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DNA is the biological target of a number of antitumor 
antibiotics. DNA structure and function can be altered 
by either physical or covalent interactions between such 
agents and sites on the DNA that offer a particular kind 
of geometry and/or functionality.' Covalent complexes 
generally consist of adducts formed on the bases of the 
DNA; a smaller number of agents attack DNA deoxy- 
ribose, resulting in the formation of direct strand breaks 
and alkali-labile breaks at  abasic sites. Among the 
latter are the bleomycin and bicyclic enediyne families 
of antitumor antibiotics. Bleomycin,lf like another 
DNA-damaging agent, ionizing radiation, causes chem- 
ical changes in DNA deoxyribose by way of some form 
of reactive oxygen, drug-bound in the case of bleomycin 
and freely diffusible hydroxy free radicals in the case 
of ionizing radiation. By contrast, antibiotics containing 
the unprecedented bicyclic enediyne structures are 
themselves converted into diradical species that attack 
DNA deoxyribose, with dioxygen playing a secondary 
role in the expression of the oxidative damage.1e*2 
These agents are proving to be useful probes of DNA 
microstructure. Furthermore, elucidation of the chem- 
istry of DNA damage has uncovered novel mechanisms 
that have implications for their use as potent cancer 
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Scheme I 
Proposed Mechanism of NCS-Chrom Activation and Action 
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chemotherapeutic agents and also has shed light on the 
chemistry of nitroaromatic radiation sensitizer action. 
In addition, an unusual mechanism of mutagenesis has 
been uncovered. 
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Neocarzinostatin Structure and Activation 
The first of the bicyclic enediyne antibiotics to be 

discovered was neocarzinostatin (NCS).3 This agent 
was initially identified as a simple protein (M, = 11 OOO) 
antitumor antibiotic with the ability to inhibit DNA 
synthesis and induce the degradation of DNA in cells.4 
It was later shown that DNA strand breakage was a 
primary effect and that this reaction took place in vitro, 
provided that a cofactor, such as thiol, was in~ luded .~  
It was, however, not until almost 15 years after its 
discovery that it was appreciated that the biological 
activity of NCS was not due to the protein but rather 
to a previously unrecognized tightly, but noncovalently, 
bound (ICD - 10-lo M), labile nonprotein chromophore 
(NCS-Chrom).s The apoprotein contains a hydro- 
phobic cleft where NCS-Chrom is believed to reside and 
is protected from degradat i~n.~ Elucidation of the 
structure of NCS-Chrom resulted from the efforts of 
several laboratories.8 The structure (1) shown in 
Scheme I, based on the proposal of Ed0 et al.# with the 
stereochemical assignments of Myers et a1.: has re- 
ceived support from biosynthetic studiedo and chemical 
synthesis." At the time, the structure of NCS-Chrom 
was unique for a natural (and synthetic) product in 
possessing a bicyclic ring system containing two ace- 
tylenic bonds in the nine-membered ring. The major 
species (form A) consists of three subunits: a 5- 
methyl-7-methoxynapthoate, a 2,6-dideoxy-2-(methyl- 
amino)galactose moiety, and an interconnecting C12 
subunit bearing a cyclic carbonate and an epoxide. The 
C12 subunit consists of a novel, highly strained bicyclic 
[7.3.0]dodecadienediyne system. 

Early studies on the mechanism of action of NCS- 
Chrom, prior to elucidation of the enediyne character 
of its structure, suggested that the active form of the 
drug was a radical species.12J3 It was found that 
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thiol-activated (or borohydride-activated) NCS-Chrom 
abstracted 3H into the drug from C-5' of deoxyribose 
of thymidylate residues in DNA.13 These and other 
experiments, to be described later, led to the proposal 
that the nucleophilic addition of thiol to NCS-Chrom 
converted the drug into a diradical species responsible 
for hydrogen atom abstraction from the DNA 
Elucidation of the NCS-Chrom structure and analogy 
with the Bergman-type ar~matization'~ of esperami- 
cin/~alicheamicin'~ led Myers,16 in assigning the 
structure of the chromophore-thiol adduct from the lH 
NMR and MS data of Hensens et al.,& to propose the 
mechanism for NCS-Chrom activation shown in 
Scheme I. In this mechanism nucleophilic attack by 
thiol at C-12 and epoxide ring opening generate a cu- 
mulene intermediate (2),17 which cyclizes to form the 
indacene diradical with radical centers at C-2 and C-6 
(3). The bicyclic dienediyne core and a leaving group 
at  C-5 (epoxide or chloro group)1s are required for diyl 
formation. Presumably, the cyclic nature of the ene- 
diyne structure facilitates aromatization at low tem- 
peratures. Reaction with thiol involves @-face attack 
at (2-12, trans to the naphthoate a t  C-ll.19 The di- 
radical then abstracts hydrogen either from DNA to 
form the reduced chromophore (4) or from some other 
source to form the same product. Support for this 
formulation comes from experiments showing that in 
the absence of DNA deuterium is incorporated from 
borodeuteride in deuteriated solvent into (2-12, C-6, and 
C-2 of NCS-Chrom, whereas in its presence deuterium 
is incorporated only into C-12 and hydrogen into C-6 
and C-2.20 These results indicate that DNA is the 
source of hydrogen atom donation to the two radical 
centers a t  C-6 and C-2 of NCS-Chrom. 

