COMMUNICATIONS

[1] Magnetic Molecular Materials (Eds.: D. Gatteschi, O. Kahn, J.S.
Miller, F. Palacio), Kluwer Academic Publishers, Dordrecht, 1991.

[2] A. Caneschi, F. Ferraro, D. Gatteschi, A. Le Lirzin, M. Novak, E.
Rentschler, R. Sessoli, Adv. Mater. 1995, 7, 476.

[3] M. Kinoshita, P. Turek, H. Tamura, K. Nozana, D. Shiomi, Y.
Nakazama, M. Ishikawa, M. Takahashi, K. Awaga, T. Inabe, Y.
Muruyama, Chem. Lett. 1991, 1225.

[4] H. Iwamura, K. Inoue, N. Koga, T. Hayamizu in Magnetism: A
Supramolecular Function (Ed: O. Kahn), NATO ASI Series C484,
Kluwer Academic Publishers, Dordrecht, 1996, pp. 157 —180.

[5] J. Cirujeda, M. Mas, E. Molins, F. L. de Panthou, J. Laugier, J. G. Park,
C. Paulsen, P. Rey, C. Rovira, J. Veciana, J. Chem. Soc. Chem.
Commun. 1995, 709.

[6] a) O. Kahn, J. Larionova, L. Ouahab, Chem. Commun. 1999, 945;
b) J. S. Miller, A. J. Epstein, Chem. Commun. 1998, 1319.

[7] a) A. Cogne, A. Grand, P. Rey, R. Subra, J. Am. Chem. Soc. 1989, 111,
3230; b) D. M. Adam, A. L. Rheingold, A. Dei, D. N. Hendrickson,
Angew. Chem. 1993, 105, 434; Angew. Chem. Int. Ed. Engl. 1993, 32,
391; ¢) H. Oshio, M. Yamamoto, T. Ito, J. Chem. Soc. Dalton Trans.
1999, 2641.

[8] a) A. Caneschi, A. Dei, D. Gatteschi, J. Chem. Soc. Chem. Commun.
1992, 630; b) S. Bruni, A. Caneschi, F. Cariati, C. Delfs, A. Dei, D.
Gatteschi, J. Am. Chem. Soc. 1994, 116, 1388.

[9] A.Bencini, I. Ciofini, E. Giannasi, C. A. Daul, K. Doclo, Inorg. Chem.
1998, 37, 3719.

[10] a) Y. Pontillon, T. Akita, A. Grand, K. Kobayashi, E. Lelievre-Berna,
J. Pecaut, E. Ressouche, J. Schweizer, J. Am. Chem. Soc. 1999, 121,
10126; b) Y. Pontillon, A. Caneschi, D. Gatteschi, A. Grand, E.
Ressouche, R. Sessoli, J. Schweizer, Chem. Eur. J. 1999, 12,3616;¢c) Y.
Pontillon, E. Lelievre-Berna, A. Caneschi, D. Gatteschi, R. Sessoli, E.
Ressouche, J. Schweizer, J. Am. Chem. Soc. 1999, 121, 5342; d) M. A.
Aebersold, B. Gillon, O. Plantevin, L. Pardi, O. Kahn, P. Bergerat, I.
von Seggern, F. Tuczek, L. Ohrstrom, A. Grand, E. Lelievre-Berna, J.
Am. Chem. Soc. 1998, 120, 5238; e¢) E. Ressouche, J. X. Boucherle, B.
Gillon, P. Rey, J. Schweizer, J. Am. Chem. Soc. 1993, 115, 3610.

[11] For more details, see: B. Gillon, J. Schweizer in The Interest in
Polarized Neutron Diffraction. In Molecules in Physics, Chemistry, and
Biology, Vol. II (Ed: Jean Maruani), Kluwer Academic Publisher,
Dordrecht, 1989, p. 111.

[12] The refinement was done using a modification of the least-squares
refinement program MOLLY: N.K. Hansen, P. Coppens, Acta
Crystallogr. A 1978, 34, 909.

