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(+)-CC-1065 (1), a potent antitumor antibiotic and the subject 

of extensive investigations,2"4 has been shown to exert its effects 
through the selective alkylation of DNA within the minor 
groove.2"5 For (+)-CC-1065, the alkylation has been demon
strated to proceed by 3'-adenine N-3 alkylation of the electrophilic 
cyclopropane present in the left-hand (CPI) subunit within A-
T-rich minor groove regions of DNA.5'6 In an extensive evaluation 
of a series of agents possessing the natural enantiomer of the 
authentic alkylation subunit of (+)-CC-1065, the relative in vitro 
cytotoxic potency of the agents has been correlated with the 
relative intensity of the adenine N-3 alkylation with cell-free 
double-stranded DNA.2,4'5 It has been further suggested that the 
cytotoxic potency of the agents may be a direct expression of their 
rate of DNA covalent alkylation2 and directly related to the agent 
relative rate of acid-catalyzed solvolysis4 by virtue of a se
quence-dependent autocatalytic activation of the alkylation event 
by a strategically located phosphate (carbonyl protonation/com-
plexation).5 Thus, in the course of our investigations which have 
resulted in the preparation and evaluation of (+)-CPI-CDPI„,7"10 

(-H)-CI-CPDIn,
6'1 M 3 and (-H)-CBI-CDPIn,

14"16 the observation that 
an inverse versus direct relationship between the solvolytic re
activity and cytotoxic potency of the agent may constitute a 
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Table I 

(+J-CBI-CDPI2 (+)-CPI-CDPI2 (-H)-CI-CDPI2 

(4) (3) (!) 
rel int (37 0C, 24 h) 1.1(100%) 1.0(100%) 0.6(100%) 

of DNA 
alkylation0 (%) 

rel int (4 0C, 24 h) 1.0(90%) 0.2(20%) 0.02(3%) 
of DNA 
alkylation0 (%) 

k (rel), 4 0C* 1.0 0.05 nd' 
rel stability' 1.0 0.27 0.0001 
rel in vitro cytotoxic 1.0 0.24 0.0005 

act. (Ll210)' 
"Relative intensity of alkylation (thermally induced strand cleavage) at 

the high-affinity alkylation site [5'-d(AATTA)-3'] within w794 DNA de
termined by using a scanning densitometer. Percent reaction (%) is ex
pressed as the percentage of the total alkylation at this site observed when 
the alkylation is taken to >90% completion (37 0C, 24 h); the relative in
tensities of alkylation detectable at 10~! M at this point are compared to 
(+)-4 (4 0C, 24 h) = 1.0. 'Relative first-order rate constants for DNA 
alkylation at the high-affinity site taken from plots of the intensity of DNA 
cleavage versus time (4 0C, 10"7 M agent; 12, 24, 48, 96, and 192 h). 
'Taken from refs 13, 15 and 16. Solvolysis studies conducted spectropho-
tometrically (UV) at pH = 3 (50% buffer-CH3OH, buffer = 4:1:20 (v/v/v) 
0.1 M citric acid, 0.2 M Na2HPO4, and H2O). <* Relative IC50 for in vitro 
cytotoxic activity against L1210 mouse lymphocytic leukemia, (+)-2, 10000 
pM; (+)-3, 20 pM; (+)-4, 4.8 pM. 'Not determined. 

relevant relationship in the design of functional analogues has 
proven unexpected.15,16 Herein, we detail the results of a com
parative study of the D N A alkylation properties of (-H)-CPI-
CDPI2 (3), (+)-CI-CDPI2 (2), and (-H)-CBI-CDPI2 (4) repre
sentative of comparisons made with a full series of agents17 which 
additionally demonstrate that the intensity of D N A alkylation 
follows the same inverse relationship: (+)-CBI-CDPI2 > ( + ) -
CPI-CDPI2 > ^)-CI-CDPI2. 

2 (+1-CI-CDPI2 3 W-CPI-CDPI2 4 (+J-CBI-CDPI2 

CDPI2 CDPI1 

Singly 5' 32P end labeled double-stranded D N A constituting 
SV40 D N A nucleotides no. 5238-138 (144 base pairs) cloned into 
the Smal site of M13mpl0 was prepared by treatment of sin
gle-stranded templates (clone w794)18 with 5' 32P end labeled 
universal primer [5'-d(GTAAAACGACGGCCAGT)-3'] , ex
tension of the primer-template duplex with the Klenow fragment 
of D N A polymerase I, and subsequent EcoRI cleavage of the 
double-stranded D N A immediately following the inserted DNA. 

(17) Similarly, the following trends in the intensity of DNA alkylation (4 
0C, 24 h) and cytotoxic activity (L1210) have been observed: (-H)-CBI-CDPI1 
(1, 5 pM) > (+)-CPI-CDPI, (0.2, 40 pM) > (-H)-CI-CDPI, (24000 pM); 
(+)-CBI-(indole)2 (1, 5 pM) > (+)-CPI-(indole)2 (0.1, 20 pM). 

