cleotide analogues to 32P-labelled TAR BRU 39 RNA.

5-methylC LNA units. We have also synthesised a PNA 12 mer of the same se-
quence, as well as a 3-base mismatched control (Fig. 1b and c). The PNA oligomers
were prepared with a tri-lysine tail in order to enhance solubility and binding kinet-
ics (17). These oligonucleotides were compared to the standard 12-mer 2′-O-methyl
oligoribonucleotide in a gel mobility shift assay (Fig. 2) for binding to 32P-labelled
TAR RNA. The results showed that both the 5-propynyl-2′-O-methylC and LNA
substituted oligonucleotides bound TAR 2–3 fold more strongly than the stan-
dard, whereas the PNA was 5–7 fold more strongly bound. By contrast a 3-residue
mismatched PNA was at least 10 fold poorer in binding TAR than the correctly
matched PNA.

The same oligonucleotide analogues were tested for their ability to inhibit
Tat protein interaction with TAR RNA, again by use of a gel mobility shift assay
as previously described (10–11). Figure 3 shows that the inhibitory power of the
oligonucleotides followed the same order as the direct TAR RNA binding strength.
Thus the PNA 12-mer showed the strongest inhibition, 5–10 fold better than the
standard 12-mer 2′-O-methyloligoribonucleotide. The LNA and PNA chimeric ana-
logues were 2–3 fold more inhibitory.

The next question was whether 2′-O-methyl oligonucleotides and their
chimeric analogues could inhibit the action of Tat under the conditions of active
Tat-dependent transcription. An in vitro transcription system has been described
previously that is Tat-dependent and based on a HeLa cell nuclear extract (18).
The template DNA contains the HIV LTR and a synthetic terminator sequence (τ )
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Figure 3. Autoradiograph and results of gel mobility shift analysis of oligonucleotide inhibition of
binding of Tat protein to TAR BRU 39 RNA.

Figure 4. a) Scheme of HIV template used for in vitro transcription studies; b) autoradiograph
of PAGE of transcription products in the presence and absence of Tat protein and in the presence
of increasing concentrations of 16-mer 2′-O-methyl oligonucleotides (sequences of scrambled and
mismatched as previously described (10,11), c) autoradiograph as b) but with 14, 12 and 10-mer
2′-O-methyl oligoribonucleotides.
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downstream of the TAR region (Fig. 4a) (19,20). Addition of Tat protein resulted in
a substantial stimulation of transcription as witnessed by increases in the intensity
of bands corresponding to 32P-labelled terminator (τ ) and run off (ρ) transcription
products. Addition of increasing concentrations of a 16-mer 2′-O-methyl oligori-
bonucleotide complementary to residues 21–36 of TAR showed dose-dependent
inhibition of in vitro transcription as seen in a reduction of the intensities of the
transcription products (Fig. 4b). By contrast, addition of mismatched and scram-
bled 16-mer sequences did not give rise to any reduction in amounts of transcription
products even up to 1000 nM dosage. 14-mer, 12-mer and 10-mer complementary
2′-O-methyl oligoribonucleotides also showed dose-dependent transcription inhi-
bition (Fig. 4c).

We tested also the three oligonucleotide analogues for their ability to in-
hibit Tat-dependent transcription. Both the propynylC and LNA containing 12-mers
showed dosedependent inhibition of transcription at the same level as that found
for the 2′-O-methyl 12-mer (50% inhibition at ca. 70–150 nM) (Fig. 5). By con-
trast, the PNA 12-mer was poorer and showed 50% inhibition of transcription at
ca. 150–300 nM.

Figure 5. Comparative plot of amounts of full length transcripts as a function of concentrations of
oligonucleotide analogues.
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DISCUSSION

2′-O-methyl oligoribonucleotides are a good starting point for investigation of
steric block mechanisms of inhibition of RNA-protein interactions because they are
reasonably nuclease-resistant and they do not permit the action of RNase H when
bound to RNA (21). 2′-O-methyl oligoribonucleotides are also known to hybridise
with RNA much faster than DNA and to have a higher melting temperature (22).
We have shown that 10–16-mer 2′-O-methyl oligoribonucleotides are effective in
inhibiting Tat-dependent transcription sequence-specifically from a DNA template
carrying the HIV promoter and TAR sequence. The results are consistent with this
inhibition occurring at the RNA level by strand invasion of the TAR sequence that
is formed during transcription and by blocking of trans-activation directed by Tat
and its associated cellular factors.

We also investigated three types of oligonucleotide analogue known to bind
strongly to RNA. The 5-propynyl-2′-O-methylC and 5-methylC LNA analogues
were incorporated together with standard 2′-O-methyl nucleotide units to form
mixed 12-mer oligonucleotides. Although both of these mixed oligonucleotide
derivatives showed enhanced binding to TAR RNA and an improved ability to
inhabit Tat binding in vitro, neither oligonucleotide showed improvements in inhi-
bition of in vitro Tat-dependent transcription. Further, the inhibition of transcription
by the PNA 12-mer was less than that for the other analogues containing phospho-
diester linkages. The lack of correlation of activity in this transcription inhibition
assay with TAR binding strength in vitro suggests that other parameters limit the
activity of steric blocking oligonucleotides. Such parameters could include, for
example, the kinetics of TAR association and dissociation, the displacement or
sequestration of oligonucleotides by protein factors under transcription conditions
etc. and these are currently under investigation. It should be noted that, compared
to PNA, 2′-O-methyloligonucleotides were also found recently to have higher in-
hibitory properties against telomerase RNA in a cell lysate-directed TRAP assay,
despite their lower binding strength (23). However, conjugation of basic peptides
to PNA has been shown to improve telomerase RNA inhibition (17).

