
294

References and Footnotes

1. For historical accounts regarding the evolution of modern molecular
biology, see (a) F. H. C . Crick, What Mad Pursuit, Nasic Books, 1988. (b)
H. F. Judson, The Eigth Day of Creation, Simon & Schuster Pubs., 1980.

2. A. Kornberg, T. Baker, DNA Replication, W.H. Freeman and Co, 1992.

3. E. H. Blackburn, Telomerase RNA structure and function. In: RNA
Structure and Function, Cold Spring Harbor Laboratory Press, 1998, 669-
693.

4. T. W. Nilsen, RNA-RNA Interactions in nuclear pre-mRNA splicing. In:
RNA Structure and Function, Cold Spring Harbor Laboratory Press, 1998,
279-307.

5. J. B. Hartford and T. A. Rouault, RNA structure and function in cellular iron
homeostasis. In: RNA Structure and Function, Cold Spring Harbor
Laboratory Press, 1998, 575-602.

6. B. N. Fields, D. M. Knipe, P. M. Howley (Eds.), Fundamental Virology,
Lippincott-Raven Pubs., 1996.

7. R. Green, H. F. Noller, Ribosomes and translation. Annu. Rev. Biochem.
1997, 66, 679-716.

8. H. F. Noller, V. Hoffarth, L. Zimniak, Unusual resistance of peptidyl
transferase to protein extraction procedures. Science, 1992, 256, 1416-
1419.

9. T. R. Cech, The ribosome is a ribozyme. Science, 2000, 289, 878-879.

10. (a) P. Nissen, J. Hansen, N. Ban, P. B. Moore, T. A. Steitz, The structural
basis of ribosome activity in peptide bond synthesis. Science, 2000, 289,
920-930. (b) G. W. Muth, L. Ortoleva-Donnelly, S. A. Strobel, A single
adenosine with a neutral pKa in the ribosomal peptidyl transferase center.
Science, 2000, 289, 947-950.

11. C. G. Kurland, Translational accuracy and the fitness of bacteria. Annu.
Rev. Genet. 1992, 26, 29-50.

12. (a) H. Siomi, G. Dreyfuss, RNA-binding proteins as regulators of gene
expression. Curr. Opin. Gen. Dev. 1997, 7, 345-353. (b) G. Varani, K.
Nagai, RNA recognition by RNP proteins during RNA processing. Annu.
Rev. Biophys. Biomol. Struct. 1998, 27, 407-445. (c) N. K. Gray, M.



295

Wickens, Control of translation initiation in animals. Annu. Rev. Cell. Dev.
Biol. 1998, 14, 399-458.

13. T. R. Cech and B. L. Golden, Building a catalytic active site using only
RNA. In: The RNA World, Cold Spring Harbor Laboratory Press, 1999,
321-349.

14. M. W. Hentze, L. C. Kuhn, Molecular control of vertebrate iron metabolism
- mRNA-based regulatory circuits operated by iron, nitric oxide, and
oxidative stress. Proc. Natl. Acad. Sci. USA, 1996, 93, 8175-8182.

15. N. C. Lau, L. P. Lim, E. G. Weinstein, D. P. Bartel, An abundant class of
tiny RNAs with probable regulatory roles in Caenorhabditis elegans.
Science, 2001, 294, 858-862.

16. (a) G. Werstuck, M. R. Green, Controlling gene expression in living cells
through small molecule-RNA interactions. Science, 1998, 282, 296-298.
(b) W. Winkler, A. Nahvi. R. R. Breaker RR. Thiamine derivatives bind
messenger RNAs directly to regulate bacterial gene expression. Nature,
2002, 419, 952-956. (c) A. Nahvi, N. Sudarsan, M. S. Ebert, X. Zou, K. L.
Brown, R. R. Breaker, Genetic control by a metabolite binding mRNA.
Chem. Biol. 2002, 9, 1043-1049.

17. International Human Genome Sequencing Consortium, Initial sequencing
and analysis of the human genome. Nature, 2001, 409, 860-921.

18. R. F. Gesteland, T. R. Cech, J. F. Atkins (Eds.), The RNA World, Cold
Spring Harbor Laboratory Press, 1999.

19. J. Davies, U. Ahsen, R. Schroeder, Antibiotics and the RNA world: A role
for low-molecular-weight effectors in biochemical evolution? The RNA
World, Cold Spring Harbor Laboratory Press, 1993, 185-204.

20. Aptamers are RNA sequences that are selected from large libraries using
a pre-determined small molecule. Through multiple rounds of mutation,
selection, and amplification, the evolution of an RNA sequence for a
predetermined small molecule can be effected. Selected sequences can
exhibit extremely high affinity and specificity for their cognate small
molecule.

21. R. T. Batey, J. A. Doudna, The parallel universe of RNA folding. Nat.
Struct. Biol. 1998, 5, 337-40.

22. (a) R. Russell, D. Herschlag, Probing the folding landscape of the
Tetrahymena ribozyme: Commitment to form the native conformation is
late in the folding pathway. J. Mol. Biol. 2001, 308, 839-851. (b) S. K.



296

Silverman, M. L. Deras, S. A. Woodson, S. A. Scaringe, T. R. Cech,
Multiple folding pathways for the P4-P6 RNA domain. Biochemistry, 2000,
39, 12465-75. (c) M. S. Rook, D. K. Treiber, J. R. Williamson, An optimal
Mg2+ concentration for kinetic folding of the Tetrahymena ribozyme. Proc.
Natl. Acad. Sci. U S A, 1999, 96, 12471-6.

23. (a) M. Zuker, On finding all suboptimal foldings of an RNA molecule.
Science, 1989, 244 48-52. (b) C. Gaspin, E. Westhof, An interactive
framework for RNA secondary structure prediction with a dynamical
treatment of constraints. J. Mol. Biol. 1995 229, 1049-1064. (c) A. R.
Banerjee, J. A. Jaeger, D. H. Turner, Thermal unfolding of a Group-I
ribozyme – the low-temperature transition is primarily disruption of tertiary
structure. Biochemistry, 1993, 32, 153-163.

24. M. Wu, I. Tinoco, Jr., RNA folding causes secondary structure
rearrangement. Proc. Natl. Acad. Sci. USA, 1998, 95, 11555-60.

25. (a) A. L. Feig, O. C. Uhlenbeck, The role of metal ions in RNA
biochemistry. In: The RNA World, Cold Spring Harbor Laboratory Press,
1999, 287-319. (b) V. K. Misra, D. E. Draper, On the role of magnesium
ions in RNA stability. Biopolymers, 1998, 48,113-135.

26. (a) T. Hermann, E. Westhof, Exploration of metal ion binding sites in RNA
folds by Brownian-dynamics simulations. Structure, 1998, 6, 1303-14. (b)
V. K. Misra, D. E. Draper, A thermodynamic framework for Mg2+ binding
to RNA. Proc. Natl. Acad. Sci. USA, 2001, 98, 12456-12461.

27. M. M. Teeter, G. J. Quigley, A. Rich. In Nucleic Acid – Metal Ion
Interactions; T. G. Spiro Ed. Wiley-Interscience: New York, 1980, 146-177.

