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ABSTRACT: An L-RNA aptamer was developed that
binds the natural D-form of the HIV-1 trans-activation
responsive (TAR) RNA. The aptamer initially was
obtained as a D-aptamer against L-TAR RNA through in
vitro selection. Then the corresponding L-aptamer was
prepared by chemical synthesis and used to bind the
desired target. The L-aptamer binds D-TAR RNA with a Kd
of 100 nM. It binds D-TAR exclusively at the six-nucleotide
distal loop, but does so through tertiary interactions rather
than simple Watson−Crick pairing. This complex is the
first example of two nucleic acids molecules of opposing
chirality that interact through a mode of binding other
than primary structure. Binding of the L-aptamer to D-TAR
RNA inhibits formation of the Tat-TAR ribonucleoprotein
complex that is essential for TAR function. This suggests
that L-aptamers, which are intrinsically resistant to
degradation by ribonucleases, might be pursued as an
alternative to antisense oligonucleotides to target struc-
tured RNAs of biological or therapeutic interest.

Noncoding RNAs are increasingly being recognized as
playing important roles in biology, especially in the

regulation of gene expression.1 This has prompted efforts to
inhibit such RNAs in a target-specific manner, both to investigate
their biological function and to develop potential therapeutic
agents.2 The simplest approach for the target-specific inhibition
of RNA is antisense technology, employing complementary
oligodeoxynucleotides. For most applications it is preferable to
use oligonucleotide analogues that are resistant to degradation by
nucleases, for example, 2′-O-methyl oligonucleotides or “locked”
nucleic acids. In principle the specificity of these compounds is
assured by the specificity of Watson−Crick (WC) pairing, but in
practice there often are off-target effects due to partial
complementarity of the antisense agent to other RNAs.3

A different strategy for target-specific inhibition of RNA is the
aptamer approach, employing in vitro selection methods to
discover nucleic acid molecules that bind to the target with high
affinity. This strategy has two important limitations. First, the
resulting aptamer must bemodified to confer nuclease resistance,
although some protein-binding aptamers have been developed
starting from populations of nuclease-resistant oligonucleotide
analogues,4 and in principle the same could be done for aptamers
that bind RNA. The second limitation is the tyranny of WC
pairingthe strong tendency to recognize RNA through
complementary interactionswhich applies to both standard
oligonucleotides and their nuclease-resistant analogues. WC

pairing is the most expedient way to bind RNA and is difficult to
outcompete with a more nuanced mode of recognition.

L-RNA, the enantiomer of natural D-RNA, is incapable of
binding D-RNA through WC pairing and is completely resistant
to degradation by nucleases.5 Several small-molecule- and
protein-binding L-RNA aptamers have been developed,6

including compounds that are currently undergoing human
clinical trials.7 However, L-RNA aptamers have never been
reported for D-RNA targets. Perhaps this is because antisense is
such an obvious, albeit imperfect, solution to the binding
problem. In addition, the early literature incorrectly suggested
that L-RNA can hybridize to D-RNA through WC pairing in a
parallel orientation.5,8 That suggestion prompted efforts to
develop L-RNA and L-DNA as antisense agents,9 which were
abandoned when it became clear that stable duplexes do not form
between nucleic acids of opposing chirality.5,10 With an eye
toward the many noncoding RNAs that onemight target through
specific tertiary interactions rather than WC pairing, efforts to
develop L-RNA aptamers against D-RNA targets seemed overdue.

L-Aptamers (usually referred to as “Spiegelmers”)6a are initially
selected as D-aptamers against the enantiomer of the target
ligand, enabling enzymatic amplification of the D-RNA during the
process of in vitro selection.11 Then the corresponding L-RNA is
prepared by chemical synthesis and used to bind the desired
target. Protein-binding L-aptamers, for example, typically are
obtained by selecting D-RNAs that bind a D-peptide correspond-
ing to the enantiomer of a structural epitope within the target
protein. The same methodology could be applied to structured
RNA targets, provided the target RNA can be prepared as the L-
stereoisomer. The increasing use of L-aptamers and antiviral
agents derived from L-ribose has made L-nucleoside phosphor-
amidites readily available, which are required to prepare L-RNA
by solid-phase synthesis.12 Thus, a variety of short (<100
nucleotides (nt’s)), biologically relevant target RNAs, such as
microRNAs, riboswitches, and even portions of the ribosome,
can be obtained through chemical synthesis, allowing aptamers
to be selected against them. This study reports the first example
of an L-aptamer selected to bind a structured D-RNA target.
The target RNA chosen for this study is the trans-activation

