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Small molecules that bind RNA are of exceptional impor-
tance: as fundamental guides in understanding molecular recogni-
tion, as tools for sequence- and tertiary structure-selective modi-
fication and mapping,1 and as potential new therapeutic agents.2

The majority of RNA-binding small molecules identified to date
are aminoglycoside natural products,3 or compounds based on
the aminoglycosides.4 While efforts by a number of groups to
identify novel RNA-binding compounds have produced several
notable successes, selectivity for RNA over binding to homo-
logous DNA sequences has rarely been demonstrated.5 As part
of a general program aimed at the development of new methods
for the design, synthesis, and identification of new compounds
targeting a range of biologically relevant molecules, our group
recently reported the identification of DNA-binding zinc sali-
cylaldimine complexes from dynamic combinatorial libraries.6

Dynamic combinatorial chemistry employs a mixture of com-
pounds formed under conditions of thermodynamic equilibrium.7

Placing such a dynamic combinatorial library (DCL) in solution
with a target receptor causes this equilibrium to shift based on
the binding energies of the individual library members, as those
that bind the tightest are removed from the main pool of
compounds in solution. In essence, this is a form of templated
synthesis,8 in which the receptor templates the synthesis of its
own ligand. We now report the extension of this methodology to
RNA binding.

Salicylamides (1) were selected as the ligands for construction
of our RNA-binding library, since these would provide both metal-
binding functionality and a variable position (“R”) for incorpora-
tion of potential RNA-binding moieties. Since regulation of RNAs
by proteins is well-known, the use of amino acids as “R” groups

seemed a natural choice.9 Compounds2-7 were synthesized by
standard procedures. We considered several metal ions as potential

elements around which individual components of the DCL could
organize. Our requirements were that the metal not react with
RNA at typical DCL selection concentrations and that it be
capable of forming spectroscopically detectable, structurally well-
defined complexes with a variety of salicylamides. Cu(2+) seemed
an ideal choice, since several examples of mono- and bis-
(salicylamide) copper complexes are known in the literature,10

and cleavage of oligonucleotides by Cu(2+) complexes typically
requires high temperatures or an added reductant and molecular
oxygen.11 We have examined the affinities of4, 6, and7 for Cu2+-
by UV titration and find these to be in the range of 0.2-0.4 mM.
Thus, metal affinity is not strongly influenced by side chain iden-
tity. Assuming the formation of square-planar mono- and bis(sali-
cylamide) complexes, a dynamic library formed from2-7 would
be expected to consist of at least 27 constitutionally distinct metal
complexes. Of course, since other modes of coordination are also
possible, it is likely that the actual library size is much larger.

We synthesized an RNA hairpin with the sequence 5′-
UAGUCUUUCGAGACUA-3′ by standard automated methods.
This sequence is derived from the GTP-binding P7 helix from
the Pneumocystis cariniiGroup I intron,12 with the sequence
-UUCG- inserted to encourage duplex stability through hairpin
formation (Figure 1). For comparison, the homologous DNA
sequence (5′-TAGTCTTTCGAGACTA-3′) was also synthesized.

We employed an equilibrium dialysis protocol for library
selection experiments. A Slide-a-Lyser dialysis tube (Pierce, Inc.;
3500 MWCO) was filled with 100µL of a 100µM solution of
the receptor (DNA or RNA) in H15-Mg buffer,13 or a blank buffer
solution as control. This dialysis tube was immersed in a 300µL
solution of2-7, each at a concentration of 500µM, in H15-Mg
buffer. Each experiment was conducted in duplicate. To compare
the effect of complexation on the observed selection, dialyses
were carried out in the presence and absence of 3 mM CuCl2.
Each dialysis experiment was allowed to proceed for 12 h. The
dialysis tube containing the receptor (or blank control) was then
removed and placed in 400µL of buffer for 12 h to dialyze away
bound compounds. The dialysis tube with receptor solution was
then reintroduced to a freshly prepared library solution (again,
with or without Cu(2+)) and the process repeated. After carrying
out the dialysis versus library and subsequent dialysis versus
buffer procedure a total of three times, the dialyzed ligand
solutions were combined, lyophilized, and analyzed by reverse-
phase HPLC.

