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Figure 3. Typical set of traveling waves (dark regions) in an open cell 
with 2-mm path length, which is placed horizontally on a thermostated 
plate (65 ± 1 0C). Initial reactant concentrations: [PhCHO] =0.15 
M; ICo(III)) = 0.0020 M; [Co(II)] = 0.0065 M. The photograph was 
taken 1 h after mixing the reactants. Green waves of Co(III) emerge 
periodically from the region near the gas-liquid interface, where oxygen 
from air is absorbed, and propagate through the solution toward the 
closed end of the cell. Wave velocity: 2.0-2.5 mm/min. Cell length: 
4.5 cm. 

detailed mechanistic studies. In addition, the hydrogen isotope 
effect may provide a valuable tool for testing mechanistic models. 

Our chemical oscillator consists of benzaldehyde (PhCRO, R 
= H or D), Co(III),24 Co(II), and elemental oxygen. The reaction 
takes place at 60 0C in an acetic acid medium, either in a closed, 
thermostated 1-cm square spectrophotometer cell where oxygen 
may be taken up from the remaining head-space gas volume 
(closed system) or in an open cell where oxygen from the air may 
be absorbed at the liquid surface of the motionless reaction mixture 
(open system). The final oxidation product is benzoic acid. The 
oscillating behavior is recorded with a UV/VIS spectrophotometer 
(Shimadzu UV-260) by measuring the absorbance of Co(III) at 
620 nm. 

Figure la shows the typical oscillatory pattern of the closed 
and unstirred reaction system containing PhCDO. After the 
concentration of Co(III) has reached a maximum, a spontaneous 
oscillation sets in with a characteristic frequency of 6.0 X 10"3 

s '. Due to the limited amount of oxygen in the closed system, 
the oscillations are highly damped. It is interesting to note that, 
if PhCDO is replaced by PhCHO and the other conditions are 
unchanged, the oscillating behavior is hardly noticeable (Figure 
lb). 

When the oxidation is carried out in an open system and at 
sufficiently low conversion, an almost sustained oscillatory behavior 
is observed for PhCDO as well as for PhCHO, with characteristic 
oscillation frequencies for the given reaction conditions of 6.0 X 
10"3 and 6.7 X 10~3 S-1, respectively (Figure 2). 

In the closed as well as in the open reaction systems, the average 
Co(III) concentration during oscillation is much higher in the case 
of PhCDO than in the case of PhCHO. Furthermore, it is 
noteworthy that after allowing for an appropriate induction period, 
the average concentration of Co(III) in the open system slightly 
increases or decreases with time, depending on whether the 
deuterated (Figure 2a) or the nondeuterated (Figure 2b) benz­
aldehyde is oxidized. The hydrogen isotope effect is further 
confirmed by a competitive reaction experiment in which the ratio 
of the oxidation rates of PhCHO and PhCDO was determined 
to be 3.8. 

The spatial periodicity in our system manifests itself not by a 
single reaction front,23 but rather by periodically self-generating 
waves. Figure 3 shows a typical set of such traveling waves. Under 
the conditions given, self-generated waves are propagating at the 
velocity of about 2-2.5 mm/min. The nature of these waves and 
the hydrogen isotope effect in the wave propagation are under 
investigation and will be reported elsewhere. 

(24) The Co(IIl) complex used in our system was prepared by O, oxidation 
of Co(AcO), in AcOH in the presence of methyl ethyl ketone. The cobalt 
complexes were then isolated and dried after removing the solvent under 
vacuum. The total cobalt content was determined by atomic absorption 
spectroscopy. The concentration of Co(III) was measured spectrophoto-
metrically.21 
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Nucleobase triples between adenine (A) and two thymines (T) 
or between guanine (G), neutral cytosine (C) and protonated 
cytosine (CH+) combine Watson-Crick and Hoogsteen base 
pairing patterns (Figure 1 ).2 Formation of such base triples occurs 
naturally in DNA (H-DNA3) or spontaneously (disproportiona-
tion) in RNA4 and represents the basis for numerous site-specific 
manipulations of DNA which include cleavage,5"7 nonenzymatic 
oligonucleotide ligation,8 and sequence-specific alkylation,9 for 
example. Oligonucleotide specificity could feasibly be applied 
to regulate or inhibit transcription of DNA to RNA, thereby 
providing a rationale for treatment of viral diseases.10 

Similarly, the principle of Watson-Crick base pairing and 
duplex formation between mRNA and a synthetic oligonucleotide 
is the basis of antisense oligonucleotide chemistry and its possible 
therapeutic uses.10 