Although thiol stimulates DNA damage by greater 
than lOOO-fold, NCS-Chrom does cleave DNA in the 
absence of thiol, and this reaction is favored at  more 
acidic ~ H ' s ; ~ '  possibly acid-induced opening of the ep- 
oxide is the initiating event. Recently, evidence has 
been obtained for another mechanism of NCS-Chrom 
aromatization. It was found that the aerobic treatment 
of NCS-Chrom with a very low concentration of thiol 
(methyl thioglycolate, 1.5 X mM) in methanolic 
acetic acid leads to the formation (10% yield) of the 
indacene 12-oxo derivative." It was proposed that the 
ketone derivative is produced by hydroperoxy radical 
(formed by reaction of dioxygen and thiol) attack at 
C-12 of NCS-Chrom. In the process of hydroperoxide 
homolysis of the radical intermediate, there is an in- 
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tramolecular shift of the benzylic hydrogen at  C-12 to 
(2-2. 

The source of the hydrogen atoms abstracted by the 
activated drug into C-2 and C-6 in the absence of DNA 
appears to be complex and raises some interesting is- 
sues. Earlier experiments at low ratios of thiol to drug 
(2-5 equiv) failed to reveal incorporation of exchange- 
able deuterium from solvent into the chromophore.- 
In contrast, with greatly increased thiol (methyl thio- 
glycolate) concentrations (300 equiv), significant (>- 
80%) deuterium was incorporated a t  C-2 and C-6, in 
addition to the formation of a 6,12-dithiol a d d u ~ t . ~  In 
a subsequent study the amount of deuterium incorpo- 
rated from solvent was shown to vary with the ratio of 
thiol to drug and with the source of the carbon-asso- 
ciated h~dr0gen.l~ Since in the earlier experiments@@ 
all possible sources of hydrogen atom donation were 
eliminated except for the nonexchangeable hydrogens 
of the thiol, it was suggested that one of the carbon- 
bound hydrogens of glutathione (either that a to the 
sulfur or one on an NH2-substituted carbon) might be 
the source of the hydrogen incorporated into the 
chromophore.20 The transfer of a carbon-bound hy- 
drogen atom from the adducted thiol or from the (2-12 
position to the radical center at C-2 could account for 
the predominance of single-strand (SS) over double- 
strand (DS) lesions, since under these conditions a 
bifunctional molecule would be converted into a mo- 
nofunctional one. This could also explain why C-5’ 
attack by C-6, not (2-2, is the main mechanism of SS 
break formation. 

Interaction with DNA 
NCS-Chrom binds to DNA in a two-step process.23 

The first involves external binding, and the second, 
intercalation of the chromophore between adjacent 
DNA base pairs. NCS-Chrom binds duplex DNA with 
KD - lo* M, with an overall preference for DNA rich 
in T and A residues.& The physical structure of DNA 
is altered by drug intercalation so that the helix un- 
winds by 21° and the molecule is lengthened by 3.3 A 
for each chromophore molecule bound.24 Electric di- 
chroism measurements show that the naphthoate por- 
tion of the chromophore is oriented approximately 
parallel to the DNA bases, in accord with its being the 
intercalating moiety.24 The chromophore binds in the 
minor groove of B-DNA, as bulky moieties in the major 
groove of DNA fail to interfere with NCS-Chrom 
binding, whereas minor groove specific agents, such as 
the antibiotics netropsin and distamycin, block drug 
binding.% These studies led to the proposal of a model 
for NCS-Chrom-DNA complex formation in which the 
active portion (enediyne) of NCS-Chrom is positioned 
in the minor groove of DNA by intercalation of the 
naphthoate moiety and electrostatic interaction of the 
positively charged amino sugar moiety with the nega- 
tively charged sugar phosphate backbone of the DNA.% 

The initial work on in vitro DNA scission showed that 
NCS-Chrom produced primarily SS breaks and there 
was base but little clear-cut sequence spe~if ic i ty .~~ 
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Scheme I1 
Proposed Mechanism of NCS-Chrom-Induced Damage at 