Results of these experiments are shown in Figure 2. To
determine which ligands were selected by binding to the receptor,
ligand areas as determined by HPLC were normalized to those

(1) Chen, X.; Woodson, S. A.; Burrows, C. J.; Rokita, S. E.Biochemistry
1993, 32, 7610.

(2) (a) Sucheck, S. J.; Wong, C.-H.Curr. Opin. Chem. Biol.2000, 4, 678.
(b) Hermann, T.Angew. Chem., Int. Ed.2000, 39, 1890.

(3) (a) von Ahsen, U.; Daview, J.; Schroeder, R.Nature1991, 353, 368.
(b) Stage, T.; Hertel, K. J.; Uhlenbeck, O. C.RNA1995, 1, 95. (c) Rogers, J.;
Chang, A. H.; von Ahsen, U.; Schroeder, R.; Daview, J.J. Mol. Biol. 1996,
259, 916. (d) Mingeot-Leclerco, M.-P.; Glupczynski, Y.; Tulkens, P. M.
Antimicrob. Agents Chemother.1999, 43, 727. (e) Faber, C.; Sticht, H.;
Schweimer, K.; Ro¨sch, P.J. Biol. Chem.2000, 275, 20660. (f) Hendrix, M.;
Priestley, E. S.; Joyce, G. F.; Wong, C.-H.J. Am. Chem. Soc.1997, 119,
3641.

(4) Synthetic aminoglycoside derivatives include: (a) Sucheck, S. J.; Wong,
A. L.; Koeller, K. M.; Boehr, D. D.; Draker, K.; Sears, P.; Wright, G. D.;
Wong, C.-H.J. Am. Chem. Soc.2000, 122, 5230. (b) Wong, C.-H.; Hendrix,
M.; Manning, D. D.; Rosenbohm, C.; Greenberg, W. A.J. Am. Chem. Soc.
1998, 120, 8319.

(5) A slight selectivity for binding to homopolymeric RNAs vs homopoly-
meric DNAs has been demonstrated for polycationic molecules: McCon-
naughie, A. W.; Spychala, J.; Zhao, M.; Boykin, D.; Wilson, W. D.J. Med.
Chem.1994, 37, 1063.

(6) (a) Klekota, B.; Hammond, M. H.; Miller, B. L.Tetrahedron Lett.1997,
38, 8639-8642. (b) Klekota, B.; Miller, B. L.Tetrahedron1999, 55, 11687-
11697.

(7) For selected reviews, see: (a) Karan, C.; Miller, B. L.Drug DiscoV.
Today2000, 5, 67-75. (b) Cousins, G. R. L.; Poulsen, S.-A.; Sanders, J. K.
M. Curr Opin. Chem. Biol.2000, 4, 270. (c) Lehn, J.-M.Chem. Eur. J.1999,
5, 2455. (d) Ganesan, A.Angew. Chem., Int. Ed.1998, 37, 2828.

(8) Recent examples of templated synthesis include: (a) Rapenne, G.;
Dietrich-Buchecker, C.; Sauvage, J.-P.J. Am. Chem. Soc.1999, 121, 994. (b)
Ibukuro, F.; Kusukawa, T.; Fujita, M.J. Am. Chem. Soc.1998, 120, 8561-
8562. (c) Suh, M. P.; Han, M. Y.; Lee, J. H.; Min, K. S.; Hyeon, C.J. Am.
Chem. Soc.1998, 120, 3819.