Both approaches face major challenges as far as future clinical 
applications are concerned, e.g., (i) the question of oligonucleotide 
transport into cells, (ii) the danger of enzymatic degradation of 
the oligonucleotide, or (iii) the problem of persistent fixation of 
the oligonucleotide to the target sequence. There are many efforts 
to overcome these inherent problems.'0 As to item iii, attempts 
have been made to increase the oligonucleotide affinity by various 
methods such as manipulations of its charge,1' via linked inter-
calators,12 through photocross-linking,13 or covalent bond for­
mation, e.g., alkylation14 or cross-linking via Pt(II).15 

1 Dedicated to Prof. B. Rosenberg on the occasion of his 65th birthday. 
(1) (a) University of Dortmund, (b) University of Virginia. 
(2) Additional triples are possible, e.g., between G and a TA base pair: 
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(3) (a) Lee, J. S.; Woodsworth, M. L.; Latimer, L. P.; Morgan, A. R. 

Nucleic Acids Res. 1984,12, 6603. (b) Lyamichev, V. I. J. Biomol. Struct. 
Dyn. 1986, 3, 667. (c) Voloshin, O N.; Mirkin, S. M.; Lyamichev, V. L; 
Belotserkovskii, B. P.; Frank-Kamenctskii, M. D. Nature 1988, 333,475. (d) 
Hlun, H.; Dahlberg, J. E. Science 1988, 241, 1791. (e) Stokrova, J.; 
Vojtiskova, M.; Palecek, E. / . Biomol. Struct. Dyn. 1989, 6, 891. (f) Thiele, 
D.; Sarocchi, M. T.; Guschlbauer W.; Marck, C. MoI. Biol. Rep. 1973, /, 149. 

(4) (a) Blake, R. D.; Massoulic, J.; Fresco, J. R. J. MoI. Biol. 1967, 30, 
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S. A.; Moser, H. E.; Dervan, P. B. J. Am. Chem. Soc. 1988,110, 7927. (c) 
Povsic, T. J.; Dervan, P. B. J. Am. Chem. Soc. 1989, / / / , 3059. (d) Strobel, 
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Dervan, P. B. Science 1990, 249, 73. 
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(7) Corey, D. R.; Pei, D.; Schultz, P. G. J. Am. Chem. Soc. 1989, / / / , 
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(10) For reviews see, e.g.: (a) Green, P. J.; Pines, O ; Inouye, M. Annu. 

Rev. Biochem. 1986, 55, 596. (b) Miller, P. S.; Ts-O, P. O. P. Anti-Cancer 
Drug Des. 1987, 2, 117. (c) Various articles in the following: Current 
Communications in Molecular Biology: Antisense RNA and DNA; Melton, 
D. A., Ed.; Cold Spring Harbor University Press: Cold Spring Harbor, 1988. 
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Figure 1. Schematic representation of base-pairing schemes between 
guanine and cytosinc: (a) Watson-Crick, (b) Hoogsteen, (c) triple, and 
(d) metal-modified triple. Reversed Watson-Crick and reversed 
Hoogsteen pairs are not shown. Full circles denote N atoms; empty 
circles, O atoms. 

We have been interested in models for "metal-modified base 
pairs" in which a metal entity with a linear coordination geometry, 
e.g., f/Y7/u-(NH3)2Ptn or Ag1, formally replaces a hydrogen bond 
between two bases, thereby keeping the two bases in a nearly 
planar arrangement.16 Specifically, combination between the 
complementary bases G and C17 as well as A and T18 had been 
of interest, since they represent metal analogues of Hoogsteen,1718 

Watson-Crick,18 or reversed Hoogsteen18 base pairs. We herewith 
report a model for a platinated DNA triplex in which a normal 
Watson-Crick pair between 9-methylguanine and 1-methyl-
cytosine is complemented by a r/wu-(CH3NH2)2Pt"(l-methyl-
cytosine-7V3) entity bound to the guanine via N7 in a Hoogsteen 
fashion. In addition, the crystal lattice contains a hemiprotonated 
1-methylcytosine with three hydrogen bonds between two cytosines. 