28. (a) D. J. Earnshaw, M. J. Gait, Aminoglycosides and cleavage of the
hairpin ribozyme. In: RNA-Binding Antibiotics, Molecular Biology
Intelligence Unit 13, Eurekah.com, 2001, 35-55. (b) B. M. Chowrira, A.
Berzal-Herranz, J. M. Burke, Ionic requirements for RNA binding,
cleavage and ligation by the hairpin ribozyme. Biochemistry, 1993,
32,1088-95. (c) F. Walter, Q. Vicens, E. Westhof, Aminoglycoside-RNA
interactions. Curr. Opin. Chem. Biol. 1999, 3, 694-704.

29. A. D. Dahlberg, F. Horodyski, P. Keller, Interaction of neomycin with
ribosomes and ribosomal ribonucleic acid. Antimicrob. Agents Chemother.
1978, 13, 331-39.

30. D. Moazed, H. F. Noller, Interaction of antibiotics with functional sites in 1
6S ribosomal RNA. Nature, 1987, 327, 389-394.



297

31. (a) T. Pape, W. Wintermeyer, M. V. Rodnina, Conformational switch in the
decoding region of 16S rRNA during aminoacyl-tRNA selection on the
ribosome. Nature Struct. Biol., 2000, 7, 104-107. (b) R. Karimi, M.
Ehrenberg, Dissociation rate of cognate peptidyl tRNA from the A-site of
hyper-accurate and error-prone ribosomes. Eur. J. Biochem. 1994, 226,
355-360.

32. (a) J. Davies, B. D. Davis, Misreading of ribonucleic acid code words
induced by aminoglycoside antibiotics. J. Biol. Chem. 1968, 243, 3312-
3316. (b) S. R. Lynch, J. D. Puglisi. Structural origins of aminoglycoside
specificity for prokaryotic ribosomes. J. Mol. Biol. 2001, 306, 1037-1058.

33. A. P. Carter, W. M. Clemons, D. E. Brodersen, R. J. Morgan-Warren, B. T.
Wimberly, V. Ramakrishnan, Functional insights from the structure of the
30S ribosomal subunit and its interactions with antibiotics. Nature, 2000,
407, 340 – 348.

34. R. E. Botto, B. Coxon, Nitrogen-15 nuclear magnetic resonance
spectroscopy of neomycin B and related aminoglycosides. J. Am. Chem.
Soc. 1983, 105, 1021-1028.

35. M. Hendrix, P. B. Alper, E. S. Priestley, C-H. Wong, Hydroxyamines as a
new motif for the molecular recognition of phosphodiesters: implications
for aminoglycoside-RNA interactions. Angew. Chem. Intl. Ed. 1997, 36,
95-98.

36. H. Wang and Y. Tor, Electrostatic interactions in RNA aminoglycosides
binding. J. Am. Chem. Soc. 1997, 119, 8734-8735.

37. (a) A. Whelton, H. C. Neu (Eds.), The Aminoglycosides: Microbiology,
Clinical Use, and Toxicology, Marcel Dekker, Inc., 1982. (b) T. Koeda, K.
Umemura, M. Yokota, Toxicology and pharmacology of aminoglycoside
antibiotics. In: Aminoglycoside Antibiotics, Springer-Verlag, 1982, 293-
356.

38. For membrane-related toxicology issues, see: N. Tanaka, Mechanism of
action of aminoglycoside antibiotics. In: Aminoglycoside Antibiotics.
Handbook of Experimental Pharmacology. Vol 62, Springer-Verlag, 1982,
221-266.

39. K. Michael, Y. Tor, Designing novel RNA binders. Chem. Eur. J. 1998, 4,
2091-98.

40. J. R. Williamson, Induced fit in RNA-protein recognition. Nat. Struct. Biol.
2000, 7, 834-837.



298

41. For reviews on RNA-small molecule recognition, see: (a) W. D. Wilson, K.
Li, Targeting RNA with small molecules. Curr. Med. Chem., 2000, 7, 73-
98. (b) S. J. Sucheck, C-H. Wong, RNA as a target for small molecules.
Curr. Opin. Chem. Biol. 2000, 4, 678-686. (c) A. C. Cheng, V. Calabro, A.
D. Frankel, Design of RNA-binding proteins and ligands. Curr. Opin.
Struct. Biol. 2001, 11, 478-484.

42. (a) A. D. Frankel, J. A. T. Young, HIV-1: Fifteen proteins and an RNA.
Annu. Rev. Biochem. 1998, 67, 1-25. (b) M. J. Gait, J. Karn, RNA
recognition by the human immunodeficiency virus Tat and Rev proteins.
Trends Biochem. Sci. 1993, 18, 255-259.

43. For a review on the Rev-RRE interaction see: (a) V. W. Pollard, M. H.
Malim, The HIV-1 Rev protein. Annu. Rev. Microbiol. 1998, 52, 491-532.

44. (a) M. H. Malim, L. S. Tiley, D. F. McCarn, J. R. Rusche, J. Hauber, B. R.
Cullen, HIV-1 structural gene expression requires binding of the Rev
trans-activator to its RNA-target sequence. Cell, 1990, 60, 675-683. (b) T.
J. Daly, K. S. Cook, G. S. Gray, T. E. Maione, J. R. Rusche, Specific
binding of HIV-1 recombinant Rev protein to the Rev-response element in
vitro. Nature, 1989, 342, 816-819. (c) C. A. Rosen, E. Terwilliger, A.
Dayton, J. G. Sodroski, W. A. Haseltine, Intragenic cis-acting art gene-
responsive sequences of the human immunodeficiency virus sequences if
the human immunodeficiency virus. Proc. Natl. Acad. Sci. USA, 1988, 85,
2071-2075. (d) T. J. Hope, D. McDonald, X. Huang, J. Low, T. G. Parslow,
Minimal Rev-response element for type 1 human immunodeficiency virus.
J. Virol. 1991, 65, 2131-2134. (e) M. L. Zapp, T. J. Hope, T. G. Parslow,
M. R. Green, Oligomerization and RNA binding domains of the type 1
human immunodeficiency virus Rev protein: a dual function for an
arginine-rich binding motif. Proc. Natl. Acad. Sci. USA, 1991, 88, 7734-
7738.

45. T. J. Hope, The ins and outs of HIV Rev. Arch. Biochem. Biophys. 1999,
365, 186-191.

46. R. Tan, L. Chen, J. A. Buettner, D. Hudson, A. D. Frankel, RNA
recognition by an isolated alpha-helix. Cell, 1993, 73, 1031-1040.

47. D. A. Mann, I. Mikaelian, R. W. Zemmel, S. M. Green, A. D. Lowe, T.
Kimura, M. Singh, P. J. Butler, M. J. Gait, J. Karn, A molecular rheostat –
cooperative binding to stem-1 of the Rev-response element modulates
human immunodeficiency virus type-1 late gene expression. J. Mol. Biol.
1994, 241, 193-207.



299

48. H. Schaal, M. Klein, P. Gehrmann, O. Adams, A. Scheid, Requirement of
N-terminal amino acid residues of gp41 for human immunodeficiency virus
type 1-mediates cell fusion. J. Virol. 1995, 69, 3308-3314.

49. R. C. Gallo, HIV- The cause of AIDS – An overview of its biology,
mechanisms of disease induction, and our attempts to control it. J. Acquir.
Immune Defic. Syndr. 1988, 1, 521-535.

50. J-H. Chen, S-Y Le, J. V. Maizel, Prediction of common secondary
structures of RNAs: a genetic algorithm approach. Nucleic Acids Res.
2000, 28, 991-999.