C-6’ of Deoxyribose of Thymidylate in DNA 
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About 75% of the breaks were at T residues (T > A >> 
C > G). The break at a T residue consisted of a DNA 
fragment with 3’-phosphate and 5‘-thymidine 5‘- 
aldehyde ends.m This lesion resulted from the selective 
abstraction of a hydrogen atom by the activated drug 
from (2-5’ of thymidylate in DNA (Scheme 11, reaction 
b).13 Using I8O2, it was found that the oxygen of the 
5‘-aldehyde is derived entirely from dioxygen, not 
H20.29 This result is compatible with reaction c, in 
which dioxygen adds to the carbon-centered radical at  
C-5’ to form a peroxy radical species that, following 
reduction by thiol, results in the formation of nucleoside 
5’ddehyde and strand break (reaction e). This mech- 
anism accounts for more than 80% of the breaks gen- 
erated by NCS-Chrom as the result of 5’ chemistry. It 
is consistent with kinetic studies30 showing that the 
initial reaction of the chromophore with a single mol- 
ecule of thiol (reaction a) occurs in the absence of di- 
oxygen and that drug activation is rapidly followed by 
the uptake of 1 mol of 02/mol of chromophore and the 
subsequent utilization of at least an additional sulf- 
hydryl group, which occurs only in the presence of di- 
oxygen. 
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troimidazole compound and radiation sensitizer, miso- 
nidazole, substitutes for dioxygen in NCS-Chrom-in- 
duced DNA damage (Scheme III).31 Single-nucleoside 
gaps with phosphate moieties at each end are the main 
lesions under these conditions.% Despite the difference 
in the relative distribution of the final damage products, 
abstraction of a 5’-hydrogen atom by the thiol-activated 
drug to form a carbon-centered radical on C-5’ of de- 
oxyribose is a common initial step in both the dioxygen- 
and misonidazole-dependent reactions. With miso- 
nidazole the formation of formate or its derivative 
(following transfer to available nucleophiles) is the 
major reaction, and the nitroaromatic compound ap- 
pears to undergo reduction of the nitro group to the 
nitroso level.31 This reaction is dependent on the 
presence of DNA, indicating the involvement of a 
nascent form of DNA damage in the process and ruling 
out a direct action of activated NCS-Chrom on the 
misonidazole to generate a species that reacts with the 
DNA. 

The above results suggest a mechanism (Scheme 111)31 
in which the carbon-centered radical at C-5’ (l), gen- 
erated by hydrogen atom abstraction by activated 
NCS-Chrom, reacts with the nitro group of miso- 
nidazole (RN02) (reaction a) to form a nitroxide radical 
adduct intermediate (2). Precedence for the formation 
of such intermediates comes from studies on the ad- 
dition of carbon-centered radicals to the oxygen of the 
nitro group of tetranitromethane and nitrobenzenes.% 
The ease of formation of such adducts depends on the 
one-electron redox potential of the nitro compound,36 
in agreement with the results showing a similar rela- 
tionship for NCS-induced DNA damage.% The adduct 
can undergo a fragmentation reaction37 (reaction b) to 
form an oxy radical (3) and the nitroso reduction 
product of misonidazole, a two-electron process. Oxy 
radicals undergo /3-fragmentation reactionst2 resulting 
in cleavage between (3-5’ and C-4’ (reaction c )  to form 
3’-(formyl phosphate)-ended DNA (4) and other frag- 
ments (9) from the remaining four carbons of deoxy- 
ribose (5). Formyl group transfer from the labile (for- 
myl phosphate)-ended DNA (reaction d) results in the 
formation of a gap with phosphates at both ends (8 and 
10). Strong support for this novel mechanism, involving 
cleavage of the oxygen-nitrogen bond, comes from l80 
studies in which the carbonyl oxygen of the formate was 
shown to come exclusively from the nitro group oxygen 
of misonida~ole.~~ 

Under anaerobic conditions there is little, if any, 
DNA strand breakage; instead the radical at C-5’ of 
deoxyribose interacts with the bound chromophore to 
form a covalent drug-DNA adduct (Scheme 11, reaction 
d).39 Adducts on deoxyribose of DNA had not been 
observed before; clearly, in order to form such a prod- 
uct, one of the carbons of deoxyribose must first be 
“activated”. By mapping of the adducts as exonuclease 
termination sites in defined-sequence DNA, it has been 

Scheme 111 
Proposed Mechanism of Involvement of Misonidazole 

(RNOa) in NCS-Chrom-Induced Damage at (2-5’ 

CH,OH 
Misonidazole I 

HOH2C- F-CHzOH 

NH 

7 
( d )  H-C=O 

0- OH 
8 

6 t 

Sugar 
0- f T -t Fragments t-- -’ 

