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Of the proteins encoded by the∼30,000 human genes, it is esti-
mated that only 10-14% have appropriate binding sites for small
molecules.1 As such, large swaths of the proteome have resisted
traditional drug discovery efforts. Although targeting the individual
mRNAs that code for the remaining 86-90% of the proteins has been
considered,2 the examples of exogenously added small molecules
that target mRNA are vanishingly few.3 Targeting one mRNA of the
transcriptome requires a small molecule ligand to distinguish be-
tween many RNAs of similar sequence and structure. Unlike DNA,
which exists in the fully base paired, double helical form in vivo,
single stranded mRNA adopts a variety of secondary structures,
including hairpin loops and bulges. Thus, small molecules that
specifically recognize certain RNA secondary structures, especially
comparatively rare motifs such as octaloops and three-base bulges,
could be useful for targeting individual RNAs in vivo. Herein we
report the discovery of compounds that specifically recognize RNA
hairpin octaloops or selectively bind RNA hairpin tetraloops.

We have recently disclosed a class of compounds, dimers of
deoxystreptamine, which bind tightly to RNA hairpin loops.4

Although this is one of the few classes of small molecules that
will recognize hairpin loops, in general these compounds do not
discriminate in their binding and show nearly equal affinities for
tetra-, hexa-, hepta-, and octaloops. To identify small molecules
that are able to recognize and bind one loop size over all others, a
combinatorial library of 105 deoxystreptamine dimers was synthe-
sized in parallel, and the library members were subsequently
evaluated for their hairpin loop binding properties.

A facile protocol for the dimerization of deoxystreptamine was
developed by utilizing the copper-catalyzed variant of the Huisgen
1,3-dipolar cycloaddition of alkynes and azides (Scheme 1A).5,6 It
was found that 2.2 equiv of deoxystreptamine (modified to contain
an alkyne) reacted rapidly with 1 equiv of a diazide to give the
bis-triazole deoxystreptamine dimer. Under microwave heating, this
reaction proceeded almost quantitatively in 40 s. A two-step
purification scheme was utilized that involved the sequential addi-
tion of azide beads (to scavenge the remaining alkyne) and acidic
resin (to “catch” the product and allow the removal of the copper
salts). As test cases indicated that the protocol depicted in Scheme
1A provided excellent yields of highly pure products, three
enantiopure deoxystreptamine-alkynes (A-C, Scheme 1) and 35
diazides (1-35, Scheme 1) were synthesized (see Supporting Infor-
mation). These building blocks were selected to vary both the length
and chemical nature of the linkage between the deoxystreptamine
monomers. Once in hand, these alkynes and azides were coupled
in parallel to produce 105 bis-triazole products; all compounds were
synthesized on a 0.01 mmol scale to provide approximately 3.5
mg of each product. Analysis of the 105 reaction products by LC-
MS indicated that the library had an average purity of 91%, and
the molecular ion peak was confirmed for all library members (see
Supporting Information for exact purity of individual compounds).

All 105 compounds were evaluated versus tetra-, hexa-, hepta-,
and octahairpin loops of RNA (structuresI-IV in Table 1).7 To
assess ligand binding, the RNA loops were labeled at their 3′ end

Figure 1. The 105 compounds synthesized were each assessed for their
binding to RNA hairpin loopsI , II , III , IV (shown in Table 1). Compounds
A-5, A-8, B-5, B-12, and C-1 (red boxes) had a greater than 10-fold
selectivity for octaloopIV , whereas compoundsA-26 andA-31 (blue boxes)
had selectivity for tetraloopI . Gray boxes indicate compounds that bound
the RNAs nonselectivity, while white boxes denote compounds that had
binding constants greater than 1.5µM for all RNAs. See Supporting
Information for full binding data.

Scheme 1. Parallel Library of Deoxystreptamine Dimers
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with fluorescein.8 The four RNA loops were evaluated at five or
more concentrations of the 105 ligands to obtain an estimate of
the dissociation constant. As shown in Figure 1, two compounds
showed selectivity for the RNA tetraloop (A-26 and A-31; blue
squares in Figure 1), and five compounds showed octaloop
specificity (C-1, A-5, B-5, A-8, B-12; red squares in Figure 1).