responsive (TAR) element of HIV-1 RNA. This RNA has an
extended stem-loop structure that is crucial for efficient
transcription of the integrated genome of HIV-1.13 TAR RNA
is an attractive target due to its well-characterized structure and
function.14 In addition, both D-RNA and D-DNA aptamers have
previously been selected against this target.15 These aptamers
were shown to bind TAR RNA through a “kissing hairpin”
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complex involving a loop that is fully complementary to the distal
loop of the TAR hairpin (with the sequence 5′-CUGGGA-3′).
Such an interaction could not be realized between RNAs of
opposing chirality.5,10 Thus L-aptamers are expected to bind D-
TAR RNA through tertiary interactions rather than WC pairing.
In vitro selection was carried out using a 29-nt truncated

version of TAR RNA (Figure 1a, see Supporting Information
(SI)), chemically synthesized using commercially available L-
nucleoside phosphoramidites. A pool of ∼1014 D-RNA
candidates, each containing 50 random-sequence nt’s flanked
by fixed primer-binding sites (see SI), was mixed with 5′-
biotinylated L-TAR RNA at room temperature in the presence of
10 mMMgCl2, 50 mMNaCl, 0.1% TWEEN 20, and 25 mMTris
(pH 7.6). D-RNAs that bound L-TAR were captured using
magnetic streptavidin beads. The beads were washed several
times with the same binding solution, and aptamers that
remained bound then were eluted using 25 mM NaOH, reverse
transcribed, and amplified by PCR. The resulting dsDNAs were
used to transcribe a corresponding pool of RNAs to begin the
next round of in vitro selection. A total of six rounds were carried
out, gradually increasing the stringency of selection by decreasing
the concentration of pool RNA and lengthening the washing
period (see SI). Following the sixth round, the amplified DNA
was cloned and sequenced.
Of 21 clones that were analyzed, D-6-4 (Figure 1b), which

occurred five times, had an apparent Kd for L-TAR RNA of <1
μM when measured by an electrophoretic mobility-shift assay
(EMSA). Thus, all further studies were conducted using this
clone. A series of truncations of D-6-4 were made to establish the
minimal D-RNA sequence that is required to bind L-TAR. Based
on these studies, a secondary structural model of D-6-4 was
established, involving three paired elements (P0−P1, P2, and
P3) that converge on a central unpaired region (Figure 1b). The

P0 portion of the P0−P1 stem, containing the two primer
binding sites, could be deleted without disrupting binding of L-
TAR RNA (see SI). In fact, a truncated version of D-6-4 that
lacked these nt’s had greater affinity for L-TAR compared to that
of the parent aptamer. In addition, replacement of the 11-nt loop
that closes the P3 stem with a simple tetraloop (5′-GAAA-3′)
had little effect on binding. Together, these observations were
used to design a minimal aptamer, D-6-4t, that contains only 46
nt’s (Figure 1c). The sequence of the P1 stem of D-6-4t was
modified to install a 5′-terminal G residue, required for in vitro
transcription using T7 RNA polymerase, and the P3 stem was
shortened by one base pair. These changes did not have an
appreciable effect on binding, consistent with the predicted
secondary structure of D-6-4t. Interestingly, a version of D-6-4t
that contains no uridine residues (which occur only within the
paired regions) retains the ability to bind L-TAR with only
slightly reduced affinity (see SI).
The affinity of D-6-4t and L-6-4t for L-TAR and D-TAR,

respectively, was determined using chemically synthesized
materials. Both aptamers were prepared by solid-phase RNA
synthesis using 2′-tert-butyldimethylsilyl (TBDMS) RNA
phosphoramidites. The 2′-triisopropylsilyloxymethyl (TOM)
protecting group is preferred for the chemical synthesis of long
RNAs, but is not commercially available in the L series. Thus, to
maintain parity with the L-RNA molecules synthesized using
TBDMS phosphoramidites, D-6-4t was synthesized in the same
manner. As expected, the Kd values of D-6-4t for L-TAR and of L-
6-4t for D-TAR are very similar (70 ± 10 and 100 ± 30 nM,
respectively; Figure 2). In vitro transcribed D-6-4t binds L-TAR
RNA with a Kd of 30 nM, lower than that for either synthetic
complex. This reflects the somewhat lower quality of materials
obtained by chemical synthesis compared to enzymatic synthesis
of a 46-nt RNA, consistent with previous observations.16 Not
surprisingly, neither D- nor L-6-4t was able to bind TAR-RNA of
the same chirality (see SI).
To gain insight into how 6-4t binds TAR RNA, a series of