9 ( e ,  etc ) 6 
10 6 

5 

Fewer than 20% of the breaks are actually single- 
nucleoside gaps with phosphate at  each end.28b The 
mechanism of generation of this lesion requires further 
clarification, although the observed products are com- 
patible with reactions f and g (Scheme 11), in which the 
peroxy radical species converts to an oxy radical, which 
undergoes &fragmentation with cleavage between C-4’ 
and C-5’ to generate at  3’-(formyl phosphate)-ended 
fragment.3l It is not obvious, however, how the peroxy 
radical intermediate converts to the oxy radical species. 
Although simple peroxy radicals can dimerize to form 
tetraoxide intermediates that undergo Russell frag- 
mentation to lose dioxygen and produce alkoxy radi- 
cals,32 steric constraints in the case of DNA make this 
scenario problematic. The 3’-(formyl phosphate)-ended 
DNA fragment, an energy-rich formyl donor, either 
spontaneously hydrolyzes to form formate and a 3’- 
phosphate-ended fragment (reaction g) or donates its 
formyl moiety to an available n ~ c l e o p h i l e . ~ ~ * ~ ~  The 
four-carbon product derived from the deoxyribose has 
recently been identified.” Kawabata et al.“ have 
proposed that a Criegee-type rearrangement of a hy- 
droperoxide intermediate at C-5’ results in the cleavage 
between C-4’ and C-5’. It is difficult, however, to invoke 
a Criegee-type mechanism in the absence of metal in- 
volvement or acidic conditions,lf unless the methyl- 
amino group of the chromophore sugar serves as a 
proton donor. 

The oxy radical mechanism discussed above is 
analogous to that shown likely to occur when the ni- 
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Scheme IV 
Proposed Mechanism of NCS-Induced Chemistry at C-1' and C-4' 
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Figure 1. Chemistries of sequence-specific bistranded lesions. 

shown that stable adducts occur with the same base 
specificity as strand-break formation.4o It appears that 
the carbon-centered radical on deoxyribose is a pre- 
cursor of both strand breaks and adducts, with dioxygen 
and DNA-bound drug competing for addition to the 
sugar. 

Sequence-Specific Bistranded DNA Damage 
Whereas SS breaks are due mainly to 5' chemistry, 

DS lesions (DS break or abasic site with a closely op- 
posed SS break) also involve other chemistries (1' or 4'). 
It is likely that a single molecule of the diradical species 
of NCS-Chrom reacts in a concerted fashion with ap- 
propriately situated deoxyribose moieties on both 
strands of the DNA so as to generate carbon-centered 
radicals at  C-5' and C-1' or C-4'. The DS lesions are 
sequence-specific and more important than SS lesions 
in terms of mutagenicity and cytotoxicity. The SS 
breaks are rapidly repaired, whereas persistent DS 
breaks result in cell-killing.4l 

The first DS lesion to be identified involves 1' chem- 
istry (Scheme IV, pathway A) at  the C residue of the 
sequence AGCoGCT and 5' chemistry at the T residue 
two nucleotides to the 3'-side on the complementary 
strand (Figure l).42 This bistranded lesion has been 
shown to be responsible for GC to AT transitions in X 
phage and Escherichia coli.@ Direct evidence for hy- 
drogen atom abstraction from C-1' comes from exper- 
iments in which deuterium replaced hydrogen at C-1' 
of the C A deuterium isotope selection 

(40) Povirk, L. F.; Goldberg, I. H. Biochemistry 1985,24,4035-4040. 
(41) Hatayama, T.; Goldberg, I. H. Biochim. Biophys. Acta 1979,563, 

59-71. 
(42) (a) Povirk, L. F.; Goldberg, I. H. Roc .  Natl. Acad. Sci. U.S.A. 

1986, 82,.3182-3186. (b) Kappen, L. S.; Chen, C.-Q.; Goldberg, I. H. 
Biochemistry 1988,27,4331-4340. (c) Povirk, L. F.; Houlgrave, C. W.; 
Han, Y.-H. J. Biol. Chem. 1988,263, 19263-19266. (d) Kappen, L. S.; 
Goldberg, I. H. Biochemistry 1989, 28, 1027-1032. (e) Kappen, L. S.; 
Goldberg, I. H.; Wu, S. H.; Stubbe, A.; Worth, L.; Kozarich, J. W. J. Am. 
Chem. SOC. 1990,112, 2797-2798. 