[13] A model-free spin density reconstruction (the Maximum of Entropy
method; see ref. [10]) has also been performed. The corresponding
map shows that the main part of the spin density is carried by the two
C-C-N-C-C fragments and on the Ti atom, as obtained in the
refinement.

[14] Amsterdam Density Functional (ADF) Scientific Computing and
Modelling, Revision 02 1999, Vrije Universiteit Amsterdam.

[15] R.S. Mulliken, J. Chem. Phys. 1955, 23, 1833.

[16] a) J. C. Slater, Quantum Theory of Molecules and Solids. Vol. 4: Self-
Consistent Field for Molecules and Solids, McGraw-Hill, New York,
1974; b) S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200;
¢) H. Stoll, C. M. E. Pavlidou, H. Preuss, Theor. Chim. Acta 1978, 49,
143.

[17] a) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785; b) A. D.
Becke, Phys. Rev. A 1988, 38, 3098.

1788

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

A Novel Solid-Phase Assembly for Identifying
Potent and Selective RNA Ligands™**

Nathan W. Luedtke and Yitzhak Tor*

Replication of the human immunodeficiency virus (HIV-1)
requires an ordered pattern of viral gene expression.['l This
process is dependent upon the association of Rev, an essential
viral regulatory protein, with its respective RNA binding site,
the Rev-response-element (RRE).?l The RRE is necessary
for the active export of unspliced genomic viral RNA from the
nucleus and serves as part of the envelope —protein coding
sequence.l This dual function makes the Rev—RRE binding
event an attractive target for therapeutic intervention because
the evolution of resistant variants may be prevented or
impeded. Small molecules that specifically bind the RRE and
preclude or competitively displace the Rev protein are
therefore promising antiviral candidates.*-!

Aminoglycoside antibiotics have been shown to compet-
itively block the binding of the Rev protein to the RRE, thus
providing an important precedent for the use of low molecular
weight ligands to target viral RNA sites.[> 91 These natural
antibiotics, however, bind the RRE with relatively low affinity
and specificity.[”? Since aminoglycosides and most other RNA
ligands appear to recognize certain RNA folds, rather than
specific RNA sequences, the design and discovery of RNA
ligands is a challenging and empirical process.”” Commonly
employed RNA-binding assays are limited in their ability to
probe both the affinity and specificity of potential bind-
ers.”» 8.9 New approaches that allow the rapid determination
of both the RNA affinity and specificity of small molecules
will assist in the discovery of new lead compounds and
advance the understanding of RNA recognition. To this end,
we report the assembly of an immobilized RNA -protein
complex and demonstrate its application to the discovery and
characterization of new RNA binders.

The high-affinity Rev binding site within the RRE is the
purine-rich bulge shown in Figure 1.'% The arginine-rich
segment, Revy, 5y, binds the RRE with a dissociation constant
similar to that of the full-length Rev protein.''!| We have
developed an assay based on the competition between
potential RNA binders and a fluorescent Rev peptide
(“Rev-FI”) for binding to an immobilized RRE fragment.
The assay identifies small molecules that specifically interfere
with Rev—RRE binding (Figure 1). Ligands that bind to the
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Figure 1. Schematic representation of the immobilized RNA —peptide
assembly, including the proposed secondary structure of the biotinylated
RRE and the fluorescently tagged arginine-rich RNA binding domain of
the Rev protein (“Rev-F17).

RRE will effectively compete with Rev-Fl, thus releasing the
peptide into solution. The amount of fluorescent peptide in
solution or remaining on the solid support is then quantified.
The assay’s stringency level can be tuned by adding nucleic
acids, proteins, or any other competing species. Nonselective
ligands will be scavenged by competitor molecules present in
solution. Only when a highly selective RRE binder is present
will a positive fluorescence signal be elicited in solution. The
global selectivity of the inhibitor can then be assessed based
upon the identities of the competing species.