The title compound (2) was obtained by cocrystallization of 
r/ww-[(CH3NH2)2Pt(l-MeC-/V5)(9-MeGH-7V7)]Cl2 (I)"-21 and 
1-MeC at pH 5-5.5.22 Colorless crystals of 2 were isolated in 
36% yield and proved to be of composition j[(CH3NH2)->Pt(l-
MeC)(9-MeGH)]Cl2-(l-MeC))-0.5|[(l-MeCH)-(l-MeC)]Cl). 
4.5H2O.23'24 Figure 2 depicts the platinated base triple, and in 

(14) (a) Meyer, R. B., Jr.; Tabone, J. C; Hurst, G. D.; Smith, T. M.; 
Gamper, H. J. Am. Chem. Soc. 1989, 111, 8517. (b) Chatterjee, M.; Rokita, 
S. E. J. Am. Chem. Soc. 1990, 112, 6397. 

(15) Cross-linking of phosphorothioate oligomers and a template via Pt(II), 
e.g.: (a) Chu, B. C. F.; Orgel, L. E. Nucleic Acids Res. 1990, 18, 5163. (b) 
Chu, B. C. F.; Orgel, L. E. DNA 1990, 9, 71. 

(16) Lippert, B.; Arpalahti, J.; Krizanovic, 0.; Micklitz, W.; Schwarz, F.; 
Trotscher, G. In Platinum and Other Metal Coordination Compounds in 
Cancer Chemotherapy; Nicolini, M., Ed.; Martinus Nijhoff Publ.: Boston, 
1988; pp 563-581. 

(17) Hitchcock, A. P.; Lock, C. J. L.; Pratt, W. M. C; Lippert, B. In 
Platinum Gold, and Other Metal Chemotherapeutic Agents; Lippard, S. J., 
Ed.; ACS Symposium Series 209; American Chemical Society: Washington, 
DC, 1983; pp. 209-227. 

(18) Krizanovic, O.; Sabat, M.; Beyerle-Pfniir, R.; Lippert, B., to be sub­
mitted. 

(19) Abbreviations used: 1-MeC = neutral 1-methylcytosine (C5H7N1O); 
1-MeCH+ = 1-methylcytosinium; 9-MeGH = neutral 9-methylguanine 
(C6H1NsO). 

(20) 1 was prepared from r/•onJ-[(CH3NH2),Pt(l-MeC)Cl]C]•H20-, and 
9-MeGH (water, 4 days, 40 0C). Then 1-MeC (3 equiv) was added, and the 
pH was found to be 5-5.5. Slow evaporation at 3 0C gave initially 1-MeC 
and eventually 2. 

(21) Pesch, F. J.; Preut, H.; Lippert, B. Inorg. Chim. Acta 1990,169, 195. 
(22) The somewhat acidic pH, which was not adjusted, certainly favors 

formation of the [(1-MeC)(I-MeCHJ]+ pair but is otherwise not required for 
the formation of the platinated base triple. 

(23) Elemental analytical data for 2 and 1H NMR intensities between 
1-MeC and 9-MeGH resonances were in agreement with this formulation. 
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Figure 2. ORTEP drawing (50% probability ellipsoids) of trans-
IKCH3NH2)2Pt(l-MeC-/V5)(9-MeGH-JV7)](l-MeC))2+. The hemi­
protonated 1-methylcytosine (C3 ring), Cl" anions, and water molecules 
are not shown. 

Figure 3. The unit cell viewed along the a axis. The hemiprotonated 
1-methylcytosine is virtually parallel to the platinated guanine. 

Figure 3 the unit cell as viewed along the a axis is given. The 
Pt coordination geometry is a bit unusual in that the N3C1-
Pt-N7G angle deviates markedly from linearity [172.5 (3)0].25 

Pt-N distances are normal, but unlike in frww-(CH3NH2)2PtCl2,
26 

the two methyl groups of CH3NH2 are on the same side of the 
Pt coordination plane. The orientation of the two nucleobases 
coordinated to Pt and the geometries of the two bases are very 
similar to those of f/w«-[(NH3)2Pt(l-MeC)(9-EtGH)]2+.27 The 
two bases in 2 form a slight propeller twist (10.4°) and are 
connected by a hydrogen bond between the exocyclic NH2(4) of 
cytosine and 0(6) of guanine [2.99 (1) A]. As compared to the 
Watson-Crick GC base pair,28 the separation between the exo­
cyclic methyl groups, which in DNA corresponds to the inter-
glycosidic distance between the C(l') positions, is slightly shorter 

(24) Crystallography (2): [C13H74N10O2Pt]Cl2-CH7N3O-CS[C10H15N6-
0,]Cl-4.5H2O; M = 979.54; triclinic, space group P\ (No. 2); a = 14.058 (3) 
A, b = 18.481 (4) A, c = 7.783 (2) A, a = 93.78 (2)°, /3 = 92.26 (2)°, y = 
72.41 (2)°, V= 1945 (2) A3, Z = 2, dcM = 1.67 g cm"3. The structure was 
solved by Patterson and Fourier techniques using TEXSAN 5.0. Full-matrix 
least-squares refinement gave R(F) = 0.034 and R„(F) = 0.043 for 4184 
absorption-corrected reflections with / > 3<r(/) measured up to 20 = 46° on 
a Rigaku AFC6S diffractometer at -120 °C (Mo Ka radiation, X = 0.71069 
A). 