51. B. Charpentier, F. Stutz, M. Rosbash, A Dynamic in Vivo View of the
HIV-1 Rev-RRE Interaction. J. Mol. Biol. 1997, 266, 950-962.

52. J. Kjems, B. J. Calnan, A. D. Frankel, P. A. Sharp, Specific Binding of a
Basic Peptide from HIV-1 Rev. EMBO J. 1992, 11, 1119-1129.

53. J. L. Battiste, H. Mao, N. S. Rao, R. Tan, D. R. Muhandiram, L. E. Kay, A.
D. Frankel, J. R. Williamson, Alpha helix-RNA major groove recognition in
an HIV-1 rev peptide-RRE RNA complex. Science, 1996, 273, 1547-1551.

54. K. Li, M. Fernandez-Saiz, C. T. Rigl, A. Kumar, K. G. Ragunathan, A. W.
McConnaughie, D. W. Boykin, H. J. Schneider, W. D. Wilson. Design and
analysis of molecular motifs for specific recognition of RNA. Bioorg. Med.
Chem. 1997, 5, 1157-72.

55. K. M. Weeks, C. Ampe, S. C. Schultz, T. A. Steitz, D. M. Crothers,
Fragments of the HIV-1 Tat Protein Specifically Bind TAR RNA. Science,
1990, 249, 1281-1285.

56. (a) E. Kikuta, S. Aoki, E. Kimura, J. Am. Chem. Soc. 2001, 123, 7911-
7912. (b) A. Litovchick, A. G. Evdokimov, A. Lapidot, Biochemistry, 2000,
39, 2838-2852; (c) N. Tamilarasu, I. Huq, T. M. Rana, Bioorg. Med. Chem.
Lett. 2000, 10, 971-974; (d) N. Gelus, C. Bailly, F. Hamy, T. Klimkait, W.
D. Wilson, D. W. Boykin, Bioorg. Med. Chem. 1999, 7, 1089-1096; (e) H-
Y. Mei, M. Cui, A. Heldsinger, S. M. Lemrow, J. A. Loo, K. A. Sannes-
Lowery, L. Sharmeen, A. W. Czarnik, Biochemistry, 1998, 37, 14204-
14212. (f) F. Hamy, V. Brondani, A. Floersheimer, W. Stark, M. Blommers,
T. Klimkait, Biochemistry 1998, 37, 5086-5095. (g) S. Hwang, N.
Tamilarasu, K. Ryan, I. Huq, S. Richter, W. C. Still, T. M. Rana, Proc. Natl.
Acad. Sci. USA, 1999, 23, 12997-13002.

57. J. A. Ippolito, T. A. Steitz, A 1.3 Å resolution crystal structure of the HIV-1
trans-activation response region RNA stem reveals a metal ion-dependent
bulge conformation. Proc. Natl. Acad. Sci. USA, 1998, 95, 9819-9824.



300

58. J. D. Puglisi, R. Tan, B. J. Calnan, A. D. Frankel, J. R. Williamson,
Conformation of the TAR RNA-Arginine Complex by NMR Spectroscopy.
Science, 1992, 257,76-80.

59. J. A. Ippolito, T. A. Steitz, The structure of the HIV-1 RRE high affinity rev
binding site at 1.6 Å resolution. J. Mol. Biol. 2000, 295, 711-717.

60. L. W. Hung, E. L. Holbrook, S. R. Holbrook SR. The crystal structure of
the Rev binding element of HIV-1 reveals novel base pairing and
conformational variability. Proc. Natl. Acad. Sci. USA, 2000, 97, 5107-
5112.

61. N. K. Tanner, Ribozymes: the characteristics and properties of catalytic
RNAs. FEMS Microbiology Rev. 1999, 23, 257-275.

62. M. Chastain, I. Tinoco Jr. Structural elements in RNA. Prog. Nucl. Acid
Res. 1991, 41, 131-177.

63. O. C. Uhlenbeck, A small catalytic oligoribonucleotide. Nature, 1987, 328,
596-600.

64. N. K. Vaish, A. R. Kore, F. Eckstein, Recent developments in the
hammerhead ribozyme field. Nucl. Acids Res. 1998, 26, 5237-5242.

65. T. K. Stage, K. J. Hertel and O. C. Uhlenbeck, Inhibition of the
hammerhead ribozyme by neomycin. RNA, 1995, 1, 95-101.

66. S. R. Kirk, N. W. Luedtke, Y. Tor, 2-Aminopurine as a real-time probe of
enzymatic cleavage and inhibition of hammerhead ribozymes. Bioorg. &
Med. Chem. 2001, 9, 2295-2301.

67. Y. Tor, T. Hermann, E. Westhof, Deciphering RNA Recognition:
Aminoglycoside Binding to the Hammerhead Ribozyme. Chem. Biol. 1998,
5, R277-R283.

68. D. Fourmy, M. I. Recht, S. C. Blanchard, J. D. Puglisi. Structure of the A
site of Escherichia coli 16S ribosomal RNA complexed with an
aminoglycoside antibiotic. Science, 1996, 274, 1367-1371.

69. (a) W. A. Greenberg, E. S. Priestley, P. S. Sears, P. B. Alper, C.
Rosenbohm, M. Hendrix, S.-C. Hung, and C.-H. Wong. Design and
Synthesis of New Amino Glycoside Antibiotics Containing Neamine as an
Optimal Core Structure: Correlation of Antibiotic Activity with in Vitro
Inhibition of Translation. J. Am. Chem. Soc. 1999, 121, 6527-6541. See
also the supporting information of: (b) S. J. Sucheck, A. L. Wong, K. M.



301

Koeller, D. D. Boehr, K.-a. Draker, P. Sears, G. D. Wright, C.-H. Wong.
Design of Bifunctional Antibiotics that Target Bacterial rRNA and Inhibit
Resistance-Causing Enzymes. J. Am Chem. Soc. 2000, 122, 5230-5231.

70. S. R. Kirk, Y. Tor. tRNAPhe Binds Aminoglycoside Antibiotics. Bioor. Med.
Chem. 1999, 7, 1979-1991.

72. (a) K. Hamasaki, R. R. Rando, A high-throughput fluorescence screen to
monitor the specific binding of antagonists to RNA targets. Analytical
Biochemistry, 1998, 261, 183-190. (b) D. L. Boger, B. E. Fink, S. R.
Brunette, W. C. Tse, M. P. Hedrick, A simple, high-resolution method for
establishing DNA binding affinity and sequence selectivity. J. Am. Chem.
Soc. 2001, 123, 5878-91. (c) M. Auer, J-M. Seifert, S. Wallace, R. Sleigh,
RNA in a miniaturized lead discovery process. In: RNA-Binding
Antiobiotics, Molecular Biology Intelligence Unit 13, Eurekah.com, 2001,
164-176.

73. Topics in Fluorescence Spectroscopy, Vol. 2: Principals. J. R. Lakowicz
Ed., Plenum, New York, 1991.

74. K. L. Bentley, L. K. Thompson, R. J. Klebe, P. M. Horowitz, Fluorescence
polarization: A general method for measuring ligand binding and
membrane microviscosity. BioTechniques, 1985, 3, 356-365.

75. A. J. Pope, U. M. Haupts, K. J. Moore, Homogeneous fluorescence
readouts for miniaturized high-throughput screening: theory and practice.
Drug Discovery Today, 1999, 4, 350-362.

