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spectrum. As is common for nucleosides, 5 was not readily taken 
up by S. griseochromogenes mycelia (HPLC analysis), and efforts 
to prepare a cell-free extract or protoplasts that could metabolize 
5 to 1 were unsuccessful. In order to test 5 as a biosynthetic 
intermediate, a sample, 5a (3H/14C = 4.25,1.29 X 108 dpm/mmol 
14C), was prepared enzymatically from [5-3H]cytosine (52.45 ^Ci, 
19.9 mCi/nmol, Sigma Chemical Co.) and UDP[U-14C]-D-
glucuronic acid (10.95 jiCi, 250 jtCi/Mmol, ICN). A portion of 
this (10.0 mg, 4.49 X 106 dpm 14C) was fed to a 200-mL fer
mentation in the standard complex medium14 39 h after inoculation 
with a seed culture. Ninety-eight hours later workup14 yielded 
455 mg of labeled blasticidin S la (3H/ I4C = 6.75, 1.01 X 104 

dpm/mmol 14C). Most of 5a was recovered from the broth un
changed (88.4%). On the basis of the unrecovered material, the 
14C incorporation was 1.8%. The change in 3H/14C could be 
explained if only 0.14% of the 5a fed had been hydrolyzed to 
[5-3H]cytosine, 2a, since 2 had previously been incorporated almost 
quantitatively.8 To test the specificity of the incorporation, 300 
mg of la were hydrolyzed2,3 yielding labeled cytosinine 6a (29.4 
mg, 3H/14C = 6.26, 9.70 X 103 dpm/mmol 14C, 96% retention 
of 14C and 89% retention of 3H from la), labeled cytosine 2a (21.4 
mg, 5.84 X 104 dpm/mmol 3H, 86% retention of tritium), and 
blasticidic acid, 7 (not isolated, but unlabeled vide supra). Some 
exchange of tritium had occurred during the hydrolysis. These 
results demonstrate unequivocally the specific intact incorporation 
of 5a exclusively into the cytosinine portion of blasticidin S, 1. 

5a — la — 6a + 2a + 7 

The biosyntheses of a number of nucleoside antibiotics have 
been studied.24"27 The biosynthesis of blasticidin S appears to 
be the first instance where the formation of a novel nucleoside 
has been demonstrated at the cell-free level to be the first com
mitted step in the secondary pathway. In addition, although 
UDPglucuronosyl transferases are common in mammalian xe-
nobiotic metabolism and at least two have been reported in fungi 
(also eukaryotes),28,29 this is the first report of such an enzyme 

(21) Grisebach, H. Biosynthesis of Sugar Components of Antibiotic Sub
stances. In Advances in Carbohydrate Chemistry; Tipson, R. S., Horton, D., 
Eds.; Academic Press: New York, 1978; Vol. 35, pp 81-126. 

(22) Zmijewski, M. J.; Briggs, B. FEMS Microbiol. Lett. 1989, 59, 
129-134. 

(23) The TDPglucosyltransferase described in ref 21 could utilize UDP-
glucuronic acid but only poorly (only 9.5% of the rate). 

(24) Parry, R. J.; Bornemann, V.; Subramanian, R. J. Am. Chem. Soc. 
1989, / / / , 5819-5831. 

(25) For an extensive review of nucleoside antibiotics, including their 
biosynthesis, see: Isono, K. J. J. Antibiot. 1988, 41, 1711-1737. 

(26) Hanvey, J. C; Smal-Hawkins, E.; Baker, D. C; Suhadolnik, R. J. 
Biochemistry 1988, 27, 5790-5795. 

(27) Hanvey, J. C; Smal-Hawkins, E.; Tunac, J. B.; Dechter, J. J.; Baker, 
D. C; Suhadolnik, R. J. Biochemistry 1987, 26, 5636-5641. 

(28) Flores-Carreon, A.; Balcazar, R.; Ruiz-Herrera, J. Exp. Mycol. 1985, 
9, 294-301. 

(29) Wackett, L. P.; Gibson, D. T. Biochem. J. 1982, 2OJ, 117-122. 

from a prokaryotic organism.30 
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(30) CGA is likely to also prove to be the first committed intermediate in 
the biosynthesis of arginomycin,3' the bagougeramines,32 gougerotin," and 
possibly Sch 36605.34 

(31) Argoudelis, A. D.; Baczynskyj, L.; Kuo, M. T.; Laborde, A. L.; Sebek, 
O. K.; Truesdell, S. E.; Shilliday, F. B. J. Antibiot. 1987, 40, 750-760. 
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J. Antibiot. 1986, 39, 1041-1046. 