(43) (a) Povirk, L. F.; Goldberg, I. H. Nucleic Acids Res. 1986, 14, 
1417-1426. (b) Povirk, L. F.; Goldberg, I. H. Biochimie 1987,69,815-823. 
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(kH/kD) of -4  was determined from alkali-induced 
cleavage patterns on DNA sequencing gels. Peroxy 
radical formation at C-1' results in the formation of an 
abasic site consisting of a 2-deoxyribonolactone moiety 
(3, Scheme IV)42d at the C residue, and that at C-5' of 
the T residue eventuates in a strand break with thy- 
midine 5'-aldehyde formation (Scheme 11, reaction e). 
Because every abasic site at  the C residue is accompa- 
nied by a direct break at  the T residue on the com- 
plementary strand,42c it is likely that it occurs as part 
of a bistranded lesion resulting from the concerted ac- 
tion of the two radical centers at C-2 and C-6 of a single 
NCS-Chrom molecule. However, because there are 
more strand breaks at  the T residue than abasic sites 
at the C residue,42b*44 it is clear that some strand breaks 
are not part of a bistranded lesion. Dioxygen (or mi- 
sonidazole) is required in the formation of both the 
abasic site and the direct strand break. 

The nature of the thiol used as the activator/reduc- 
tant is critical in determining the extent of formation 
of the bistranded lesion; glutathione is superior to 2- 
mercaptoethanol or d i t h i ~ t h r e i t o l . ~ ~ ~ ~  As noted later 
in the discussion of DS breaks, the influence of the 
structure of the thiol in determining the extent of 
bistranded damage is a recurring theme. Since the size, 
shape, and charge of the activated drug will differ de- 
pending upon the particular thiol, these differences 
might be expected to result in change in binding to the 
DNA minor groove, as well as in the orientation of the 
diradical species for attack on the DNA deoxyribose. 

The importance of DNA microstructure in the gen- 
eration of the abasic site at  the C residue is further 
indicated by the finding that substitution of an I res- 
idue, which lacks a 2-amino group on the base, for the 
G residue of AGC markedly reduces abasic site forma- 
tion, whereas placement of an I residue opposite the C 
residue enhances (4-5-fold) abasic site formation in 
oligodeoxynucleotides.42b Interestingly, the latter base 
replacement eliminates the deuterium isotope effect on 
abasic site formation at  the C This is the 
expected result, if the enhanced reaction is due to an 
increase in the relative rate of hydrogen atom ab- 
straction by the activated drug versus its dissociation 
from the DNA. Further, such a consideration may be 

(44) Meschwitz, S. M.; Goldberg, I. H. Roc .  Natl. Acad. Sci. U.S.A. 
1991,88, 3047-3051. 
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Figure 2. Stereodrawings of optimized structure of reacted form of NCS-Chrom complexed with AGC-GCT-containing oligodeoxy- 
nucleotide. C-2 and C-6 of NCS-Chrom are labeled with dots. Glutathione is attached to (2-12. Modified after Galat and Goldberg“ 

the basis for the significant variation in isotope effects 
observed at different sites in the DNA, in particular, 
for that involving chemistry at C-5’, where the values 
vary from 1.0 to 2.6.42e946 

Molecular model building based on energy mini- 
mization and molecular dynamics simulations has led 
to a proposal for the activated NCS-Chrom-AGC-GCT 
complex in which the radical center at C-6 abstracts a 
hydrogen atom from (2-5’ of the T residue (3.31 A) and 
C-2 abstracts a hydrogen atom from C-1’ of the C res- 
idue (4.10 A) (Figure 2).& The naphthoate moiety of 
NCS-Chrom is intercalated between the A:T and G:C 
base pairs, and the positively charged amino sugar in- 
teracts with the negatively charged sugar phosphate 
backbone so as to place the indacene diradical in the 
DNA minor groove, projecting toward the 3‘-end of the 
(+) strand. The intercalated naphthoate adds the 
equivalent of a base pair to the interaction site so that 
separation of the lesions on each strand by two rather 
than three (as with the nonintercalating calicheamicin)% 
base pairs represents the shortest distance across the 
DNA minor groove. The glutathione adduct at C-12 of 
the chromophore forces the radical center at C-2 deeper 
into the minor groove so as to facilitate attack at  C-1’ 
of the C residue, perhaps accounting for the increased 
formation of the abasic lesion with this thiol. To cor- 
roborate the model and to clarify further the underlying 
mechanism, the (2-5’ position of the T residue was la- 
beled with deuterium, and its incorporation into the 
spent NCS-Chrom was analyzed by ‘H NMR? These 
studies showed that the deuterium was incorporated 
only into C-6 of the chromophore, as predicted. Of the 
two prochiral hydrogen atoms at C-5’ of deoxyribose, 
it is expected that &, the one projecting into the minor 
groove, is the one abstracted by the drug. 