76. (a) Y. Wang, K. Hamasaki, R. R. Rando, Specificity of aminoglycoside
binding to RNA constructs derived from the 16S rRNA decoding region
and the HIV-RRE activator region. Biochemistry, 1997, 36, 768-779.

77. D. I. Van Ryk, S. Venkatesan, Real-time kinetics of HIV-1 Rev-Rev
Response Element Interactions. J. Biol. Chem. 1999, 274, 17452-17463.

78. C. Ma, N. A. Baker, S. Joseph, J. A. McCammon, Binding of
aminoglycoside antibiotics to the small ribosomal subunit: a continuum
electrostatics investigation. J. Am. Chem. Soc. 2002, 124, 1438-1442.

79. B. J. Calnan, S. Biancalana, D. Hudson, A. D. Frankel, Analysis of
arginine-rich peptides from the HIV Tat protein reveals unusual features of
RNA protein recognition. Genes Dev. 1991, 5, 201-210.

80. M. L. Zapp, T. J. Hope, T. G. Parslow, M. R. Green, Oligomerization and
RNA binding of the type-1 Human Immunodeficiency Virus Rev protein - a



302

dual function for an arginine-rich binding motif. Proc. Natl. Acad. Sci. USA,
1991, 88, 7734-7738.

81. N. W. Luedtke, Y. Tor, A novel solid-phase assembly for identifying potent
and selective RNA ligands. Angew. Chem. Intl. Ed. 2000, 39, 1788-1790.

82. M. L. Zapp, S. Stern, M. R. Green, Small molecules that selectively block
RNA binding of HIV-1 Rev protein inhibit Rev function and viral production.
Cell, 1993, 74, 969-978.

83. (a) K. Li, G. Xiao, T. Rigl, A. Kumar, D. W. Boykin, W. D. Wilson, In
Structure, Motion, Interaction and Expression of Biological
Macromolecules (Eds.; R.H. Sarma, M.H. Sarma), Adenine Press, 1998,
137-145. (b) G. Xiao, A. Kumar, K. Li, C. T. Rigl, M. Bajic, T. M. Davis, D.
W. Boykin, W. D. Wilson, Inhibition of the HIV-1 Rev-RRE complex
formation by unfused aromatic cations. Bioorg. Med. Chem. 2001, 9,
1097-1113.

84. K. Li, T. M. Davis, C. Bailly, A. Kumar, D. W. Boykin, W. D. Wilson, A
heterocyclic inhibitor of the Rev-RRE complex binds to RRE as a dimer.
Biochemistry, 2001, 40, 1150-1158.

85. N.W. Luedtke, T. J. Baker, M. Goodman, Y. Tor, Guanidinoglycosides: A
novel family of RNA ligands. J. Am. Chem. Soc. 2000, 122, 12035-12036.

86. J-B. LePecq, C. J. Paoletti, A fluorescent complex between ethidium
bromide and nucleic acids. Physical-chemical characterization. J. Mol.
Biol. 1967, 27, 87-106.

87. J. L. Bresloff, D. M. Crothers, Equilibrium studies of ethidium-
polynucleotide interactions. Biochemistry, 1981, 20, 3547-3553.

88. D. D. Perrin, Dissociation Constants of Organic Bases in Aqueous
Solution, Butterworths: London, 1965.

89. K. A. Lacourciere, J. T. Strivers, J, P. Marino, Mechanism of neomycin
and Rev binding to the Rev responsive element of HIV-1 as determined by
fluorescence and NMR spectroscopy. Biochemistry, 2000, 39, 5630-5641.

90. W. D. Wilson, L. Ratmeyer, M. Zhao, L. Strekowski, D. Boykin, The search
for structure-specific nucleic acid interactive drugs - effects of compound
structure on RNA versus DNA interaction strength. Biochemistry, 1993,
32, 4098-4104.

91. For reviews see: (a) D. P. Millar, Fluorescence studies of DNA and RNA
structure and dynamics. Curr. Opin. Struct. Biol. 1996, 6, 322-326. (b) D.



303

M. Jameson, J. F. Eccleston, Fluorescent Nucleotide Analogs: Synthesis
and Applications. Methods Enzymology, 1997, 278, 363-390.

92. D. C. Ward, E. Reich, L. Stryer. Fluorescence studies of nucleotides and
polynucleotides. I. Formycin, 2-aminopurine riboside, 2,6-diaminopurine
riboside, and their derivatives. J. Biol. Chem. 1969, 10, 1228-1237.

93. T. M. Nordlund, S. Andersson, L. Nilsson, R. Rigler, Strucutre and
Dynamics of a fluorescent DNA oligomer containing the EcoRI recognition
sequence: fluorescence, molecular dynamics and NMR studies.
Biochemistry, 1989, 28, 9095-9103.

94. M. Rist, J. Marino. Association of an RNA kissing complex analyzed using
2-aminopurine fluorescence. Nucleic Acids Res. 2001, 29, 2401-2408.

95. D. A. Harris, D. Rueda, N. G. Walter, Local conformational changes in the
catalytic core of the trans-acting hepatitis delta virus ribozyme accompany
catalysis. Biochemistry, 2002, 41, 12051-12061.

96. M. Menger, T. Tuschl, F. Eckstein, D. Porschke, Mg2+-dependent
conformational changes in the hammerhead ribozyme. Biochemistry,
1996, 35, 14710-14716.

97. S.R. Kirk, N.W. Luedtke, Y. Tor, 2-aminopurine as a real-time probe of
enzymatic cleavage and inhibition of hammerhead ribozymes. Bioorg.
Med. Chem., 2001, 9, 2295-2301.

98. I. R. Klotz, Ligand-Receptor Energetics, John Wiley & Sons, Inc. New
York, 1997.

99. T. Heyduk T, J. C. Lee, Application of fluorescence energy transfer and
polarization to monitor Escherichia coli cAMP receptor protein and lac
promoter interaction. Proc. Natl. Acad. Sci. U S A, 1990, 87, 1744-1748.

100. F. W. Sevenich, J. Langowski, V. Weiss, K. Rippe, DNA binding and
oligomerization of NtrC studied by fluorescence anisotropy and
fluorescence correlation spectroscopy. Nucleic Acids Res. 1998, 26, 1373-
1381.

101. A. Rudi, Y. Benayahu, I. Goldberg, Y. Kashman, Tetrahedron Lett. 1988,
29, 6655-6656.

102. N. R. Shochet, A. Rudi, Y. Kashman, H. Yaacov, M. R. El-Maghrabi, I.
Spector, Novel marine alkaloids from the tunicate Eudistoma sp. are
potent regulators of cellular growth and differentiation and affect cAMP-
mediated processes. J. Cell Physiol. 1993, 157, 481-492.



304

103. M. Einat, M. Lishner, A. Amiel, A. Nagler, S. Yarkorli, A. Rudi, Y.
Kashman, D. Markel, I. Fabian, Eilatin: a novel marine alkaloid inhibits in
vitro proliferation of progenitor cells in chronic myeloid leukemia patients.
Exp. Hematol. 1995, 23, 1439-1444.

104. L. A. McDonald, G. S. Eldredge, L. R. Barrows, C. M. Ireland, Inhibition of
topoisomerase II catalytic activity by pyridoacridine alkaloids from a
Cystodytes sp. ascidian: a mechanism for the apparent intercalator-
induced inhibition of topoisomerase II. J. Med. Chem. 1994, 37, 3819-
3827.