The components of the assembly are shown schematically
in Figure 1 and include: a) insoluble agarose beads covalently
modified with streptavidin, b) a biotinylated RRE fragment,
and c) a fluorescein-labeled Rev fragment.[' 131 Assembly of
these three components forms an immobilized ternary com-
plex, in which the biotinylated RRE binds to streptavidin, and
the fluorescein-tagged Rev specifically binds to the RRE.["Y
The Rev-FI-RRE dissociation constant (Ky=2.5nM) has
been found to be the same in solution as on the solid
support.['”]

To demonstrate the effectiveness and dependability of the
solid-phase assay, aminoglycoside antibiotics, a thoroughly
investigated family of RRE binders, have been examined.[™
Table 1 summarizes the ICs, values obtained by the solid-
phase assay in comparison with those obtained by fluores-
cence anisotropy measurements.l') An excellent correlation is
observed between the two methods for the aminoglycoside
family. The assay faithfully reproduces the known trend in
RRE affinity of these natural products (neomycin B >
tobramycin > kanamycin B > kanamycin A).> 72 Repeating
the experiments in the presence of nucleic acid competitors
confirmed the selectivity typically exhibited by aminoglyco-
sides.™ A low affinity to double-stranded DNA is evident
from essentially identical ICy, values in the presence and
absence of plasmid DNA, and promiscuous RNA binding is
manifested as higher ICs, values in the presence of transfer
RNAs.[]
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Table 1. ICs,values [um] as determined by fluorescence anisotropy and the
novel solid-phase assembly.?!

Compound Aniso-  Solid Solid phase Solid phase
tropy phase +DNA +tRNA
neomycin B 7 7 8 20
tobramycin 47 45 50 100
kanamycin B 80 90 90 170
kanamycin A 780 750 750 1200
DB340 0.3 0.1 1.3 0.7
DB182 1.5 0.4 4 0.8
A132 100] 1.2 10 3
A-[Ru(bpy),(eilatin) J>+ 1.0 2.0 10 2.0
A-[Ru(bpy),(eilatin) ]** 1.0 2.0 50 2.0
[Ru(bpy);]** 170! > 10000 n.di n.dl

[a] See Supporting Information for experimental details and conditions.
The standard deviations of all results are within +25% of the reported
value. [b] Significant fluorescence quenching occurred during the course of
titration. See ref. [20]. [c] n.d. =not determined.

o CoN AN
W OH HzN NH;
N

0 Ho 2 R R
Kanamycin A OH OH
H,N O/ oH Kanamycin B NH, OH
HO Neomycin B Tobramycin NH; H

To examine the versatility of the assembly-based assay the
competitive binding of polycyclic aromatic amidines to the
RRE has also been examined.!'8] This family of ligands is more
potent than aminoglycosides (see Table 1). Their previously
reported trend in RRE affinity is again accurately reproduced

! N\ V )
A132 R N S
— A\
D182 A o o
— [\ N
DB340 AL / o) - I\ R
- HN—
NH
R= % ?
NH(CH2)sNH(CHa),

(DB340 > DB182 > A132).81 A tenfold increase in ICj,
values in the presence of competing DNA indicates that
these compounds also have a relatively high affinity for
double-stranded DNA.["I This result clearly illustrates how
the observed potency of an inhibitor is influenced by its
selectivity.

Discrepancies between ICs, values determined from the
solid-phase assay and the values obtained by fluorescence
anisotropy measurements reflect a general problem associ-
ated with applying fluorescence anisotropy to binders that are
either fluorescent or fluorescence quenchers (Table 1).'% The
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solid-phase assay easily adapts to this problem: if an inhibitor
interferes with Rev-Fl emission, the supernatant (containing
excess inhibitor and displaced Rev-Fl) is simply washed away,
and the fluorescence remaining on the solid support is
quantified.¥ Gel mobility shift assays confirm that, for these
inhibitors, ICs, values obtained from the solid-phase assembly
are more accurate than the ICs, values derived from

fluorescence anisotropy measurements.'3 201
The novel solid-support assembly has also been used to
identify and characterize new Rev—-RRE inhibitors. The
enantiomeric, octahedral metal complexes A4- and A-
[Ru(bpy),(eilatin) ]** are potent inhibitors of the Rev—-RRE
complex and exhibit intriguing selectivities.?!! The fluores-
cence anisotropy and the solid-phase assays indicate that both
enantiomers have the same affinity for the RRE (Table 1). In
the presence of DNA, however, the /1 enantiomer looses its
potency by a factor of 25,

