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efficient transfer for /•* < 6 A and adduct ion formation whenever 
electron transfer is slow. The abrupt change from C3H8 to C2H6 

in our work is somewhat surprising, but no account has been taken 
of possible neutral -» ion geometry changes or of chemical forces 
at short range. The newly observed H" transfer reaction is in
efficient for r1 = 9.1 A and highly efficient for r1 = 4.6 A, which 
seems a sensible range dependence for transfer of a heavy particle. 

Different pairs of transition-metal ions M2+ and organic neutrals 
can be chosen to systematically vary the exothermicities of certain 
products and thus the crucial locations of corresponding curve 
crossings. This will permit considerable control of the product 
branching. Although M2+ species are highly energetic, our initial 
results indicate that their chemistry will be surprisingly rich and 
selective. 
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Recent results from our laboratory1 on the mechanism of DNA 
degradation by bleomycin (BLM)2 have allowed us to propose 

a mechanism for free nucleic acid base release (Figure la). This 
hypothesis is supported by the mechanistic studies from a number 
of laboratories,1'3 which indicate that Fe(II) and O2 or Fe(III) 
and H2O2 can combine with BLM to form "activated BLM", 
which upon interaction with DNA produces two types of mo-
nomeric products, base propenal and free base. While base 
propenal production3' requires activated BLM and additional O2 

and occurs with concomitant DNA strand scission,3d the pro
duction of base has no additional O2 requirement and yields strand 
scission only after treatment with alkali.3"^ Our hypothesis predicts 
that 1 (Figure la) is the precursor to this alkali-mediated DNA 
strand scission. We wish to report that, using the self-comple
mentary hexamer d(CGCGCG) and either Fe(III)-H2O2-BLM 
(anaerobic) or Fe(II)-O2-BLM, we have identified and quantitated, 
for the first time, the carbohydrate moiety remaining subsequent 
to free-base release.4 

The strategy used to isolate 1 is outlined in Figure lb. Sodium 
borohydride trapping of 1 subsequent to isolation by HPLC is an 
essential feature of the scheme, due to the chemical instability 
of 1. A typical reaction mixture containing 0.21 mM Fe(III)-
BLM, 0.6 mM H2O2, and 0.07 mM double stranded d(CGCGCG) 
in 10 mM HEPES (pH 7.5) was incubated 1.25 h at room tem
perature under anaerobic conditions. Analysis of the product 
distribution by reverse-phase HPLC is shown in Figure 2a. The 
number of moles of 1 isolated varied between ' /3 to ' /2 the number 
of moles of cytosine released (Figure 2a, peak A). The material 
with a retention time of 14 min (1) was typically isolated in 
35-50% yield and immediately reduced with NaBH4 (NaB3H4) 
at pH 7.6. The reduced reaction product was then chromato-
graphed on both reverse-phase HPLC to give an 88% recovery 
of 2 (Figure 2b) and anion-exchange Mono Q FPLC to give a 
72% yield of a single symmetrical peak. 

The material in peak 2 was then subjected to enzymatic di
gestion with P1 nuclease and alkaline phosphatase and the resulting 
products were analyzed by reverse-phase HPLC (Figure 2c). In 
addition to deoxyguanosine (peak D) (25.5 min) and deoxycytidine 
(peak C) (17.5 min), an unknown peak with a retention time of 
20 min was observed, which contained 1 mol of phosphate per 
mol of deoxyguanosine and coeluted with the radioactivity. On 
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Figure 1. (a) Proposed mechanism for production of alkaline-labile strand scissions mediated by BLM. "FeOH" is a hypothetical hydroxylating species. 
Compound 1 could be in equilibrium with the ring closed hydrate la.3g (b) Protocol for isolation of the carbohydrate moiety produced concomitant 
with cytosine release. AP, alkaline phosphatase; PDE, phosphodiesterase. 
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Figure 2. (a) HPLC analysis of Fe(III)-BLM-H202-treated d-
(CGCGCG). Separation was achieved on a C18 column using a linear 
gradient over 10 min from 0% to 20% CH3OH in 5.0 mM potassium 
phosphate (pH 5.5); flow rate 1 mL/min. Compound, retention time, 
nmol: cytosine (A), 6 min, 33; "major peak" (1), 14 min, 12; d-
(CGCGCG) (B), 15.5 min, 9.4. (b) HPLC analysis of the product 
produced by NaBH4 reduction of 1, part a, to give 2; Elution conditions, 
see above; retention time, 12 min. (c) The material in peak 2(18 nmol) 
from Figure 2b was degraded with P, nuclease and alkaline phosphatase. 
Separation was achieved on a C18 column eluted isocratically for 5 min 
with 5.0 mM ammonium acetate (pH 5.5) followed by a 0-20% linear 
gradient in CH3OH over 20 min. Compound, retention time, nmol: 
deoxycytidine (C), 17.5 min, 63.5; 3, 20 min, 19; deoxyguanosine (D), 
25.5 min, 64. (—) A, 260 nm; (—) 3H as determined by scintillation 
counting. 

the basis of the known specificity of P1 nuclease,5 compound 3 
(Figure lb) is the proposed structure. The material in peak 3 was 
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shown to comigrate6 with an authentic sample of one diastereomer 
of 3 prepared by degradation of d(CpG) by Maxam-Gilbert 
methodology.7,8 

In addition, cleavage of [3H]-3 with snake venom phosphodi
esterase resulted in the production of 4 and dGMP. The latter 
was identified by cochromatography with authentic dGMP by 
using an ion-pairing reverse-phase system. The carbohydrate 
moiety 4 eluted with a retention time of 3.5-4.5 min from a 
reverse-phase column with H2O elution and was shown to co-
migrate in two solvent systems with the two diastereomers of 4 
prepared by independent chemical syntheses.9 The overall re
covery of 3 from 1 was ~85%. 

Similar experiments have also been completed with d-
(CGCGCG) and BLM, Fe(II), and O2 to form activated BLM. 
The material corresponding to peak 1 has been isolated and 
identified along with other expected products from the 02-de-
pendent base propenal pathway. 

These results indicate that activated BLM generated by either 
Fe(II) and O2 or Fe(III) and H2O2 is capable of producing 1 
(Figure 1) with concomitant free base release and are consistent 
with the hypothesis put forth by us1 that free-base release is the 
result of 4'-hydrogen abstraction followed by 4'-hydroxylation. 
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Part of the present knowledge on rhodopsin and bacterio-
rhodopsin photocycle intermediates comes from the resonance 
Raman behavior of the protein-bound retinal chromophore.1 In 
vitro studies of retinal Schiff s bases and their protonated de
rivatives have been used effectively in showing that a protonated 
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