105. A. Rudi, Y. Kashman, D. Gut, F. Lellouche, M. Kol, . Ruthenium
complexes of eilatin: Face selectivity in octahedral geometry; Synthesis of
[Ru(bpy)2(eilatin)]2+ and [Ru(phen)2(eilatin)]2+. Chem. Commun. 1997,
1,17-18.

106. D. Gut, A. Rudi, J. Kopilov, I. Goldberg, M. Kol, Pairing of propellers:
dimerization of octahedral ruthenium(II) and osmium(II) complexes of
eilatin via pi-pi stacking featuring heterochiral recognition. J. Am. Chem.
Soc. 2002, 124, 5449-5456.

107. E. C. Glazer, Y. Tor, Ru(II) complexes of “Large Surface” Ligands, Angew.
Chem. Intl. Ed. 2002, 41, 4022-4026.

108. B. Bosnich, The application of exiton theory to the determination of the
absolute configurations of inorganic complexes. Acc. Chem. Res. 1969, 2,
266-273.

109. A. Sylwester, S. Murphy, D. Shutt, D. R. Soll HIV-induced T cell syncytia
are self-perpetuation and the primary cause of T cell death in culture. J.
Immunol. 1997, 158, 3996-4007.

110. D. D. Richman, V. A. Johnson, D. L. Mayers, T. Shirasaka, M. C. O'Brien,
H. Mitsuya, In Current Protocols in Immunology; J. E. Coligan, A. M.
Kruisbeek, D. H. Margulies, E. M. Shevach, W. Strober, Eds.; John Wiley
& Sons: Brooklyn, NY, 1993; Suppl 8, Unit 12.9, pp 1-21.

111. (a) O. Novakova, J. Kasparkova, O. Vrana, P. M. van Vliet, J. Reedijk, V.
Brabec, Correlation between cytotoxicity and DNA binding of polypyridyl
ruthenium complexes. Biochemistry, 1995, 34, 12369-12378. (b) L.
Mishra, R. Sinha, H. Itokawa, K. F. Bastow, Y. Tachibana, Y .Nakanishi,
N. Kilgore, K. H. Lee, Anti-HIV and cytotoxic activities of Ru(II)/Ru(III)
polypyridyl complexes containing 2,6-(2'-benzimidazolyl)-
pyridine/chalcone as co-ligand. Bioorg. Med. Chem. 2001, 9, 1667-1671.



305

112. C. V. Kumar, J. K. Barton, N. J. Turro, Photophysical Properties of
Ruthenium Complexes Bound to Double Helical DNA. J. Am. Chem. Soc.
1985, 107, 5518-5523.

113. Estimated twist angle is based upon the crystal structure an analogous un-
fused system [Ru(bpy)2bisisoquinoline]2+, see M. T. Ashby, G. N.
Govindan, A. K. Grafton, Metal-assisted racemization of the atropisomers
of a 1,1'- binaphthyl skeleton via a syn transition state. J. Am. Chem. Soc.
1994, 116, 4801-4809.

114. Some metal complexes containing non-planar ligands have been shown to
bind to DNA. For examples, see (a) R. J. Morgan, S. Chatterjee, A. D.
Baker, T. C. Strekas, Effects of ligand planarity and peripheral charge on
intercalative binding of Ru(2,2' –bipyridine)2L

2+ to calf thymus DNA. Inorg.
Chem. 1991, 30, 2687-2692. (b) Y. Xiong, X-F. He, X-H. Zou, J-Z. Wu, X-
M. Chen, L-N. Ji, R-H. Li, J-Y. Zhou, K-B. Yu, Interaction of polypyridyl
ruthenium(II) complexes containing non-planar ligands with DNA. J.
Chem. Soc. Dalton Trans., 1999, 19-24.

115. [7] (a) K. E. Erkkila, D. T. Odom, J. K. Barton, Recognition and reaction of
metallointercalators with DNA. Chem. Rev. 1999, 99, 2777-2796. (b) J. K.
Barton, A. T. Danishefsky, J. M. Goldberg, Tris(phenanthroline) Ru(II):
Stereoselectivity in Binding to DNA. J. Am. Chem. Soc. 1984, 106, 2172-
2176. (c) I. Haq, P. Lincoln, D. Suh, B. Norden, B. Z. Chowdhry, J. B.
Chaires, Interaction of delta- and lambda- [Ru(phen)2 DPPZ] with DNA – A
calorimetric and equilibrium binding study. J. Am. Chem. Soc. 1995, 117,
4788-4796; (d) J. G. Collins, J. R. Aldrich-Wright, I. D. Greguric, P. A.
Pellegrini, Binding of the delta- and lambda- enantiomers of
[Ru(dmphen)2+ to the hexanucleotide d(GTCGAC)2. Inorg. Chem. 1999,
38, 5502-5509. (e) C. V. Kumar, J. K. Barton, N. J. Turro, Photophysics of
ruthenium complexes bound to double helical DNA. J. Am. Chem. Soc.
1985, 107, 5518-5523. (f) L-N. Ji, X-H. Zou, J-G Liu, Shape- and
enantioselective interaction of Ru(II)/Co(III) polypyridyl complexes with
DNA Coord. Chem. Rev. 2001, 216, 513-536. (g) C. Chow, J. K. Barton,
Shaper-selective cleavage of tRNAPhe by transition-metal complexes. J.
Am. Chem. Soc. 1990, 112, 2839-2841. (h) A. C. Lim, J. K. Barton,
Targeting the Tat-binding site of bovine immunodeficiency virus TAR RNA
with a shape-selective rhodium complex. Bioorg. Med. Chem. 1997, 6,
1131-1136. (i) S. Satyanarayana, J. C. Dabrowiak, J. B. Chaires, Neither
delta- nor lambda tris(phenanthroline) ruthenium(II) binds to DNA by
classical intercalation. Biochemistry, 1992, 31, 9319-9324. (j) D. Z.
Coggan, I. S. Haworth, P. J. Bates, A. Robinson, A. Rodger, DNA Binding
of Ruthenium Tris(1,10-phenanthroline): Evidence for the Dependence of
Binding Mode on Metal Complex Concentration. Inorg. Chem. 1999, 38,
4486-4497. (k) J. G. Liu, Q. L. Zhang, X. F. Shi, L. N. Ji, Interaction of
[Ru(dmp)2(dppz)]2+ and [Ru(dmb)2(dppz)]2+ with DNA: effects of the



306

ancillary ligands on the DNA-binding behaviors. Inorg Chem. 2001, 40,
5045-5050.

116. L. S. Lerman, Structural considerations in the interaction of DNA and
acridines. J. Mol. Biol. 1961, 3, 18-30.

117. G. Cohen, H. Eisenberg, Viscosity and sedimentation study of sonicated
DNA-proflavin complexes. Biopolymers, 1969, 8, 45-55.

118. E. Jin, V. Katritch, W. K. Olson, M. Kharatisvili, R. Abagyan, D. S. Pilch,
Aminoglycoside binding in the major groove of duplex RNA: the
thermodynamic and electrostatic forces that govern recognition. J. Mol.
Biol. 2000, 298, 95-110.

119. J. K. Barton, S. J. Lippard, Cooperative binding of a platinum
metallointercalation reagent to poly(A).poly(U). Biochemistry, 1979, 18,
2661-2668.