The finding that direct cleavage at the residue 
exceeds abasic site formation at the C residue, however, 
raises the possibility that deuterium abstraction from 
C-5’ of the T residue by the radical center C-6 is in part 
due to a different mode of drug-DNA binding that 
leads only to direct SS breaks. The number of SS 
breaks that are not part of a bistranded lesion decreases 
dramatically when an I residue is placed opposite the 
- C of AGC (S. M. Meschwitz and I. H. Goldberg, un- 

(45) (a) Frank, B. L.; Worth, L., Jr.; Christner, D. F.; Kozarich, J. W.; 
Stubbe, J.; Kappen, L. S.; Goldberg, I. H. J. Am. Chem. SOC. 1991,113, 
2271-2275. (b) Kappen, L. S.; Goldberg, I. H.; Frank, B. L.; Worth, L. 
J.; Christner, D. F.; Kozarich, J. W.; Stubbe, J. Biochemistry 1991, 30, 

(46) Galat, A.; Goldberg, I. H. Nucleic Acids Res. 1990,18,2093-2099. 
2034-2042. 

published data), consistent with the increase in abasic 
lesions at  the C residue that are part of a bistranded 
lesion. The SS break lesion could be due either to a 
different binding mode or to the same mode that leads 
to the bistranded lesion but with abasic site formation 
being less efficient for either chemical or geometric 
reasons. If a different energetically allowable binding 
mode is involved in SS break formation, such as in- 
tercalation at  the G:CC:G step with the diradical core 
extending toward the 5’-end of the (+) strand,& it is still 
necessary that C-6 of the activated drug attack C-5’ of 
the T residue, because there is no detectable deuterium 
incorporation at C-2.44 In this case the diradical core 
would have to be rotated so that it is almost perpen- 
dicular to the helix axis, resulting in a distance of 3.47 
A between C-6 of the drug and C-5’ of the IT residue. 

Until recently there was considerable uncertainty as 
to the mechanism involved in the formation of DS 
breaks. It had been found that in mammalian cells the 
ratio of SS to DS breaks was on the order of 5:l:l but 
when DNA strand cleavage was characterized in vitro, 
the ratio was 301 to 501.47 The latter value gave rise 
to the conjecture that DS breaks result from the ran- 
dom placement of SS breaks at  closely opposed sites 
and that DS breakage as a discrete event occurred 
rarely, if at  all. The paradox existing between the in 
vivo and in vitro data was resolved once it was appre- 
ciated that the difference in ratios of SS:DS breaks 
might be related to the fact that glutathione is the thiol 
in vivo and 2-mercaptoethanol was used in vitro. In 
fact, when glutathione was used in vitro, the SS:DS 
ratio was found to be 6.1.47b Further, the number of DS 
breaks increased 7-fold. Analysis of a number of 
NCS-treated restriction fragments for DS cleavage sites 
revealed that DS breaks were sequence-specific and that 
most of the lesions occurred at  the T residue of a GT 
step. 

Analysis of the DS breaks showed predominantly a 
two base pair stagger to the cleavage site and showed 
that sequences, in particular AGT-ACT, containing a 
GT step are especially good DS cleavage ~ites.4’~ The 
break at the T residue of AGT involved mainly (75%) 
4’ chemistry (Scheme IV, pathway B) with the forma- 
tion of a 3’-glycolate-ended DNA fragment (7), whereas 
at the T residue of ACT at least 80% of the breaks were 
due to nucleoside 5‘-aldehyde formation, the result of 

(47) (a) Poon, R.; Beerman, T. A.; Goldberg, I. H. Biochemistry 1977, 
16,486-493. (b) Dedon, P. C.; Goldberg, I. H. J. Biol. Chem. 1990,265, 
14713-14716. 
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oxidative attack at C-5’ of deoxyribose (Figure 1). The 
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involvement of different chemistries at  the staggered 
sites of the DS break is analogous to the bistranded 
lesions found at  AGC-GCT and indicates that each 
radical center on NCS-Chrom reacts with C-4’ of AGT 
or C-5’ of ACT to produce DS breakage. In fact, it has 
recently been found that C-6 of the chromophore se- 
lectively abstracts deuterium from C-5’ of ACT (S. M. 
Meschwitz and I. H. Goldberg, unpublished data). The 
location of these sites in the minor groove of B-DNA 
makes them accessible for attack by the bifunctional 
chromophore. 

In contrast to DS break sites, analysis of SS breaks 
generated at the residue of AGT revealed a near ab- 
sence of 3’-glycolate-ended fragments.47b This result is 
consistent with a model for SS cleavage in which a 
slightly different orientation of the bound drug attacks 
monofunctionally at C-5’ of this T residue, rather than 
at nearby (2-4’. This subtle difference in binding ge- 
ometry might depend on the nature of the activating 
thiol. It is also possible that SS and DS breaks are due 
to two different binding modes, perhaps involving 
different sites of intercalation. Finally, it should be 
noted that partitioning of the 4’ chemistry (Scheme IV) 
at the T residue of the AGT also leads to formation of 
the abasic 4’-hydroxylation product (6); this lesion, 
accompanied by the break at  the T residue on the op- 
posite strand, generates a bistranded lesion akin to that 
at AGQGCT. 