(9) Varani, G.Acc. Chem. Res.1997, 30, 189-195.
(10) (a) Gopalakrishnan, K.; Bhattacharya, P. K.J. Chem. Soc., Dalton

1982, 353. (b) Gonzalez, E. B.; Daeid, N. N.; Nolan, K. B.; Farkas, E.
Polyhedron1994, 13, 1495.
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observed for dialyses carried out in the absence of receptor. As
expected, none of the compounds2-7 bind to either the DNA
or RNA hairpins in the absence of Cu(2+), as evidenced by
normalized peak areas which are at or near 1.0 (i.e., no difference
in dialyzed ligand concentrations is observed in the presence or
absence of receptor). However, dialyses conducted in the presence
of Cu(2+) show a significant increase in the amount of6 selected,
as well as an intriguing and experimentally significant difference
in the amount of6 selected by the RNA sequence versus the
amount selected by the DNA sequence. The fact that6 emerges
as the ligand most strongly selected in the presence of Cu(2+) rather
than the positively charged5 is intriguing, and suggests that
selection is due to a specific recognition process.

To independently verify the ability of6 to bind to the RNA
hairpin in the presence of Cu(2+), as well as determine its
selectivity for RNA relative to DNA, we measured its affinity
by UV titration. As shown in Table 1 and Figure 3,6 binds the
RNA hairpin with remarkable affinity (152 nM) in the presence
of Cu(2+), and moreover withgreater than 300-fold selectiVity
oVer the homologous DNA sequence. Our measurements also
indicate that6 binds to the RNA sequence in the presence of
Cu(2+) 3.2 times as tightly as does5 + Cu(2+), and 5.2 times as
tightly as does2 + Cu(2+).

The observation that6 + Cu(2+) is selected by DNA in the
dynamic diversity experiment (albeit much less strongly than by
RNA) but does not appear to bind in the UV titration is somewhat
surprising. One possibility is that6 + Cu(2+) binds to the DNA
hairpin nonspecifically or, alternatively, binds in a fashion that
is not detectable by UV.

Job plot analysis of the complexation of Cu(2+) by 6 indicates
that the stoichiometry of the primary species in solution is 1:1.
In the only published example of an X-ray crystallographic
structure for a Cu(2+)-nucleoside complex, copper coordinates
to guanosine N7 and a phosphate oxygen of guanosine-5′-
monophosphate.14 If this was the binding mode for the (6)-Cu(2+)

complex, we would then expect to observe similar affinities for
(6)-Cu(2+) to the DNA and RNA hairpins. Assuming that6
occupies at most three coordination sites on Cu(2+), this suggests
that the strong selectivity for RNA binding is perhaps due to direct
coordination of the ribosyl 2′-OH to the metal. Of course,
differences in conformation of the RNA and DNA hairpins (i.e.,
A-form vs B-form) and groove shape may also be important.
Importantly, RNA binding by the (6)-Cu2+ complex in MES
buffer at pH 6.0 (at which point the histidine imidazole is expected
to be protonated and not available for Cu2+ coordination) was
found to occur with aKD of 50 nM.

In summary, we have employed dynamic combinatorial chem-
istry to select a compound which binds an RNA hairpin with high
affinity and with extraordinary selectivity relative to a homologous
DNA hairpin. These experiments suggest that DCLs will be
generally useful for the identification of novel RNA-binding
compounds.

Acknowledgment. We thank Professors Doug Turner, Joseph Din-
nocenzo, and Eric Kool for numerous insightful discussions, and Matt
Disney and the Turner research group for experimental advice and
assistance. Financial support was provided by Research Corporation
through a Research Innovation Award.

Supporting Information Available: UV titration experiments (raw
data and Scatchard analyses), conditions for HPLC analysis of libraries,
and concentration-independent melting profiles for DNA and RNA
hairpins (PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.

JA010325V

(14) Sletten, E.; Lie, B.Acta Crystallogr.1976, B32, 3301.

Figure 1. RNA and DNA hairpin sequences.

Figure 2. Results of Selection Experiments.

Table 1. Measured Affinities to RNA and DNA Hairpins (pH 7.5)

KD (nM)

RNA DNA

2 ND ND
2 + Cu 793 ND
5 > 5,000 > 6,000
5 + Cu 493 > 6,000
6 > 5,000 ND
6 + Cu 152 > 20,000

Figure 3. UV titration data for6 binding to the RNA hairpin in the
presence of 25µM Cu(2+), and saturation profile at 340 nm.
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