120. D. H. Turner, In Nucleic Acids Structures Properties and Functions, V. A.
Bloomfield, D. M. Crothers, I. Tinoco Jr. (Eds.), University Science Books,
2000, 259-334.

121. I. Piantanida, B. S. Palm, M. Zinic, H-J, Schneider, A new 4,9-
diazapyrenium intercalator for single- and double-stranded nucleic acids;
distinct differences from related diazapyrenium compounds and ethidium
bromide. J. Chem. Soc., Perkin Trans. 2, 2001, 1808-1816.

122. G. R. Jones, M. E. Oliveira, R. B. Cundall, The interactions of
pyrenylmethyl tributylphosphonium bromide with single strand
polynucleotides. Photochem. Photobiol. 1990, 52, 451-460.

123. J. L. Battiste, R. Tan, A. D. Frankel, J. R. Williamson, Binding of an HIV
Rev peptide to Rev responsive element RNA induces formation of purine-
purine base pairs. Biochemistry, 1994, 33, 2741-2747.

124. T. I. Watkins, G. Woolfe, Nature, 1952, 169, 506.

125. T. I. Watkins, Trypanocides of the phenanthridine series. Part I. The effect
of changing the quaternary grouping in dimidium bromide. J. Chem. Soc.
1952, 3059-3064.

126. J. Sambrook, E. F. Fritsch, T. Maniatis, In: Molecular Cloning A Laboratory
Manual Second Edition, Cold Spring Harbor Press, 1989.

127. (a) H. Nishiwaki, M. Miura, K. Imai, R. Ohno, K. Kawashima,



307

Experimental studies on the antitumor effect of ethidium bromide and
related substances. Cancer Res. 1974, 34, 2699-2703 (b) B. -R. Balda, G.
D. Birkmayer, Drug effects in melanoma: tumor specific interactions of
proflavine and ethidium bromide. Yale J. Biol. Med. 1973, 46, 464-470.

128. C. L. Courchesne, J. A. Bantle, Analysis of the activity of DNA, RNA, and
protein synthesis inhibitors on Xenopus embryo development. Teratog.
Carcinog. Mutagen. 1985, 5, 177-193.

129. (a) J. R. MacGregor, I. J. Johnson, In vitro metabolic activation of ethidium
bromide and other phenanthridinium compounds: mutagenic activity in
Salmonella typhimurium. Mutation Res. 1977, 48, 103-108. (b) I. E.
Mattern, Mutagenicity of ethidium bromide after metabolic activation in
vitro, Mutation Res. 1976, 38, 120.

130. http://www.laprovet.fr/Trypanosomoses.html

131. M. M. K. Nass, Differential effects of ethidium bromide on mitochondrial
and nuclear DNA synthesis in vivo in cultured mammalian cells.
Experimental Cell Research, 1972, 72, 211-222.

132. A. Peña, E. Chávez, A. Cárabez, M. T. De Gómez-Puyou, M.T. The
metabolic effects and uptake of ethidium bromide by rat liver mitochondria.
Arch. Biochem. Biophys. 1977, 180, 522-529.

133. Anon. Material Safety Data Sheet (MSDS): Ethidium bromide. MDL
Information Systems Inc., San Leandro, CA (on-line retrieval through STN
database: MSDS-OHS) 1994.

134. J. Warring, Complex formation between ethidium bromide and nucleic
acids. J. Mol. Biol. 1965, 13, 269-282.

135. J. B. LePecq, C. Paoletti, A fluorescent complex between ethidium
bromide and nucleic acids. Physical-chemical characterization. J. Mol.
Biol. 1967, 27, 87-106.

136. M. Liebman, J. Rubin, M. Sundaralingam, Nonintercalative binding of
ethidium bromide to nucleic acids: Crystal structure of an ethidium-tRNA
molecular complex. Proc. Natl. Acad. Sci. USA, 1977, 74, 4821-4825.

137. W. C. Chu, J. C. Liu, J. Horowitz J. Localization of the major ethidium
bromide binding site on tRNA. Nucleic Acids Res. 1997, 25, 3944-3949.

138. (a) C. C. Tsai, S. C. Jain, H. M. Sobell, Visualization of drug-nucleic acid
interactions at atomic resolution. I. Structure of an ethidium/dinucleoside
monophosphate crystalline complex, ethidium:5-iodouridylyl (3'-5')



308

adenosine. J. Mol. Biol. 1977, 114, 301-315. (b) S. C. Jain, C. C. Tsai, H.
M. Sobell HM. Related Articles, Visualization of drug-nucleic acid
interactions at atomic resolution. II. Structure of an ethidium/dinucleoside
monophosphate crystalline complex, ethidium:5-iodocytidylyl (3'-5')
guanosine. J. Mol. Biol. 1977, 114, 317-331.

139. W. D. Wilson, L. Ratmeyer, M. T. Cegla, J. Spychala, D. Boykin, M.
Demeunynck, J. Lhomme, G. Krishnan, D. Kennedy, R. Vinayak, G. Zon,
Bulged-base nucleic acids as potential targets for antiviral drug action.
New. J. Chem. 1994, 18, 419-423.

140. H. Jacquemin-Sablon, M. Le Bret, A. Jacquemin-Sablon, C. Paoletti,
Yeast mitochondrial deoxyribonuclease stimulated by ethidium bromide. 2.
Mechanism of enzyme activation. Biochemistry, 1979, 18, 128-134.

141. W. J. Firth, C. L. Watkins, D. E. Graves, David E.; L. W. Yielding,
Synthesis and characterization of ethidium analogs: emphasis on amino
and azido substituents. J. Heterocycl. Chem. 1983, 20, 759-765.

142. L. P. Wakelin, M. J. Waring, The unwinding of circular deoxyribonucleic
acid by phenanthridinium drugs: structure-activity relations for the
intercalation reaction. Mol. Pharmacol. 1974, 10, 544-561.

143. D. E. Graves, C. L. Watkins, L. W. Yielding, Ethidium bromide and its
photoreactive analogues: spectroscopic analysis of deoxyribonucleic acid
binding properties. Biochemistry, 1981, 20, 1887-1892.

144. L. W. Yielding, K. L. Yielding, J. E. Donoghue, Ethidium Binding to
Deoxyribonucleic Acid: Spectrophotometric Analysis of Analogs with
Amino, Azido, and Hydrogen Substituents. Biopolymers, 1984, 23, 83-110.

145. J. Loccufier, E. Schacht, Regioselective acetylation of 3,8-diamino 5-ethyl
6-phenyl-phenanthridinium bromide, preparation of potential new
trypanocides. Tetrahedron, 1989, 45, 3385-3396.

146. V. Peytou, R. Condom, N. Patino, R. Guedj, A. M. Aubertin, N. Gelus, C.
Bailly, R. Terreux, D. Cabrol-Bass, Synthesis and antiviral activity of
ethidium-arginine conjugates directed against the TAR RNA of HIV-1. J.
Med. Chem. 1999, 42, 4042-4053.

147. M. Le Bret, O. Chalvet, Optical Spectrum of ethidium intercalated into
DNA a CNDO/S study. J. Mol. Struct. 1977, 37, 299-319.

148. C. Medhi, J. B. Mitchell, S. L. Price, A. B. Tabor. Electrostatic factors in
DNA intercalation. Biopolymers, 1999, 52, 84-93.