(33) Fox, J. J.; Kuwada, Y,; Watanabe, K. A. Tetrahedron Lett. 1968, 
6029-6032. 

(34) Cooper, R.; Conover, M.; Patel, M. J. Antibiot. 1988, 41, 123-125. 
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Recent interest has focused on the molecular design of artificial 
nucleases, in which catalytic residues are attached to sequence-
recognizing moieties.1 Developments have been made in oxidative 
fission of specific ribose residues in DNA. 2 However, cleavage 
of D N A and R N A via hydrolysis of the phosphodiester linkage 
has been scarcely accomplished.3"6 We report here remarkable 

* Current address: Department of Industrial Chemistry, Faculty of En
gineering, University of Tokyo, Hongo, Tokyo 113, Japan. 

(1) (a) Dervan, P. B. Science (Washington, D.C.) 1986, 232, 464. (b) 
Barton, J. K. Science (Washington, D.C.) 1986, 233, 727. (c) Zuckermann, 
R. N.; Schultz, P. G. J. Am. Chem. Soc. 1988, 110, 6592. 

(2) Home, D. A.; Dervan, P. B. J. Am. Chem. Soc. 1990, 112, 2435 and 
references therein. 

(3) Barbier, B.; Brack, A. J. Am. Chem. Soc. 1988, 110, 6880. 
(4) The cooperative catalysis of two imidazoles in ribonuclease was satis

factorily mimicked: Anslyn, E.; Breslow, R. / . Am. Chem. Soc. 1989, / / / , 
4473, 5972 and references therein. 

(5) Hydrolyses of RNAs by metal ions and metal complexes have been 
reported: (a) Eichhorn, G. L. In Inorganic Biochemistry; Eichhorn, G. L., 
Ed.; Elsevier Scientific Publishing Co.: Amsterdam, 1973; Vol. 2, Chapter 
34. (b) Stern, M. K.; Bashkin, J. K.; Sail, E. D. J. Am. Chem. Soc. 1990, 
112, 5357. (c) Matsumoto, Y.; Komiyama, M. J. Chem. Soc., Chem. Com-
mun. 1990, 1050. 
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Figure 1. HPLC patterns for the hydrolysis of poly(A) at 50 0C by 
ethylenediamine (N-N; 1.0 M): (a) pH 8, 1 day; (b) pH 8, 2 days; (c) 
pH 7, 2 days; (d) control (without the amine, 2 days at pH 8); other 
reaction conditions and separation conditions are shown in ref 8. 

acceleration of R N A hydrolysis by simple oligoamines as highly 
potent catalytic moieties for artificial ribonucleases. 

Figure 1 depicts typical ion-exchange HPLC patterns for the 
hydrolysis of poly(A) (degree of polymerization (DP): 1100) at 
50 0C.7-8 With ethylenediamine (N-N; 1.0 M) at pH 8, the peaks 
gradually shifted toward shorter retention time (compare patterns 
a and b with pattern d as control), showing prompt degradation 
of poly(A). After 2 days, only small oligomers (mostly 5-mer or 
smaller) were perceived (b). At [ N - N ] 0 = 3.0 M, monomer and 
dimer alone were present after 2 days. The diamino character 
of N - N is definitely required for effective catalysis, since ethyl-
amine (N,; 2.0 M) caused only a small change in HPLC. Without 
the amine catalyst, virtually no hydrolysis took place (d). All the 
hydrolysis proceeded homogeneously. 

When hydrolysis by N-N was achieved at pH 7, the reaction 
mixture was slightly turbid in the early stage, due to formation 
of a polyion complex (pATa's of N - N are 6.5 and 9.2). Two days 
later, however, the turbidity was completely eliminated, reflecting 
degradation of poly(A) to small fragments. It is noteworthy that 
hydrolysis is faster at pH 7 than at pH 8 (compare b with c). 
Gradual disappearance of turbidity by rapid degradation of 
poly(A) was also observed for hydrolysis at pH 8 with tri-
ethylenetetramine (N 4) or pentaethylenehexamine (N 6 ) . 