(18) Ambrose, C; Rajadhyaksha, A.; Lowman, H.; Bina, M. J. MoI. Biol. 
1989, 210, 255. 
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Figure 1. Thermally induced strand cleavage of double-stranded DNA 
(SV40 DNA fragment, nucleotide no. 138-5238. clone w794) after 24-h 
incuba;ion of agent-DNA at 4 "C followed by removal of unbound agent 
and 30-min warming at 100 0C. gel electrophoresis, and autoradiography. 
Lanes 1-4. Sanger G, C. A, and T sequencing reactions; lanes 5-8. 
(+(-CI-CDPI2 1(5.6 x 10"4) - (5.6 x 10"' M)); lanes 9-12, (+)-CPI-
CDPI2 1(5.6 x 10"s) - (5.6 x 10"' M)); lanes 13-16. (+1-CBI-CDPI2 
[(5.6 X I0"5) - (5.6 X 10-" M)); lane 17. control DNA. The origin of 
the double bands observed for a single adenine N-3 alkylation with 
5'-end-labeled double-stranded DNA has been detailed elsewhere (ref 5 
and 6). 

The resultant DNA was treated with the agents at 4 or 37 0C 
(24 h) at a range of concentrations. Removal of the unreacted 
agent through ethanol precipitation of the DNA. redissolution 
of the alkylated DNA in aqueous buffer, thermally induced 
cleavage of the DNA at the sites of alkylation (1000C, 30min)," 
gel electrophoresis of the resultant DNA alongside Sanger di-
deoxynuclcotide sequencing reactions, and subsequent autora
diography revealed the agent sites of alkylation and their relative 
intensities. Figure 1.6 As illustrated in Figure 1, the most stable 
and least reactive agent [(+)-4) exhibits the most intense DNA 
alkylation at 4 0C. and the exceptionally reactive agent |(+)-2] 
exhibits the least intense DNA alkylation. Thus, an inverse (versus 
direct) relationship between the intensity of DNA alkylation and 
the chemical solvolytic reactivity of the agents was observed. In 
addition, the most reactive agent [(+)-2] exhibits slightly less 
selectivity among the available alkylation sites than (+)-4 or (+)-3. 
As detailed elsewhere, this more selective and productive covalent 
modification of DNA by the more stable agent presumably arises 
in part from the enhanced agent availability (stability, selectiv
ity).16 However, when the DNA alkylation reactions were taken 
to >90% completion (37 0C, 24 h) under conditions where excess 
DNA was present and the alkylation would be expected to follow 
first-order kinetics with respect to the agent concentration 
(IO-7-10-8 M agent), each of the three agents exhibited a com
parably intense DNA alkylation. Table I. Under such conditions 
where the agents are effectively sequestered by double-stranded 
DNA," the results suggest that the nonproductive solvolysis20 and 
alkylation selectivity differences account for only part of the 
distinctions in the observed DNA alkylation intensity at 4 0C. 
In particular, the comparisons of (+)-4 and (+)-3 made at 4 0C 
(24 h)20 additionally reflect the relative rates of DNA alkylation 

(19) Dervan. P. B.; Baker. B. F. /. Am. Chem. Soc. 1989. /// . 2700. 
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the adenine N-3 alkylation has been shown to account for >85-95% of the 
consumption of the agent in the presence of double-stranded DNA. 

by the two agents, which follow the unexpected order" of 
(+)-CBI-CDPI2 > (+(-CPI-CDPI2, Table I. The precise origin 
of this relationship and its generality are under investigation.21 

Although limited to the three classes of agents presently 
available for comparison,17 the inverse correlation between the 
cytotoxic potency of the agents and the solvolytic reactivity of the 
cyclopropane suggests that the direct relationship between the 
agent stability and cytotoxic activity may constitute a relevant 
feature in the further design of functional analogues. Table I. 
Potentially contributing to the distinctions in the properties of the 
agents examined herein" may be the unexpected observation of 
the more rapid (rate), more discriminate (selectivity), and more 
productive (intensity) DNA alkylation by the more stable agent. 
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The success in the preparation of the fullerenes1"3 and the 
confirmation45 of the theoretical prediction6 that C60 is a relatively 
electronegative molecule prompted us to prepare the first fulleride 
salt and evaluate its condensed matter properties. Here we report 
on electron spin resonance and transport properties. 

Samples of the pure fullerene C60 were obtained as described 
previously.3 Wc discovered five interesting features: 

1. Upon bulk electrolysis, fullerene C60 deposits the C60'" 
Ph4P

+-(Ph4PCI)2 salt as a microcrystalline powder7 at a platinum 
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