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(200 fig/mL). Synthetic "9-deazainosine" was active in vivo 
against several pathogenic hemoflagellate species including one 
affecting AIDS patients.15 The remarkable specificity in the 
pharmacological action of the reported "9-deazainosine"9 requires 
prompt reinvestigation of its chemical structure. 
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Among the emerging class of diynene antitumor antibiotics, 
calicheamicin -V1

1 (CLM) shows the greatest sequence selectivity 
in its cleavages of double-stranded DNA.1 We describe in this 
paper atom-transfer studies that both establish the identity of one 
of the two principal DNA-bound hydrogens abstracted by the 
proposed thiol-activated form of the drug (1 in Scheme I)5 and 
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quantify the efficiency of the overall process. As the transfer is 
specific to only one of the acetylenes in CLM, it is possible to 
define the major orientation of the drug in the minor groove at 
a particular cleavage site. These preliminary findings illustrate 
the utility of the site-specific atom-transfer method to derive 
detailed structural information, and they point to further ex
perimental steps to be taken toward a deeper understanding of 
the underlying issues of molecular recognition and mechanism 
posed by the reactions of CLM with DNA. 

Atom-transfer experiments are precedented between tritiated 
thymidine residues in A DNA and the neocarzinostatin chromo
phore (NCS-chrom)6 and for reaction of both the NCS-chrom7 

and CLM8 in deuteriated media in the presence and absence of 
calf thymus DNA. However, in none of these experiments was 
it possible to correlate the precise location of the abstracted hy
drogens in the reduced drug to specific loci on the DNA strand 
from which they were transferred. While for NCS-chrom the 
identities of the DNA hydrogens removed in major and minor 
reaction processes are well studied, for CLM it has only been 
possible to infer these sites on the basis of electrophoretic mobilities 
of cleavage fragments.1,9 To secure experimentally the suspected 
transfer of a deoxyribose 5'-hydrogen from DNA to CLM and 
to establish unambiguously the orientation of the calicheamicin 
7i' aglycon in the minor groove at a specific cleavage site, two 
site specifically labeled duplex oligonucleotides 4 and 5 (Chart 
I) were synthesized and purified by HPLC.10 Each dodecamer 
contained an internal 5'-TCCT/AGGA in which the 5'-cytidine 
(C) carbon bore two deuteriums (C2H2)." Reaction, therefore, 
of CLM with these oligonucleotides in the presence of a thiol would 
be anticipated to result in transfer of a single deuterium to the 
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putative 1,4-diyl intermediate 2. Presuming further a nonrandom 
orientation of the activated 1 at the TCCT cleavage sites of these 
oligonucleotides, deuterium transfer to the calicheamicin e (3) 
product should be site specific at C-I or C-4 and assayable by 
1H NMR to reveal the general organization of the drug/DNA 
complex. 

A control experiment was carried out first with unlabeled do-
decamer 4 in a deuteriated medium as described previously.9 No 
deuterium was observed to be incorporated, and hence, 2 ab
stracted hydrogens solely from nonexchangeable positions of the 
DNA dodecamer, consistent with analogous experiments carried 
out earlier with sonicated calf thymus DNA.8 Next, the spe
cifically labeled dodeeamers 4 and 5 were incubated in the presence 
of CLM in a nondeuteriated medium.8'9 Integration of the aro
matic proton signals in the NMR spectrum of calicheamicin t (3) 
from both experiments indicated that deuterium was transferred 
only to the C-4 position of the newly formed aromatic ring (see 
Scheme I). 