(6) Cleavage of DNAs by an elegantly designed metal complex partially 
proceeds via hydrolysis of phosphodiester linkage: Basile, L. A.; Raphael, A. 
L.; Barton, J. K. J. Am. Chem. Soc. 1987, 109, 7550. 

(7) The DP value of poly(A), purchased from Sigma Chemical Co., was 
estimated to be 1100 ± 200 by electrophoresis using 0X174 HaeWl and \ 
Hin<iU\ restriction enzyme fragments as the internal standard. 

(8) Hydrolysis of RNA was carried out at pH 8 (Tris 0.05 M buffer), 50 
0C with RNA residual concentration of 0.005 M unless otherwise noted. 
Special caution was exercised to avoid contamination of ribonuclease. Ion-
exchange HPLC was carried out on a DEAE-NPR column of TOSOH Co. 
with a linear gradient from 0 to 0.4 M NaClO4 at pH 9 in 0.02 M Tris. 
Participation of any divalent metal ion in the present catalysis was ruled out 
by the fact that EDTA showed no effect on the hydrolysis rate. 

Table I. Hydrolysis of RNAs by oligoamines" 

% of phosphodiester 
RNA catalyst bonds hydrolyzed6 

poly(A) 

poly(C) 
poly(U) 
poly(G) 

N-N 

N4 

N6 

N1 

N-N 
N-N 
N-N 

33 (26)c 

48^ 
69' 
20 (12)c 

31 
3 (0) ' 

16 
28 
0 

0At pH 8, 50 0C for 2 days; [N,]0 = 2.0 M, [N-N]0 = 1.0 M, [N4J0 

= 0.5 M, and [N6]0 = 0.33 M unless otherwise noted. In the absence 
of the amine catalyst, hydrolysis of RNAs did not proceed to a meas
urable extent. 'Error limits are around 2%. 'The values in par
entheses refer to the hydrolysis of oligo(A) (40-mer obtained through a 
DNA synthesizer). 'At pH 7 ([N-N]0 = 1.0 M). ' [N-N] 0 = 3.0 M 
at pH 8. 

Catalytic activities of the amines in the hydrolysis of poly(A), 
as well as in the hydrolysis of oligo(A) (40-mer prepared by DNA 
synthesizer),9 have been quantitatively evaluated (Table I).10 The 
activities of the oligoamines N-N, N 4 , and N 6 largely surpass the 
value for N1. Notably, catalytic hydrolysis of oligo(A) is successful 
only by the oligoamines, since N 1 is inactive. That intramolecular 
cooperation between two amino residues plays a dominant role 
is strongly evidenced. 

The hydrolysis rate at pH 8 monotonously increased with 
[N-N] 0 , and about two-thirds of the phosphodiester bonds were 
hydrolyzed for 2 days at 3.0 M. The pH-rate constant profile 
indicated that monocationic species H 3 N + (CH 2 )JNH 2 is re
sponsible for the catalysis." Below pH 7 the catalysis is addi
tionally promoted by formation of the polyion complex, in which 
the amine functions efficiently as an "intracomplex" catalyst.12 

Catalysis of N - N is also effective for the hydrolysis of poly(C) 
and poly(U) (see Table I). However, poly(G) is hardly hydrolyzed 
by N-N. Apparently, the efficiency of the catalysis is dependent 
on the higher order structure of RNA. Under the present con
ditions, poly(A) and poly(C) take single-stranded helices and 
poly(U) takes random form, whereas the favorable conformation 
of poly(G) is a four-stranded helix.13'14 

The present hydrolysis proceeds via the rate-determining for
mation of 2',3'-cyclic phosphates of ribonucleotides as interme
diates, as confirmed by the lack of catalysis of the oligoamines 
for the hydrolysis of poly(dA). General base catalysis by neutral 
amine and general acid catalysis by protonated amine intramo-
lecularly cooperate, facilitating nucleophilic attack of the 2'-OH 
toward the phosphorus atom.15"17 The mechanism is in accord 

(9) Hydrolysis of the 40-mer, containing smaller oligomers as minor by
products, at pH 8 by N-N and N4 as well as by N1 proceeded homogeneously. 