T [-’*'hw [* while that of the 4 enan-
[H ;r.L._ e e tiomer is reduced only by a
I__L_ L |1 | _;;_E;:H!ll factor of 5. This result sug-
T T Fai gests that the /1 enantiomer

has a significantly higher
affinity for double-stranded
DNA than the 4 enantiom-
er. The potency of neither is
affected by the presence of
tRNA. This observation il-
lustrates that these metal
complexes have the oppo-
site nucleic acid selectivity
as compared to the amino-
glycoside antibiotics family.
Both selectivity and af-
t' LKH finity are crucial for the
i e design and evaluation of
I-;;._ o new RNA —protein inhibi-
tors.> 1 Assembly of the
immobilized = Rev-RRE
complex has generated a
simple, rapid, and quantitative assay that facilitates the
discovery and characterization of new RNA binders. Since
competitive binding studies can be conducted in complex
mixtures of biomolecules, this assembly provides a powerful
tool for the characterization of the inhibitor’s affinity and
selectivity. Critical evaluation of the assay has shown that the
expected inhibitory activities of diverse and potentially
problematic families of molecules are consistently and faith-
fully reproduced. This prototypical approach is amenable to
automation and high-throughput screening and is applicable
to other RNA —protein complexes.

]
L
e M

]

4| Flujagryh| milatin}f**

" i

Received: December 21, 1999 [Z14440]

[1] Y.N. Vaishnav, F. Wong-Staal, Annu. Rev. Biochem. 1991, 60, 577 -
630.

[2] A.D. Frankel, J. A. T. Young, Annu. Rev. Biochem. 1998, 67, 1-25;
V. W. Pollard, M. H. Malim, Annu. Rev. Microbiol. 1998, 52,491 —532;
T. J. Hope, Arch. Biochem. Biophys. 1999, 365, 186—-191.

[3] M. L. Zapp, S. Stern, M. R. Green, Cell 1993, 74, 969 -978.

[4] S.R. Kirk, N. W. Luedtke, Y. Tor, J. Am. Chem. Soc. 2000, 122, 980 —
981.

1790 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

[5] Y. Tor, Angew. Chem. 1999, 111, 1681 -1685; Angew. Chem. Int. Ed.
1999, 38, 1579-1582.

[6] For other modulators of the Rev— RRE interaction, see W. K. C. Park,

M. Auer, H. Jaksche, C.-H. Wong, J. Am. Chem. Soc. 1996, 118,

10150-10155; M. L. Zapp, D. W. Young, A. Kumar, R. Singh, D. W.

Boykin, W. D. Wilson, M. R. Green, Bioorg. Med. Chem. 1997, 5,

1149 -1155.

a) M. Hendrix, E. S. Priestley, G. F. Joyce, C.-H. Wong, J. Am. Chem.

Soc. 1997, 119, 3641 -3648; b) K. Michael, Y. Tor, Chem. Eur. J. 1998,

4,2091-2098.

Many biophysical techniques, including fluorescence anisotropy and

surface plasmon resonance, are not amenable to the unambiguous

analysis of complex mixtures, which makes the evaluation of
selectivity an arduous process.”!

See also: R. H. Griffey, M. J. Greig, H. An, H. Sasmor, S. Manalili, J.

Am. Chem. Soc. 1999, 121, 474-475; K. Hamasaki, R. R. Rando,

Anal. Biochem. 1998, 261, 183 -190.