Evidence that NCS-Chrom can attack (2-4’ of T res- 
idues in DNA (Scheme IV, pathway B) first came from 
studies by Saito et aL4* showing the formation of the 
4’-hydroxylation abasic product (6), but very little, if 
any, 3’-phosphoglycolate (7) (<3%) with the self-com- 
plementary hexamer CGTACG. DNA restriction 
fragments and synthetic oligonucleotides containing the 
sequence TGT were used to obtain evidence for the 
partitioning of a 4’-peroxy radical intermediate (5) be- 
tween 6 and significant amounts of 7 at the T residue 
of the GT step.& This partitioning is dependent on the 
thiol used as activator/reductant. Acidic thiols produce 
more glycolate product, and 4-hydroxythiophenol, the 
thiol used by Saito et ala,@ produces little, if any, gly- 
colate product and results in very few DS breaks (P. C. 
Dedon, Z.-w. Jiang, and I. H. Goldberg, unpublished 
data). The involvement of 4’ chemistry was confirmed 
by the demonstration of a deuterium isotope effect 
(kH/kD - 4) at C-4’ for the formation of both 6 and 7, 
suggesting a common precursor for both products.45b 
Further, the partitioning between abstraction of either 
a 4’- or 5‘-hydrogen was found to be modulated by 
deuteriation at either position, indicating a shuttling 
between the two closely situated attack sites based on 
isotope selection effects. The steps involved in the 
partitioning of the 4’-peroxy radical intermediate re- 
main to be elucidated, since, unlike with bleomycin,lf 
dioxygen (or misonizadole) is required in the formation 
of the 4’-hydroxylation product, as well as the phos- 
phoglycolate-ended fragment. Recent preliminary ex- 
periments (L. S. Kappen and I. H. Goldberg) show that, 
as in the case of bI‘eomycin, the product designated 
“unknown“ in Scheme IV is base propenal. 

(48) Saito, I.; Kawabata, H.; Fujiwara, T.; Sugiyama, H.; Matsuura, T. 
J .  Am. Chem. SOC. 1989, 111,8302-8303. 

NCS-Chrom is endowed with unprecedented struc- 
tural properties that enable it to aromatize to a diradical 
under mild conditions (0 “C) in aqueous solution in the 
presence of levels (2-5 mM) of the cellular thiol, glu- 
tathione, that exist in mammalian cells. In fact, the 
mechanism of its action in cells appears to be the same 
as that in vitro, as depletion of cellular glutathione 
results in lower tbxi~ity,4~ mutagenesi~?~ and DNA 
strand breakage.@’ Also, the products of DNA deoxy- 
ribose damage and the pattern of strand breakage ap- 
pear to be similar.@’ 

The ability of NCS-Chrom to act as a sequence-spe- 
cific bistrand-reactive agent derives from its DNA 
binding moieties and the bifunctional nature of its ac- 
tive species. Elucidation of the role played by the ad- 
ducted thiol in complex formation with DNA will re- 
quire separation of the activator from the reductant 
properties of the nucleophile. The precise chemistry 
carried out on each strand from the DNA minor groove, 
however, is determined to a considerable extent by the 
DNA microstructure at the sites of reaction. Hydrogen 
atoms at  C-5’, C-1’, and C-4’ are all readily accessible 
to the diradical lying in the minor but it is, 
to a considerable degree, the local geometry that de- 
termines whether SS or DS lesions ensue and whether 
C-1’ or C-4’ is a component of the bistranded lesion. 
The two types of bistranded lesions result from dif- 
ferent chemical mechanisms, depending on whether a 
C or a T residue is 3’ to a G residue. Further, the 
omission of a 2-NH2 group from either strand at the site 
of interaction has profound effects on DS lesion for- 
mation. This intimate relationship between DNA mi- 
crostructure and the chemistry of NCS-Chrom-induced 
damage makes this agent a potentially useful probe in 
the study of the nature and function of particular DNA 
microstructures, such as the extremely narrow and deep 
minor groove found at  a GT step.51 It must be em- 
phasized, however, that whereas such effects are usually 
perceived as being sequence-related, it is the local ge- 
ometry of the formed complex that is the critical de- 
terminant. In fact, it has been found that cleavage of 
DNA by NCS-Chrom is especially prominent immedi- 
ately 3’ to a single-base bulge on the opposite strand, 
independent of the sequence 