309

149. D. Reha, M. Kabelac, F. Ryjacek, J. Sponer, J. E. Sponer, M. Elstner, S.
Suhai, P. Hobza P. Intercalators. 1. Nature of stacking interactions
between intercalators (ethidium, daunomycin, ellipticine, and 4',6-
diaminide-2-phenylindole) and DNA base pairs. Ab initio quantum
chemical, density functional theory, and empirical potential study. J. Am.
Chem. Soc. 2002, 124, 3366-3376.

150. S. E. Patterson, J. M. Coxon, L. Strekowski L. Intercalation of ethidium
and analogues with nucleic acids: a molecular orbital study. Bioorg. Med.
Chem. 1997, 5, 277-281.

151. C. A. Hunter, K. R. Lawson, J. Perkins, C. J. Urch, Aromatic interactions.
J. Chem. Soc. Perkin Trans. 2, 2001, 651-669.

152. D. A. Bondarev, W. J. Skawinski, C. A. Venanzi, Nature of intercalator
amiloride-nucelobase stacking. An empirical potential and ab initio
electron correlation study. J. Phys. Chem. 2000, 104, 815-822.

153. J. Sponer, J. Leszczynski, P. Hobza, Electronic properties, hydrogen
bonding, stacking, and cation binding of DNA and RNA bases.
Biopolymers, 2001, 61, 3-31.

154. F. Cozzi, M. Cinquini, R. Annuziata, J. S. Siegel, Dominance of polar/π
over charge-transfer effects in stacked phenyl interactions. J. Am. Chem.
Soc. 1993, 115, 5330-5331.

155. F. Cozzi, M. Cinquini, R. Annuziata, T. Dwyer, J. S. Siegel, Polar/π
interactions between stacked aryls in 1,8-diarylnaphthalenes. J. Am.
Chem. Soc. 1992, 114, 5729-5733.

156. P. U. Giacomoni, M. Le Bret, Electronic structure of ethidium bromide.
FEBS Lett. 1973, 29, 227-230.

157. G. P. Kreishman, S. I. Chan, W. Bauer, Proton magnetic resonance study
of the interaction of ethidium bromide with several uracil residues, uridylyl
(3' leads to 5') uridine and polyuridylic acid. J. Mol. Biol. 1971, 61, 45-58.

158. G. Dougherty, A comparison of the base-pair specificities of three
phenanthridine drugs using solution spectroscopy. Int. J. Biochem.
1982,14, 493-504.

159. I. Tinoco Jr., K. Sauer, J. C. Wang, In Physical Chemistry, Principals and
Applications in Biological Sciences (third edition), Prentice Hall, New
Jersey, 1995.



310

160, All attempts to obtain NMR data for an ethidium analog that lacks the 6-
phenyl ring have so far proven fruitless.

161. B. G. Griggs, M. W. Davidson, W. D. Wilson, D. W. Boykin, Assignment of
the 13C chemical shifts of ethidium bromide and analogs in D2O solution.
Org. Mag. Reson. 1980, 14, 371-373.

162. (a) H. Spiesecke, W. G. Schneider, the determination of π-electron
densities in azulene from C13 and H1 nuclear resonance shifts.
Tetrahedron Lett. 1961, 14, 468-472. (b) G. A. Olah, G. P. Mateescu,
Stable carbonium ions. The Tetraphenylcyclobutadiene dication. J. Am.
Chem. Soc. 1970, 92, 1430-1432.

163. W. A. Brett, P. Rademacher, R. Boese, Redetermination of the structure of
phenanthridine. Acta. Cryst. 1993, C49, 1564-1566.

164. R. Kiralk, B. Kojic-Prodic, M. Zinic, S. Alihodzic, N. Trinajstic, Bond length-
bond order relations and calculated geometries for some bezenoid
aromatics, including phenanthridine. Structures of 5,6-
dimethylphenanathridinium triflate, [N-(6-phenanthridinylmethyl)-aza-18-
crown-6-κ5 O,O’,O’’, O’’’, O’’’’](picrate-κ2O,O’)potassium, and [N,N’-bis96-
phenanthridinyl-κN-methyl)-7,16-diaza-18-crown-6-κ4 O,O’,O’’, O’’’]sodium
iodine dichloromethane solvate. Acta. Cryst. 1996, B52, 823-837.

165. N. W. Luedtke, Q. Liu, Y. Tor, The ground state electronic structure of
ethidium reveals charge separation in an organic cation. In preparation

166. (a) M. Hospital, B. Busetta, C. R. Acad. Sci. Paris, 1969, 268, 1232-1235.
(b) P. C. Courseille, B. Busetta, M. Hospital, Acta Cryst. 1974, B30, 2631-
2639.

167. E. Subramanian, J. Trotter, C. E. Bugg, Crystal structure of ethidium
bromide. J. Cryst. Mol. Struct. 1971, 1, 3-15.

168. I. Zimmerman, H. W. Zimmerman, pKa values of ethidium bromide and 7-
amino-9-phenyl-10-ethyl-phenanthridinium bromide. Z. Naturforsch. 1976,
31, 656.

169. S. R. Kirk, N. W. Luedtke, Y. Tor, Neomycin-acridine conjugate: A potent
inhibitor of Rev-RRE binding. J. Am. Chem. Soc., 2000, 122, 980-981.

170. W. D. Wilson, L. Ratmeyer, M. Zhao, L. Strekowski, D. W. Boykin, The
search for structure-specific nucleic acid-interactive drugs: effects of
compound structure on RNA versus DNA interaction strength.
Biochemistry, 1993, 32, 4098-4104.



311

171. R. H. Griffey, S. A. Hofstadler, K. A. Sannes-Lowery, D. J. Ecker, S. T.
Crooke, Determinants of aminoglycoside-binding specificity for rRNA by
using mass spectrometry. Proc. Natl. Acad. Sci. USA, 1999, 96, 10129-
10133.

172. S. J. Sucheck, W. A. Greenberg, T. J. Tolbert, C. -H. Wong. Design of
small molecules that recognize RNA: Development of aminoglycosides as
potential antitumor agents that target oncogenic RNA sequences. Angew.
Chem. Int. Ed. 2000, 39, 1080-1084.

173. F. Walter, Q. Vicens, E. Westhof, Aminoglycoside-RNA interactions.
Curr. Opin. Chem. Biol. 1999, 3, 694-704.

174. Y. Tor, T. Hermann, E. Westhof, Deciphering RNA recognition:
aminoglycoside binding to the hammerhead ribozyme. Chem Biol. 1998,
5, R277-R283.

175. M. Hendrix, E. S. Priestley, G. F. Joyce, C. -H Wong, Direct observation of
aminoglycoside-RNA interactions by surface plasmon resonance. J. Am.
Chem. Soc. 1997, 119, 3641-3648.

176. Q. Chen, R. H. Shafer, I. D. Kuntz, Structure-based discovery of ligands
targeted to the RNA double helix. Biochemistry 1997, 36, 11402-11407.

177. S. R. Kirk, N. W. Luedtke, Y. Tor, Neomycin-acridine conjugate: A potent
inhibitor of Rev-RRE binding. J. Am. Chem. Soc. 2000, 122, 980-981.

178. J. B. H. Tok, J. H. Cho, R. R. Rando, Aminoglycoside hybrids as potent
RNA antagonists. Tetrahedron, 1999, 55, 5741-5758.