These compounds that showed reasonable selectivity were re-
tested to obtain dose-dependent curves from whichKd values could
be calculated (Table 1). CompoundA-26 showed a strong affinity
(Kd ) 0.3µM) for RNA tetraloopI , which was>10-fold tighter than
its binding to hexaloopII and octaloopIV , and∼5-fold tighter than
the binding to heptaloopIII . Among the octaloop selective ligands,
compoundB-12showed both excellent affinity for octaloopIV (Kd

) 0.31µM) as well as substantial specificity (>30-fold in all cases).
On the basis of their selectivity profiles, the RNA binding

specificity of compoundsA-26 andB-12 were further evaluated.
In the interest of identifying compounds that are truly specific for
the RNA hairpin loop motif, these size-selective ligands were also
tested against both a RNA duplex and a RNA single-base bulge.
Both A-26 andB-12 appear to be selective for hairpin loops; the
dissociation constant forB-12 with duplex RNA V and bulge-
containing RNAVI is greater than 25µM, while A-26 binds to
the RNA bulge∼12-fold weaker than it binds to the tetraloop.

The site of ligand binding was determined forA-26 andB-12
using RNase footprinting; these footprinting experiments confirmed
that the compounds bind to the loop region of the hairpin loops
(see Supporting Information for footprints). The binding of these
compounds to RNA hairpin loops was unaffected by high salt
concentrations, or presence of competitor tRNAs9 (see Supporting
Information). In addition, the binding specificity ofA-26 andB-12
was independently confirmed using UV-melting experiments (see
Supporting Information). Finally, the importance of the dimeric
nature of the deoxystreptamine was confirmed through the synthesis
and evaluation of the mono-deoxystreptamine compound36, which
was not a general RNA loop binder (Table 1).

To assess the binding ofA-26 to tetraloops of unrelated sequence,
the GNRA (VII ) and the UUCG (VIII ) tetraloop sequences were
utilized. These tetraloops are thermodynamically stable and widely
observed in vivo.10 In addition, the UUCG loop is present in the
A-site of the 16S ribosomal RNA. Binding assays indicate thatA-26
binds these biologically relevant tetraloopsVII and VIII with a
strong affinity (70-100 nM, Table 1).

In contrast to tetraloops, RNA hairpin octaloops are much less
common. The RNA octaloop present in the hepatitis C IRES was

chosen to assess the primary sequence requirements for the binding
of compoundB-12.11 Again, this compound binds octaloopIX
(whose sequence is unrelated to octaloopIV ) very tightly, with a
Kd ) 150 nM. The combined binding data for compoundsA-26
and B-12 are consistent with the notion that these ligands are
selective for the size of the RNA hairpin loop, rather than its precise
primary sequence.

Years of research have resulted in the development of a paradigm
for small molecule-duplex DNA binding based on the primary
sequence of the DNA.12 In contrast, the development of general
methods for small-molecule-RNA binding has been limited.
However, RNA adopts unique secondary structures that might be
targeted with appropriate small molecule “modules” specific for
various sizes of RNA hairpin loops, bulges, or internal loops.
Described herein is a compound that specifically binds to RNA
tetraloops and another that binds to octaloops; both bind with a
high degrees of specificity over other loop sizes and other secondary
structures. These are the first compounds reported to have such
discrimination between RNA hairpin loops of various sizes. This
stands in contrast to common RNA ligands (such as aminoglyco-
sides) that have been shown to bind promiscuously to a variety of
RNA secondary structures.13 In addition, the strength of the small
molecule-RNA interactions described herein (70-320 nM) com-
pares favorably with most other RNA-ligand complexes, which
typically fall in the low micromolar range.14 It is remarkable that
small perturbations in the linker can lead to compounds of
substantial specificity; the structural basis for this discrimination
is under active investigation and will be reported in due course.
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Table 1. Dissociation Constants (in µM) for Small Molecule-RNA
Interactions
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