A further goal of this research is to investigate the ability of steric block-
ing oligonucleotides to inhibit Tat-directed trans-activation within cells that har-
bour HIV DNA. This requires the oligonucleotides to be delivered into the cell
nucleus where transcription takes place. It should be noted that 2′-O-methyl oligonu-
cleotides targeted to splice junctions have been shown to be ineffective in their
ability to correct splicing of globin mRNA within the nuclei of HeLa cells when
delivered either by scrape loading or by cationic lipids (24). In addition, in our pre-
liminary studies of cellular uptake of 3′-fluorescein labelled 2′-O-methyloligoribon-
ucleo tides delivered by cationic lipids into HeLa cells, we observed fluorescence
in the cytosol but not in the nucleus (Walsh, A.; Arzumanov, A.; Gait, M. J.,
unpublished studies). Addition of phosphorothioate linkages incorporated into 2′-
O-methyl oligoribonucleotides has been shown to lead to significant activities in
cellular telomerase inhibition assays (23) and in splicing inhibition assays (24). We
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are currently investigating phosphorothioate modifications of 2′-O-methyl oligori-
bonucleotides as well as the propynyl and LNA modifications described in this
article for nuclear delivery by cationic lipids and for intra-cellular activity. Further,
conjugates of oligonucleotide analogues with cell-penetrating peptides, prepared
through a new native ligation method we have recently introduced (25), are also
under investigation for their potential lipid-free delivery properties.

EXPERIMENTAL SECTION

Oligonucleotides

2′-O-methyl oligoribonucleotides and TAR BRU 39 RNA were synthesised
as described previously (10,11). 2′-O-methyl oligoribonucleotides containing 5-
propynyl-2′-O-methylC residues were synthesised by standard phosphoramidite
solid phase synthesis (10,11) with the modified phosphoramidite obtained from
Glen Research (via Cambio Ltd). Mixed 2′-O-methyl/LNA oligoribonucleotides
were prepared by standard phosphoramidite solid phase synthesis as described pre-
viously (14). PNA-triLys conjugates were synthesised by standard Fmoc chemistry
manually on a Tentagel resin preloaded with one Fmoc-Lys(Boc) residue (5 µmole)
(26). The other two lysine residues were assembled using Fmoc-Lys(Boc)-OH
(5 eq), PyBOP� (5 eq), HOBt (5 eq) and disisopropylethylamine (DIPEA, 10 eq)
in DMF (0.2 ml). Each lysine residue was double coupled and coupling steps were
allowed to proceed for 90 min at room temperature. Individual PNA residue as-
sembly was achieved in 60 min at room temperature using Fmoc monomer (4 eq),
HATU (4 eq), HOAt (3.6 eq), DIPEA (6.25 eq), 2,4,6-collidine (3.75 eq) and
NMP (0.2 ml). Fmoc deprotection was carried out with 20% piperidine in DMF
(2 × 10 min). The final cleavage and concurrent deprotection were carried out with
TFA/DCM/triisopropylsilane(TIS)/water (0.5 ml, 50:50:2.5:2.5) for 60 min at room
temperature. The PNA conjugate was purified by HPLC and analysed by ESMS.

In Vitro TAR Binding and Tat Inhibition Assays

These were carried out as previously described (10,11).

Inhibition of Tat-dependent Transcription

Plasmid, p10SLT (19,20) carrying the wild type HIV-1 LTR was cut with Eco
RV and Xba I (New England BioLabs) and the −346 to + 520 fragment was iso-
lated by 1% agarose gel electrophoresis followed by purification with QIAquick gel
extraction kit (QIAGEN) according to the manufacturer’s specifications. Cell-free
transcription reactions were carried out essentially as described (19,20,26) with mi-
nor differences. Thus the transcription reaction mixture (40 µL) contained 15 µL
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HeLa cell nuclear extract (27), 10 nM template DNA, 80 mM KCl, 2–4 mM MgCl2
(depending on the HeLa nuclear extract), 20 mM HEPES (pH 7.9), 2 mM DTT,
10 µM ZnSO4, 10 µM creatine phosphate (Boehringer Mannheim), 100 µg/mL cre-
atine kinase (Boehringer Mannheim), 1 µg poly[d(I-C)] (Boehringer Mannheim),
50 µM ATP, GTP and CTP, 5 µM UTP, [α-32P]UTP (10 µCi), 1 unit/µL RNasin
(Promega), 200 ng recombinant Tat protein (27) and increasing concentrations of
inhibitor oligonucleotide. The reactions were incubated at 30◦C for 20 min and then
stopped by addition of 50µL of 150 mM sodium acetate solution, 0.5% SDS, 10 mM
EDTA and 20 µg/mL tRNA, extracted with an equal volume of phenol/chloroform
followed by precipitation with two volumes of ethanol. The reaction products were
analysed by 6% PAGE containing 7 M urea followed by autoradiography. The au-
toradiographs were scanned densitometrically using a Personal Densitometer SI
(Molecular Dynamics, Inc.) and the resulting digitized images were analyzed by
Geltrak software (28).
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