[10] S.M. Holland, M. Chavez, S. Gerstberger, S. Venkatesan, J. Virol.
1992, 66, 3699-3706; L. S. Tilley, M. H. Malim, H. K. Tewary, P. G.
Stockley, B. R. Cullen, Proc. Natl. Acad. Sci. USA 1992, 89, 758 -762.

[11] J. Kjems, B. J. Canlan, A. D. Frankel, P. A. Sharp, EMBO J. 1992, 11,
1119-1129.

[12] Modified Revs, 5, peptides of the sequence 3 TRQARRN-
RRRRWRERQRYAAAAC,, have been employed for all experi-
ments. The conjugation of fluorescein to the cysteine residue results in
“Rev-F1”, which has approximately the same affinity to the RRE as
the unlabeled Rev peptide (Ky=1.2 nm).[3]

[13] See Supporting Information for experimental details.

[14] Neither Rev-Fl nor the RRE bind to the streptavidin-—agarose
assembly nonspecifically.l"¥] Following assembly of the immobilized
Rev-RRE complex, addition of excess nucleic acid does not
significantly displace Rev-Fl off of the immobilized RRE.I') In
contrast, very low concentrations of the unlabeled Rev peptide or
non-biotinylated RRE (40 and 90 nMm, respectively) are needed to
displace 50% of Rev-Fl. These results taken together suggest a high
degree of binding specificity for the immobilized Rev - RRE complex.

[15] Fluorescence anisotropy was used to determine a K, of 2.3+0.5 nm
for Rev-FI-RRE in solution. A K, of 2.5+ 2 nm is measured for the
solid-phase-immobilized complex.I'¥ This K, value is found to be
independent of the “effective loading” of the RRE on the agarose
(from 0.1-2.0 pmolmL~"! gel), which suggests that the immobilized
RRE complexes are noninteracting over this loading range.

[16] Since the binding stoichiometry of these compounds is unknown, their
ICs, values are reported.

[17] Experiments that include competing nucleic acids contain 15 pgmL™!
of plasmid DNA (pGEM) or 65 pgmL ! of a complex mixture of yeast
pre-tRNAs and mature tRNAs (Sigma type X). This is approximately
a 50-fold molar excess of DNA nucleotides and a 200-fold molar
excess of a tRNA nucleotides (relative to the RRE). These concen-
trations lead to a minimal (5-10 %) displacement of the Rev-FI from
the solid support.

[18] K. Li, G. Xiao, T. Rigl, A. Kumar, D. W. Boykin, W. D. Wilson,
Structure, Motion, Interaction and Expression of Biological Macro-
molecules (Eds.: R. H. Sarma, M. H. Sarma), Adenine Press, 1998,
pp. 137-145.

[19] For a review on fluorescence anisotropy and its limitations, see R. F.
Steiner, Topics in Fluorescence Spectroscopy, Vol. 2: Principles (Ed.:
J. R. Lakowicz), Plenum, New York, 1991, pp. 1-52; see also: A.J.
Pope, U. M. Haupts, K. J. Moore, Drug Discovery Today 1999, 4, 350 —
362.

[20] In accordance with the solid phase assay results, gel-shift experiments
indicate that all “polycyclic aromatic derivatives” were more effective
than neomycin B.*) [Ru(bpy);]** was also tested by the solid-phase
assay, fluorescence anisotropy, and gel shift mobility. Due to
fluorescence quenching of Rev-Fl by [Ru(byp);]**, fluorescence
anisotropy titrations give a false dissociation profile and an ICs, value
of 170 um. Both the solid-phase assay and gel shift mobility experi-
ments, however, indicate that [Ru(bpy);]** does not inhibit the Rev—
RRE complex at all (up to 10 mm).["3

[21] For the synthesis and photophysical properties of these complexes, see
A. Rudi, Y. Kashman, Y.D. Gut, FE. Lellouche, M. Kol, Chem.
Commun. 1997, 17-18.

7

—

8

=

[9

—

0570-0833/00/3910-1790 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 10