(10) The number of phosphodiester bonds in the reaction mixture at a 
given reaction time was evaluated by HPLC using a calibration curve of DP 
vs retention time. The curve was obtained from poly(A)'s of DP 2, 12, and 
40 (synthesized by use of a DNA synthesizer) as well as those of DP 520 and 
1100. PoIy(A) of DP 520, prepared by sonication of commercially obtained 
poly(A), was a cordial gift from Professors Mitsuru Akashi and Eiji Yashima 
at Kagoshima University, which we acknowledge gratefully. Hydrolysis of 
other RNAs was analyzed in a similar way. 

(11) The profile was satisfactorily interpreted in terms of the catalysis both 
by the monocationic species and by the neutral species (see refs 15 and 16), 
although positive deviation due to polyion complex formation was observed 
below pH 7. The contribution of the neutral species to the catalysis at pH 
7-8 is marginal. 

(12) Bender, M. L.; Bergeron, R. J.; Komiyama, M. The Bioorganic 
Chemistry of Enzymatic Catalysis; John Wiley & Sons: New York, 1984; 
pp 216-247. 

(13) Saenger, W. Principles of Nucleic Acid Structure; Springer-Verlag: 
New York, 1984. 

(14) The possibility that the catalysis by N-N for the hydrolysis of poly(G) 
is suppressed by specific interaction between the amine and the guanine residue 
is unlikely, since guanosine (0.01 M) exhibited no measurable retardation in 
the N-N-catalyzed hydrolysis of poly(A). 

(15) Komiyama, M.; Yoshinari, K. J. Chem. Soc., Chem. Commun. 1989, 
1880. 

(16) Yoshinari, K.; Komiyama, M. Chem. Lett. 1990, 519. 
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with the cooperation of two imidazoles in ribonuclease, precisely 
studied by Breslow using model systems.4 Contamination of 
ribonuclease is ruled out by formation of ribonucleoside 3'-
phosphate and the 2'-phosphate as the final products in almost 
a 1:1 ra t io ." Ribonuclease should produce, if any, the 3'-
phosphate in 100% selectivity." 

In conclusion, oligoamines N-N, N4, and N 6 have large catalytic 
activities for RNA hydrolysis, together with simplicity in structure 
and stability, being promising as catalytic sites for artificial ri-
bonucleases. Attachment of the oligoamines to sequence-recog
nizing moieties is now in progress. 
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(17) Furthermore, positive charges of N4 and N6 might electrostatically 
stabilize the transition state of hydrolysis, similarly to the function of lysine 
41 of ribonuclease A (Deakyne, C. A.; Allen, L. C. J. Am. Chem. Soc. 1979, 
101, 3951). Participation of the third amino residue (either cationic or 
neutral) in the catalysis is also plausible. 

(18) The ratios of ribonucleoside 3'-phosphate to the 2'-phosphate were 
determined by HPLC, when the cleavage of RNAs was almost complete. The 
separation conditions were identical with those described previously (Komi-
yama, M. J. Am. Chem. Soc. 1989. / / / , 3046). 

(19) Dugas. H.; Penney. C. Bioorganic Chemistry. Springer-Verlag: New 
York, 1981. 
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Cooperative binding by proteins to DNA results in higher 
sequence specificity as well as greater sensitivity to concentration 
changes.1 We recently reported cooperative binding of two 
oligonucleotides at abutting sites by triple helix formation on 
double helical DNA.2 However, the enhanced binding observed 
was modest (a factor of 3.5) and likely due to favorable base-
stacking interactions between adjacent oligonucleotides and/or 
induced conformational changes propagated to adjacent binding 
sites.2 Thus, the issue arises whether cooperativity in oligonu-
cleotide-directed triple helix formation can be enhanced by the 
addition of discrete dimerization domains. We report here the 
binding properties of oligonucleotides that dimerize by Watson-
Crick hydrogen bonds and bind neighboring sites on double helical 
DNA by triple helix formation. 

Our design for effecting cooperativity is a Y-shaped complex 
formed on double helical DNA by two oligonucleotides, each 
containing two separate functional domains, binding and di
merization.3 Each oligonucleotide possesses a pyrimidine segment 
designed to recognize a specific purine duplex target site through 
the formation of Hoogsteen hydrogen bonds (TAT and CGC 

(1) (a) Cantor, C. R.; Schimmel, P. R. Biophysical Chemistry Part III: 
The Behavior of Biological Macromolecules: W. H. Freeman and Co.: San 
Francisco, CA. 1980. (b) Hill, T. L. Cooperativity Theory in Biochemistry: 
Steady Slate and Equilibrium Systems: Springer-Verlag: New York, 1985. 
(c) Ptashne. M. A Genetic Switch: Blackwell Scientific Publications and Cell 
Press: Palo Alto. CA. 1986. (d) Johnson, A. D.; Poteete. A. R; Lauer. G.; 
Sauer, R. T.; Ackers. G. K.; Ptashne. M. Nature 1981. 294. 217. (e) Adhya. 
S. Ann. Rev. Genet. 1989. 23. 227. 