(25) We note that, in a related compound of composition trans-
[(NH3),Pt(l-MeC)(9-MeA)]2+ (9-MeA = 9-methyladenine), a similar de­
viation from linearity [175.6 (3)°] at the Pt is observed, probably also assisted 
by a H bond between exocyclic nucleobase groups (02 of 1-MeC, N6 of 
9-MeA). See: Beyerle-Pfniir, R.; Brown, B.; Faggiani, R.; Lippert, B.; Lock, 
C. J. L. Inorg. Chem. 1985, 24, 4001. 

(26) Arpalahti, J.; Lippert, B.; Schollhorn. H.; Thewalt, U. Inorg. Chim. 
Acta 1988, 153, 45. 

(27) Lock, C. J. L.; Lippert, B., unpublished results, referred to in ref 17. 
(28) (a) O'Brien, E. J. Acta Crystallogr. 1967, 23, 92. (b) Rosenberg, J. 

M.; Seeman, N. C; Day, R. O.; Rich, A. J. MoI. Biol. 1976, 104, 145. 
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(10.44 A vs 10.72 A28b or 10.64 A in the Watson-Crick pair of 
2). The geometry of the Watson-Crick base pair between the 
G and the C2 ring is, except for the somewhat larger propeller 
twist (11.9°), very similar to that observed in (9-EtGH)-(I-
MeC)28a or (GpC)2.28b The base pair between the neutral and 
the protonated C3 rings is normal.29 The latter is virtually parallel 
to the guanine (dihedral angle 1.5°) and almost parallel to the 
platinated Cl ring and the hydrogen-bonded C2 ring (dihedral 
angles 9° and 12.1°, respectively). Within the crystal, platinated 
base triples and the (1-MeC)(I-MeCH)+ base pairs occur in 
alternating layers, with considerable stacking between the het­
erocyclic rings. The chloride anions as well as the water molecules 
are involved in extensive hydrogen bonding with no unusual 
features apparent. 

The (metal-modified) nucleobase triple observed in 2 represents, 
to the best of our knowledge, the first example of its kind and is 
different from tertiary base pairs found in tRNAs.30 The results 
of the X-ray structure determination strongly suggest that covalent 
binding of a pyrimidine oligonucleotide strand to a DNA duplex 
via a linear trans-a2Ptn entity (a = NH3 or amine) is sterically 
feasible. We assume that, provided the oligonucleotide is suffi­
ciently long, recognition and H-bond formation with the target 
sequence will be much faster than covalent binding of the Pt to 
the target. Thus, specific rather than unspecific binding of a 
platinated oligonucleotide to DNA appears to be possible. Work 
in our laboratory is in progress to apply this binding principle to 
oligonucleotides. 
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(29) (a) Kistenmacher, T. J.; Rossi, M.; Marzilli, L. G. Biopolymers 1978, 
17, 2581. (b) Kistenmacher, T. J.; Rossi, M.; Chiang, C. C; Caradonna, J. 
P.; Marzilli, L. G. Adv. MoI. Relax. Interact. Processes 1980, 17, 113. 

(30) See, e.g.: Kim, S.-H. In Topics in Nucleic Acids Structure; Neidle, 
S., Ed.; Macmillan Publ.: London, 1981; p 92. 
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enr-Cholesterol has been prepared for the first time as a single 
isomer to probe the role of sterols in ion-channel formation.23 It 
was prepared by enantioselective total synthesis and shown to have 
>97% ee by optical rotation and Mosher's ester analysis4 of the 
intermediate em-testosterone.5 Cholesterol is a vital component 

(1) Department of Physiology, University of Minnesota, Minneapolis, MN 
55455. 

(2) For a synthesis of natural cholesterol, see: Woodward, R. B.; Son-
dheimer, F.; Taub, D.; Heusler, K.; McLamore, W. M. J. Am. Chem. Soc. 
1952, 74,4223-4251. 