The use of NCS-Chrom as a specific reagent for 
generating deoxyribose radical species has made it 
possible for the first time to perform, on the nitro- 
aromatic compounds, mechanistic studies that have 
implications for their actions as radiation sensitizers. 
Misonizadole substitutes for dioxygen, presumably 
forming, at  each of the carbon-centered radicals gen- 
erated on the deoxyribose by NCS, a nitroxide radical 
adduct species that undergoes oxy radical formation in 
a manner similar to that shown in Scheme I11 for (2-5’. 
Due to the complexity of the lesions induced in DNA 
by ionizing radiation, involving both base (80%) and 
sugar (20%) moieties,32 efforts to elucidate its mecha- 
nism in this system have met with limited success.s3 

(49) (a) DeGraff, W. G.; Mitchell, J. B. Cancer Res. 1985, 45, 
4760-4762. (b) DeGraff, W. G.; Russo, A.; Mitchell, J. B. J. Bid.  Chem. 

(50) Kappen, L. S.; Ellenberger, T. E.; Goldberg, I. H. Biochemistry 

(51) Gochin, M.; James, T. L. Biochemistry 1990, 29, 11172-11180. 
(52) Williams, L. D.; Goldberg, I. H. Biochemistry 1988,27,3004-3011. 
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Finally, the capacity of NCS-Chrom to generate 
bistranded lesions with an abasic site (1’ or 4’ chemistry) 
on one strand and a direct strand break (5’ chemistry) 
two nucleotides to the 3’-side on the complementary 
strand results in an unprecedented type of premuta- 
genic lesion.43 The mutagenicity of the abasic site is 
probably significantly enhanced by the break on the 
opposite strand. Because of the loss of the duplex 
character of the DNA at the lesion site, cellular apu- 
rinic/ apyrimidinic endonucleases appear to be less ef- 
fective in removing the abasic so that repair 

(53) Wardman, P. Radiat. Phys. Chem. 1987,30,423-432. 

1991,24, 198-202 

of the strand break likely occurs first. This process 
results in the insertion of a wrong base opposite the 
noncoding abasic site. With the reestablishment of the 
duplex structure, the abasic site is removed but replaced 
by a base determined by the mutagenized lesion on the 
complementary strand. Uniquely, mutagenesis occurs 
entirely during the repair process in the absence of 
DNA replication. 
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The nuclear physics of D-D fusion reactions is well 
understood. The reaction products and the energy 
liberated have been well characterized. Rates of reac- 
tion have been shown to depend on rates of tunneling 
through the coulomb barrier between the reactant 
deuteron nuclei. The reactions under consideration are 

D + D = 3He + n + 3.3 MeV 

D + D = T + P + 4.0MeV 
The problem of finding conditions suitable for the 

practical production of energy from thermonuclear fu- 
sion processes has, with the exception of uncontrolled 
reactions in thermonuclear weapons, so far not been 
solved. Extensive efforts to develop techniques of 
magnetic or inertial confinement of dense energetic 
assemblies of fuel atoms have demonstrated the need 
for much more research. Additional information is 
needed in the area of condensed matter science for the 
solution of the fusion energy problem. An under- 
standing must be developed of the properties of dense 
systems of atoms capable of sustaining fusion reactions 
in burning processes analogous to chemical combustion 
processes. To achieve the energy density and particle 
density required for ignition of the fusion burning 
process, matter must be compressed and heated to 
densities and “temperatures” orders of magnitude larger 

and 
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than those required for chemical combustion. 
To appreciate the difficulty of igniting controlled 

fusion reactions, one should consider the magnitude of 
the energy and particle densities needed. The power 
density required for inertially confined fusion is esti- 
mated at about 2 X 1014 W/cm2.’ But the delivery of 
energy to an assembly of fuel atoms is not a sufficient 
condition for the ignition of thermonuclear reactions. 
The atoms must be in a state of high density, and most 
of the available energy must be in atomic motion or in 
the form of translational energy. The “microbombs” 
needed for the controlled release of fusion energy are 
of limited size and lifetime and may not survive long 
enough to establish thermodynamic equilibrium. 
Consequently deposition of energy into electronic de- 
grees of freedom rather than atomic translations can 
be very inefficient. With inertial confinement, the ef- 
ficiency of energy transfer to fuel atoms can be optim- 
ized,’ if energy is delivered to heat surface elements of 
a pellet containing the fusion fuel to a temperature of 
approximately 200 eV (approximately 2 X lo6 K). If 
beams of heavy ions were used to directly heat and 
compress an inertially confined assembly of fuel atoms, 
then current pulses of the order of 2 X 10l2 A/cm2 
would be needed. Space charge limitations2 prohibit 
the generation of atomic ion beams with 200 eV kinetic 
energy and this magnitude of current density. 

The mutual repulsion of similarly charged ions 
moving with relatively low velocities has been a major 
obstacle to efforts to ignite inertially confined systems 
of fusion fuel atoms. Winterberg3 suggested the use of 
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