(2) Strobel, S. A.; Dervan, P. B. J. Am. Chem. Soc. 1989, / / / , 7286. 
(3) In a formal sense, this Y-shaped structure is a nucleic acid version of 

the scissor grip-leucine zipper protein motif, proposed for certain sequence 
specific DNA binding proteins.' 
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Figure 1. Schematic representation of a Y-shaped complex composed of 
two triplex forming oligonucleotides which cooperate through formation 
of a small segment of Watson-Crick double helical DNA. Two oligo
nucleotides possessing duplex recognition domains (A and D) and di
merization domains (B and C) connected by a linker base are designed 
to bind cooperatively to a double helical DNA target site. Thick solid 
lines represent the DNA backbone of the target site and associated 
oligonucleotides. Thin solid lines represent Watson-Crick hydrogen 
bonds, while dashed lines indicate Hoogsteen hydrogen bonds. The 
domains contained within each oligonucleotide are given in parentheses. 

triplets).5"7 These pyrimidine regions are 9 and 15 nucleotides 
in length and are designated as recognition domains A and D, 
respectively (Figure I).8 Additionally, each oligonucleotide 
possesses a segment of mixed sequence composition. These se
quences, designated dimerization domains B and C (Figure I), 
are complementary to allow formation of eight base pairs of duplex 
DNA held together by Watson-Crick hydrogen bonds. The 
recognition and dimerization domains of each oligonucleotide are 
connected by a linker base introduced for the purpose of providing 
conformational flexibility at the junction between triplex and 
duplex DNA. ' On the basis of model building studies, the 9 and 
15 base pair binding sites were separated by two base pairs in order 
to accommodate a Y-shaped motif (Figure 2). A series of 
oligonucleotides, 1-8, was synthesized to evaluate the role of each 
domain (Figure 1). The modified base T* was incorporated at 
the 5' termini of oligonucleotides 1-3, each targeted to the nine 
base pair half site, to allow analysis by the affinity cleaving 
method.510 Because T* is positioned at the 5' terminus of domain 
A, these cleavage experiments monitor the binding of only those 
oligonucleotides directed to the nine base pair target site. With 
this experimental design, cooperative binding due to the presence 

(4) (a) Vinson, C. R.; Sigler, P. B.; McKnight, S. L. Science 1989, 246. 
911. (b) Oakley, M.; Dervan, P. B. Science 1990, 248. 847 and references 
cited therein. 

(5) Moser, H. E.; Dervan, P. B. Science 1987, 2S8. 645, and references 
cited. 

(6) Praseuth, D.; Perroault, L.; Doan, T. L: Chassignol. M.; Thuong. N.; 
Helene. C. Proc. Natl. Acad. Sci. USA. 1988, 58. 1349. 

(7) For recent structural studies, see: (a) Rajagopal, P.; Feigon, J. Bio
chemistry 1989, 28. 7859. (b) de los Santos, Ci Rosen, M.; Patel, D. Bio
chemistry 1989, 28. 7282. (c) Sklenar, V.; Feigon. J. Nature 1990. 345. 836. 

(8) Binding sites 9 and 15 base pairs in size were chosen because at »M 
oligonucleotide concentrations (25 0C, pH 6.6) the former would be largely 
unoccupied while the latter nearly saturated. Since our experiments monitor 
the binding of oligonucleotides targeted to the 9 bp site, this arrangement 
maximizes any possible binding enhancement resulting from oligonucleotides 
present at the 15 bp site. 

(9) Due to steric considerations pyrimidines are favored over purines for 
use as a linker base. Cytidine was chosen over thymidine to avoid possible 
Hoogsteen hydrogen bonding with the adenine bases separating the 9 and 15 
bp half sites. 

(10) Dreyer, G. B.; Dervan, P. B. Proc. Natl. Acad. Sci. US.A 198S. 82. 
968. 
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