partial hydrolysis experiments were carried out, comparing these
molecules in isolation and within the bound complex. Structured
RNA elements, including paired regions, typically show reduced
susceptibility to hydrolytic cleavage due to disfavored in-line
attack of the 2′-hydroxyl on the vicinal phosphate.17 In contrast,
unstructured or heterogeneously structured regions tend to be
more susceptible to hydrolysis. Reactions were carried out under
mildly alkaline conditions (pH 8.5) to accelerate RNA
hydrolysis. This increase in pH relative to the selection
conditions (pH 7.6) did not affect the Kd of the aptamer-TAR
RNA complex (see SI). Incubation of D-TAR RNA in the
presence of a saturating concentration of L-6-4t resulted in

Figure 1. Sequence and secondary structure of TAR RNA and an anti-
TAR RNA aptamer of opposing chirality. (a) 29-nt RNA corresponding
to the distal stem-loop of TAR, encompassing the site of Tat binding.
(b) Aptamer clone 6-4, with boxed regions indicating the fixed primer-
binding sites. (c) Truncated aptamer 6-4t, containing 46 nt’s.

Figure 2. Saturation plot for binding of either D-TAR and L-6-4t (black)
or L-TAR and D-6-4t (gray). Data were obtained in triplicate and fit to
the equation: Fbound = [6-4t]/(Kd + [6-4t]).
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significant protection of the distal loop of D-TAR RNA compared
to the absence of L-6-4t (Figure 3a). In contrast, hydrolytic
cleavage of the internal UUU-bulge was enhanced by the
presence of the aptamer. This suggests that L-6-4t interacts with
D-TAR RNA largely through the 6-nt distal loop. In support of
this conclusion, L-6-4t was found to bind several other short D-
RNA hairpins that contained a different stem sequence, so long
as they contained the distal loop associated with TAR RNA (see
SI).
Incubation of free D-6-4t under the same conditions as above

revealed a cleavage pattern consistent with the predicted
secondary structure shown in Figure 1c. For example,
phosphodiester linkages in the loop that closes the P3 stem
(5′-GAAA-3′) are more susceptible to cleavage than are those
within the adjacent stem. Cleavage at most sites within the
central unpaired region of D-6-4t was significantly reduced in the
presence of saturating concentrations of L-TAR RNA (Figure
3b). This indicates that adaptive binding of the ligand creates a
defined RNA tertiary structure that impedes hydrolytic cleavage
in this region. Cleavage at positions within the P1 and P3 stems
of D-6-4t was unaffected by the presence of L-TAR RNA,
indicating that these structural elements are not effected by TAR
binding and further supporting the predicted secondary structure
of D-6-4t. Several positions within D-6-4t exhibited increased
hydrolysis in the presence of L-TAR (Figure 3b), suggesting that
these positions are made more flexible upon binding of L-TAR.
Taken together, the partial hydrolysis data suggest that D-6-4t
binds L-TAR RNA through tertiary interactions involving
unpaired nt’s within the aptamer core and the distal loop of
TAR RNA. There is no WC complementarity, in either the
parallel or antiparallel sense, between these two regions. Various
nt’s within the central unpaired region of D-6-4twere mutated, in
each case resulting in the complete loss of L-TAR binding (see
SI), again consistent with tertiary interactions rather than WC
pairing between the aptamer core and the distal loop of TAR.
Because L-RNA aptamers are resistant to degradation by

nucleases, they might be used to target and thus block the
function of structured RNAs of biological interest. To
demonstrate this, L-6-4t was tested for its ability to inhibit
binding of D-TAR RNA by the HIV-1 transactivator protein
(Tat). The Tat-TAR interaction is crucial for efficient tran-

scription of HIV-1 mRNA. Thus, several TAR-binding agents,
including a D-RNA aptamer, have been developed to block
formation of the Tat-TAR complex.18 The binding sites for the
Tat protein and L-6-4t on D-TAR RNA do not overlap. Tat
recognizes the uridine bulge and adjacent nt’s within the stem,19

whereas the aptamer binds the 6-nt distal loop. Nonetheless, L-6-
4t was expected to inhibit Tat binding based on the protein’s
sensitivity to the conformation of the distal loop and previously
observed inhibition of Tat binding by a D-DNA aptamer that
binds at this location.20 In addition, hydrolytic cleavage within
the uridine bulge of TAR was increased in the presence
compared to absence of the aptamer (Figure 3a), suggesting
altered geometry in this region.
Inhibition by L-6-4t of the Tat-TAR interaction was examined