179. K. Hamasaki, A. Ueno, Aminoglycoside antibiotics, neamine and its
derivatives as potent inhibitors for the RNA-protein interactions derived
from HIV-1 activators. Bioorg. Med. Chem. Lett. 2001, 26, 591-594.

180. H. Wang, Y. Tor, Dimeric aminoglycosides: Design, synthesis and RNA
binding. Bioorg. Med. Chem. Lett. 1997, 7, 1951-1956.

181. J. B. Tok, G. R. Huffman, Enhanced binding of aminoglycoside dimers to a
"dimerized" A-site 16S rRNA construct. Bioorg. Med. Chem. Lett. 2000,
10, 1593-1595.

182. K. Michael, H. Wang, Y. Tor, Enhanced RNA binding of dimerized
aminoglycosides. Bioorg. Med. Chem. 1999, 7, 1361-1371.



312

183. J. B. Tok, L. J. Dunn, R. C. Des Jean, Binding of dimeric aminoglycosides
to the HIV-1 rev responsive element (RRE) RNA construct. Bioorg. Med.
Chem. Lett. 2001, 11, 1127-1131.

184. (a) M. A. Weiss, N. Narayana, RNA recognition by arginine-rich peptide
motifs. Biopolymers, 1998, 48, 167-180. (b) R. N. De Guzman, R. B.
Turner RB, M. F. Summers, Protein-RNA recognition. Biopolymers, 1998,
48, 181-195.

185. R. Tan, A. D. Frankel, Costabilization of peptide and RNA structure in an
HIV Rev peptide-RRE complex. Biochemistry, 1994, 33, 14579-14585.

186. N.W. Luedtke, T. J. Baker, M. Goodman, Y. Tor, Guanidinoglycosides: A
novel family of RNA ligands. J. Am. Chem. Soc. 2000, 122, 12035-12036.

187. T. J. Baker, N.W. Luedtke, Y. Tor, M. Goodman, Synthesis and anti-HIV
activity of guanidinoglycosides. J. Org. Chem. 2000, 65, 9054-9058.

188. Q. Liu, N.W. Luedtke, Y. Tor, A simple conversion of amines into
monosubstituted ureas in organic and aqueous solvents. Tetrahedron Lett.
2001, 42, 1445-1447.

189. A. Litovchick, A. G. Evdokimov, A. Lapidot, Aminoglycoside-arginine
conjugates that bind TAR RNA: Synthesis, characterization, and antiviral
activity. Biochemistry, 2000, 39, 2838-2852.

190. E. R. Jamieson, S. J. Lippard, Structure, recognition, and processing of
Cisplatin-DNA adducts. Chem. Rev. 1999, 99, 2467–2498.

191. (a) A. M. J. Fichtinger-Schepman, J. L. van der Veer, J. H. J. den Hartog,
P. H. M. Lohman, J. Reedijk, Adducts of the antitumor drug cis-
diamminedichloroplatinum(II) with DNA: formation, identification, and
quantitation. Biochemistry, 1985, 24, 707–713. (b) A. Eastman,
Reevaluation of interaction of cis-dichloro(ethylenediamine)platinum(II)
with DNA. Biochemistry, 1986, 25, 3912–3915.

192, (a) H. Huang, J. Woo, S. C. Alley, P. B. Hopkins, DNA-DNA interstrand
cross-linking by cis-diamminedichloroplatinum(II): N7(dG)-to-N7(dG)
cross-linking at 5'-d(GC) in synthetic oligonucleotides. Bioorg. Med. Chem.
1995, 3, 659–669. (b) H Huang, L. Zhu, B. R. Reid, G. P. Drobny, P. B.
Hopkins, Solution structure of a cisplatin-induced DNA interstrand cross-
link. Science, 1995, 270 (5243), 842-845.

193. R. N. Bose, Biomolecular targets for platinum antitumor drugs. Mini. Rev.
Med. Chem. 2002, 2, 103-111.



313

194. G. Speelmans, R. W. Staffhorst, K. Versluis, J. Reedijk, B. de Kruijff,
Cisplatin complexes with phosphatidylserine in membranes. Biochemistry,
1997, 36, 10545-10550.

195. T. Ishikawa, F. Ali-Osman, Glutathione-associated cis-diamminedichloro-
platinum(II) metabolism and ATP-dependent efflux from leukemia cells.
Molecular characterization of glutathione-platinum complex and its
biological significance. J. Biol. Chem. 1993, 268, 20116-20125.

196. Selected examples: (a) B. E. Bowler, S. J. Lippard, Modulation of platinum
antitumor drug binding to DNA by linked and free intercalators.
Biochemistry, 1986, 25, 3031-3038. (b) B. D. Palmer, H. H. Lee, P.
Johnson, B. C. Baguley, G. Wickham, L. P.G. Wakelin, W. D. McFadyen,
W. A. Denny, DNA-directed alkylating agents. 2. Synthesis and biological
activity of platinum complexes linked to 9-anilinoacridine. J. Med. Chem.
1990, 33, 3008–3014. (c) D. Gibson, K. F. Gean, J. Katzhendle, R. Ben-
Shoshan, A. Ramu, I. Ringel, Preparation, characterization, and
anticancer activity of a series of cis-PtCl2 complexes linked to
anthraquinone intercalators. J. Med. Chem. 1991, 34, 414–420. (d) J.
Whittaker, W. D. McFadyen, G. Wickham, L. P. Wakelin, V. Murray, The
interaction of DNA-targeted platinum phenanthridinium complexes with
DNA. Nucl. Acids. Res. 1998, 26, 3933–3939. (e) S. K. Sharma, L. W.
McLaughlin, Cross-linking of a DNA conjugate tethering a cis-bifunctional
platinated complex to a target DNA duplex. J. Am. Chem. Soc. 2002, 124,
9658-9659.

197. J. Boer, N. W. Luedtke, Y. Tor, RNA-selective covalent modification by
Neo-platin (A neomycin-cisplatin conjugate). J. Am. Chem. Soc.
submitted.

198. For a recent review, see: S. Futaki, Arginine-rich peptides: potential for
intracellular delivery of macromolecules and the mystery of the
translocation mechanisms. Int. J. Pharm. 2002, 245, 1-7.

199. A. Ho, S. R. Schwarze, S. J. Mermelstein, G. Waksman, S. F. Dowdy.
Synthetic protein transduction domains: enhanced transduction potential
in vitro and in vivo. Cancer Res. 2001, 61, 474-477.

200. D. J. Mitchell, D. T. Kim, L. Steinman, C. G. Fathman, J. B. Rothbard,
Polyarginine enters cells more efficiently than other polycationic
homopolymers. J. Pept. Res. 2000, 56, 318-325.

201. P. Belmont A. Aissaoui, M. Hauchecorne, N. Oudrhiri, L. Petit, J. P.
Vigneron, J. M. Lehn, P. Lehn, Aminoglycoside-derived cationic lipids as
efficient vectors for gene transfection in vitro and in vivo. J. Gene. Med.
2002, 4, 517-526.



314

202. For a recent review describing the potential applications see: L. Bonetta,
Getting proteins into cells, The Scientist, 2002, 16, 38-40.

203. O. C. Uhlenbeck, J. F. Milligan, Synthesis of small RNAs using T7 RNA
polymerase. Methods Enzymol. 1989, 180, 51-62.