(3) For a synthesis of racemic cholesterol, see: Keana, J. F. W.; Johnson, 
W. S. Steroids 1964, 2, 457-462. 

(4) Dale, J. A.; Dull, D. L.; Mosher, H. S. / . Org. Chem. 1969, 34, 
2543-2549. 

(5) Unpublished results, Daniel E. Mickus and Scott D. Rychnovsky. 
Natural cholesterol: mp = 146-147 0C; [a]25

D = -40.0 (c = 1.00, EtOH). 
£«r-Cholesterol: mp = 146-147 0C; [a] :5

D = +40.6 (c = 0.93, EtOH). 
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Figure 1. Amphotericin B ion channels in soy azolecithin with chole­
sterol. (A) Cholesterol, 5% in azolecithin, 2 x 10~x M amphotericin B, 
2 M KCl, 0.1 M HEPES buffered to pH 7.0, 120 mV. (B) ent-Cho\e-
sterol, 5% in azolecithin, 2 X 10-7 M amphotericin B, 2 M KCl, pH 7.0, 
120 mV. Membranes were formed by painting lipid solutions across a 
0.1-mm hole in a Teflon partition. Membrane-forming solutions were 
1-5% lipid in decane (w/v), doped with 5% (w/w) cholesterol to lipid. 
Membranes were formed in the presence of amphotericin B. All records 
were filtered at 20 Hz. 

of mammalian membranes that is required for proper membrane 
protein function6'7 and plays an important role in human health. 
Its primary activity is to stabilize membranes and mediate their 
fluidity.8 em-Cholesterol can be used to probe the role of cho­
lesterol in biological systems. Wherever cholesterol binding is 
important, substitution by em-cholesterol will lead to diastereo-
meric interactions resulting in measurably different behavior. 

Enantiomers can be used to distinguish between specific binding 
interactions and nonspecific associations. Enantiomers will have 
identical physical properties in an achiral environment, but can 
often be distinguished through diastereomeric complex formation 
with a chiral probe molecule. This is the basis for enantiomer 
analysis by NMR spectroscopy using chiral shift reagents9 and 
for chromatographic resolutions using chiral stationary phases.10 

The same strategy can be used to test for binding between chiral 
components in a complex system. If each enantiomer of a bio­
logically active compound has identical properties in a complex 
environment like a cell, then the biological activity does not result 
from a specific binding interaction. For example, the two enan­
tiomers of the antibiotic lasalocid A have identical biological 
properties, and thus their biological activity does not involve 
specific binding to a receptor or any other chiral cellular com­
ponent.1 ' On the other hand, the R and S enantiomers of carvone 
smell like spearmint and caraway, respectively, and this alone 
demonstrates that the sense of smell involves specific binding.12'13 

Amphotericin B is a polyene macrolide antibiotic used to treat 
life-threatening systemic fungal infections that are often found 
in patients with impaired immune systems. Its activity is attributed 
to the formation of ion channels in cell membranes containing 
sterols.14 In the most widely accepted model, amphotericin B 
and the membrane sterol from a complex, and several complexes 
assemble in the membrane to form an ion channel.1516 This model 

(6) Criado, M.; Eibl, H.; Barrantes, F. J. Biochemistry 1982, 21, 
3622-3629. 

(7) Klappauf, E.; Schubert, D. FEBS Lett. 1977, 80, 423-425. 
(8) Yeagle, P. L. Biochim. Biophys. Acta 1985, 822, 267-287. 
(9) Fraser, R. R. In Asymmetric Synthesis Volume I: Analytical Meth­

ods; Morrison, J. D., Ed.; Academic Press: New York, 1983; Chapter 9. 
(10) Pirkle, W. H.; Finn, J. In Asymmetric Synthesis Volume 1: Ana­

lytical Methods, Morrison, J. D.; Ed.; Academic Press: New York, 1983; 
Chapter 6. 

(11) Ireland, R. E.; Courtney, L.; Fitzsimmons, B. J. J. Org. Chem. 1983, 
48, 5186-5198. 

(12) Russel, G. F.; Hill, J. I. Science 1971, 172, 1043-1044. 
(13) Friedman, L.; Miller, J. G. Science 1971, 172, 1044-1046. 
(14) Bolard, J. Biochim. Biophys. Acta 1986, 864, 257-304. 
(15) De Kruijff, B.; Demel, R. A. Biochim. Biophys. Acta 1974, 339, 

57-70. 
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