by EMSA using the full-length D-TAR hairpin, prepared by in
vitro transcription. Because formation of the Tat-TAR complex is
inhibited by high ionic strength solutions, it was necessary to
conduct the inhibition experiments under conditions of lower
ionic strength (3 mM MgCl2, 20 mM KCl), compared to the
conditions that were employed during in vitro selection (10 mM
MgCl2, 50 mM NaCl). The L-6-4t aptamer has somewhat
reduced affinity for D-TAR RNA under the low-salt conditions
(Kd = 160 nM), but still strongly inhibits the Tat-TAR
interaction (Figure 4). Adding 2.5 μM L-6-4t almost completely

blocked formation of the Tat-TAR complex. The IC50 for this
inhibition was ∼400 nM. There was no detectable interaction
between L-6-4t and Tat when both were present at 100 μM each.
A functional assay was carried out to test the ability of L-6-4t to

inhibit Tat-dependent transcriptional activation of a portion of
HIV-1 genomic DNA that includes the TAR element.21 In vitro
transcription was carried out in HeLa cell nuclear extracts in
either the presence or absence of 2 μM Tat, and either the

Figure 3. Protection of nucleotide positions against hydrolytic cleavage
in the aptamer-TAR complex compared to either molecule in isolation.
Increasing red intensity corresponds to increasing levels of protection.
(a) D-TAR protected by saturating L-6-4t. (b) D-6-4t protected by
saturating L-TAR. Boxes indicate nt positions having increased
susceptibility to hydrolysis in the aptamer-TAR complex.

Figure 4. Inhibition of Tat-TAR complex formation by L-6-4t, as
determined bymobility shift in a non-denaturing polyacrylamide gel. (a)
In the absence of Tat, a saturating concentration of L-6-4t results in
reduced mobility of [5′-32P]-labeled TAR. Adding 1 μM Tat results in
formation of the Tat-TAR complex, which is competed by increasing
concentrations of L-6-4t. (b) Desaturation of the Tat-TAR complex in
the presence of increasing concentrations of L-6-4t.
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presence or absence of 10 μM L-6-4t (see SI). Adding Tat
resulted in a 3-fold enhancement of transcription yield, which
was reduced by 3-fold when the aptamer also was present. The
aptamer alone had no effect on transcription yield.
The vast majority of agents that target RNA rely on WC

pairing to recognize their target, thus requiring accessibility to
unpaired regions with the structured RNA.22 In contrast, L-6-4t
binds D-TAR RNA through tertiary interactions, more closely
resembling the interactions of RNA and protein. This is likely to
be a general phenomenon when L-aptamers are selected to bind
D-RNAs due to the unfavorable energetics of duplex formation
between D- and L-RNA. In principle, D-aptamers also could bind
structured D-RNAs through tertiary interactions. However, given
the ease of discovering WC pairing interactions between two
RNAs of the same handedness, recognition through primary
sequence alone tends to dominate the outcome of such in vitro
selection experiments. It will be interesting to select L-aptamers
against a diverse range of structured D-RNA targets, such as
internal loops or hairpins of varying sizes, to determine whether
recognition through tertiary interactions is a general phenom-
enon.
The use of L-aptamers for targeting structured nucleic acids has

several potential advantages compared to antisense and
antisense-related technologies. Recognition of D-RNA by L-
aptamers involves adapting to rather than competing against the
structure of the target RNA. A similar approach was taken by
Disney et al. in using small molecules to target structured
elements within RNA.23 Small molecules generally have the
advantage of greater bioavailability, whereas RNA molecules
have the advantage of evolvability. A major shortcoming of RNA
is its extreme sensitivity to degradation by ribonucleases, which
are ubiquitous in biological materials. However, by employing L-
RNA, selected as a D-RNA against the enantiomer of the desired
target, complete resistance to nuclease degradation is assured.
Binding of an L-aptamer to a target RNA through tertiary

interactions is expected to be more specific than binding through
simple WC pairing because the latter is tolerant of mismatches
within the region of hybridization, typically involving 10−20 base
pairs. Instead the aptamer recognizes structural features of the
target RNA that depend on sequence in a more idiosyncratic
manner. Greater effort is required to devise enantiomeric
aptamers compared to antisense oligonucleotides, but the
synthesis of L-RNA and the in vitro selection of D-RNA are
now routine, so the outcome may justify this modest additional
effort.
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