However, inspection of the 'H NMR spectra revealed that the 
deuterium incorporations from the isotope-transfer experiments 
were not complete (62 ± 5% from dodecamer 4, 82 ± 5% from 
dodecamer 512). Scanning densitometry of high-resolution se
quencing gels provided the relative proportions of the cleavage 
products from dodeeamers 4 and 5, as shown in Chart I. Cleavage 
at the expected cytidine in dodecamer 4 amounted to 79 ± 3% 
of the observed products and 92 ± 3% in dodecamer 5. To test 
the possibility that a kinetic isotope effect in the 5'-deuterium 
abstraction step might result in isotope-induced branching13 or 
solvent abstraction, two further experiments were conducted. With 
respect to the latter possibility, dodecamer 5 was incubated as 
above but in a deuteriated medium. The extent of deuterium 
transfer was unchanged within experimental error (77 ± 5%12). 
With regard to the former, deuterium-labeled and unlabeled 
dodecamer 4 was 5'-32P-end labeled and treated with CLM in 
parallel incubations. The fragmentation products were analyzed 
on sequencing gels where, remarkably, essentially no difference 
was observed between the cleavage patterns exhibited by the 
labeled and unlabeled oligonucleotide, indicating little or no 
isotope-induced branching in the distribution of the DNA cleavage 
products.14 The origin of the remaining 5-20% hydrogen content 
in the spent drug presumably either owes to experimental error 
in NMR integration and densitometry or involves alternate modes 
of hydrogen abstraction from the 5'-deuterium-labeled deoxy
cytidine residue itself for it to fail to be readily distinguished on 
a sequencing gel.15 Resolution of this issue will have to await 
additional experiments. 

In conclusion, however, the major DNA cleavage process by 
far (>80%) within the TCCT sequence is initiated by discrete 
deuterium transfer from the C-5'-labeled deoxycytidine (C) to 
the proposed activated form of calicheamicin, the diradical 2. 
Unlike the NCS-chrom, however, this process unexpectedly is 
accompanied by no apparent isotope-induced branching, indicating 
that alternate reaction pathways are not kinetically accessible or 
that no kinetic isotope effect exists. The deuterium from dode
eamers 4 and 5 is transferred to the acetylene nearer the glycosidic 

(12) These deuterium incorporations are corrected for the actual deuterium 
contents of 4 and 5 (95 ± 1%) accurately determined by mass spectrometry 
of stable intermediates in the respective chemical syntheses. Drug/DNA 
ratios of 1:2-1:1 gave identical extents of deuterium transfer. The latter ratio 
was used, therefore, in the experiments described herein. 
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reaction of esperamicin A1 with a restriction fragment of pBR322 in which 
the thymidine residues had been labeled at C-4' with deuterium: Kozarich, 
J. W.; Worth, L., Jr., Frank, B. L.; Christner, D. F.; Vanderwall, D. E.; 
Stubbe, J. Science 1989, 245, 1396-1399. 

(15) For possibly related chemistry, see: Saito, I.; Kawabata, H.; Fujiwara, 
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linkage in CLM and thus emerges at C-4 in the spent drug leaving 
an imprint of the minor groove on the aglycon portion of cali
cheamicin. Given the absolute configuration of calicheamicin y{

1, 
the aryl-linked carbohydrate segment will, therefore, be directed 
to the 3'-side of the TCCT cleavage site in these oligomers.16 

While we have no direct evidence for the location of this side chain, 
it presumably extends along the minor groove to establish hy
drophobic, electrostatic, and hydrogen-bonding interactions9'17 that 
would account, at least in part, for the specificity of the drug for 
its cognate DNA receptor,18 as discussed previously.17 

The atom-transfer method described herein is a discriminating 
and direct means to overcome the pseudo-C2 symmetry of the 
DNA helix and the inherent geometric ambiguity of drug/DNA 
interactions. For the growing class of diynene antibiotics, ap
plication of this method in principle can not only reveal the 
orientation of the drug at any cleavage site, but also identify the 
hydrogen(s) that are abstracted to initiate DNA cleavage events, 
whether or not isotope-induced branching is observed.14 
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The synthesis of cyclitols having well-defined stereochemistry 
starting with nonchiral precursors is a current challenge in organic 
synthesis. Most synthetic strategies either start from chiral 
precursors (e.g., carbohydrates),3"5 or resolve the racemic adduct 
formed in a Diels-Alder reaction.6,7 Here we report the appli
cation of rabbit muscle aldolase (RAMA; EC 4.1.2.13) to the 
preparation of cyclitols and C-glycosides (Scheme I). 

RAMA catalyzes the aldol condensation of dihydroxyacetone 
phosphate (DHAP) and aldehydes and forms products with the 
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