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(+)-CC-1065 (I)1 and the duocarmycins2-3 are potent 
antitumor antibiotics that derive their biological effects through 
the reversible, sequence-selective alkylation of DNA.4-10 Since 
their disclosure, extensive efforts have been devoted to deter
mine their DNA alkylation selectivity and its origin,4-10 to 
establish the link between DNA alkylation and the ensuing 
biological properties,11 and to define the fundamental principles 
underlying the relationships between structure, chemical reactiv
ity, and biological properties.910 

In these studies, the alkylation selectivity of the natural 
enantiomers has been attributed to a sequence-dependent 
activation through C4 carbonyl protonation by a strategically 
positioned phosphate in the DNA backbone,6,10'12 the confor
mational variability of DNA and alkylation at junctions of bent 
DNA,12 or preferential noncovalent binding and subsequent 
alkylation within the narrower, deeper minor groove of AT-
rich DNA.4'5,7-9,13-18 Central to the interpretations are the 
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perceived similarities610 or distinctions4'5'7-9'13-18 in the alky
lation selectivity of simple derivatives including 3 -4 and that 
of the natural products 1-2. The former two proposals are 
based on the premise that (+)-3 and (+)-l alkylate the same 
DNA sites and the alkylation subunit or alkylation reaction 
controls the selectivity irrespective of noncovalent binding. In 
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contrast, the latter proposal requires that the AT-rich noncovalent 
binding selectivity17 of the agents and their steric accessibility 
to the alkylation site that accompanies deep penetration into 
the AT-rich minor groove control the sequence selectivity. 
Notably, this latter model accommodates nicely the reverse and 
offset 3.5- or 5-base-pair AT-rich adenine N3 alkylation 
selectivities of the natural and unnatural enantiomers of 2 and 
1, respectively, and requires that 3—4 and 1—2 exhibit distinct 
alkylation selectivities.5'7'14 

In an earlier study,18 it was shown that 5—8 exhibited identical 
alkylation selectivities (5'-AA > 5'-TA) independent of their 
absolute configuration and identical to those of both enantiomers 
of 3 and 4. In addition, the natural enantiomers of 9—12 
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exhibited identical DNA alkylation selectivities (5'-A/TA/TAAA 
or 5'-A/TA/TTTA) with alkylation of the same sites as (+)-l 
and were more selective and more efficient than 5—8. The 
observation that 7—8 and 11—12, which lack the C4 carbonyl, 
alkylate the same sites as 5/3—4 or 9/1, respectively, established 
that a sequence-dependent phosphate protonation and activation 
cannot be the event that determines the alkylation selectivity. 
In addition, the more selective DNA alkylation by 9—12/1—2 
versus 5—8/3—4 independent of the nature of the electrophile 
was fully consistent with the noncovalent binding model and 
inconsistent with the proposal that alkylation is observed 
preferentially at junctions of bent DNA irrespective of binding 
selectivity. Herein we report a second test of the proposed 
models which provides further support for the noncovalent 
binding model and definitively excludes alternative models. 
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Figure 1. Thermally-induced sirand cleavage of w794 DNA (144 bp, 
nucleotide no. 138—5238) after DNA-agent incubation with 13 and 14, 
removal of unbound agent by EtOH precipitation and 30 min thermolysis 
(100 0C). followed by denaturing 8% PAGE and autoradiography. Lane 1. 
control DNA; lanes 2 and 3, (+l-CC-1065 ( (+)- l , 1 x 10"6 and 1 x 10" ' 
M); lanes 4—7. Sanger G. C A. and T sequencing standards; lanes 8 and 
9. (+1-DSA-CDPI2 ((+)-13. 1 x lO"6 and I x I0~' M); lanes 10 and 11. 
enr-(-)-DSA-CDPIj «-)-13. 1 x 1O-6 and 1 x 10"'M); lanes 12 and 13. 
(+1-CDPI2-DSA ((+)-14. 1 x 10"6 and 1 x 10~' M). 

Key to the study was the disclosure that both the natural and 
unnatural enantiomers of duocarmycin SA alkylate DNA 
efficiently.515 One unique feature of 2 is the C6 methyl ester 
on the left-hand side of the alkylation subunit that complements 
the right-hand side linking amide. This feature provides the 
ability to introduce DNA binding subunits on either side of the 
duocarmycin SA alkylation subunit. In our studies, both the 
natural and unnatural enantiomers of the extended and reversed 
duocarmycin SA analogs 13 and 14 have been prepared.19 It 
was anticipated that (+) - and ent-(-(-DSA-CDPI2 (13) would 
exhibit a more extended 5-base-pair AT-rich alkylation selectiv
ity than 2 and behave identically to (+)-CC-1065 (i.e., 5 ' -
AAAAA) and «i/-(-)-CC-1065 (i.e., 5'-AAAAA), respectively.7 

From the noncovalent binding model, the reversed agents, (+ ) -
and ent-(—(-CDPI2-DSA (14), were projected to exhibit a similar 
5-base-pair AT-rich alkylation selectivity but one that extends 
in the atypical reverse direction from an alkylation site. 
Moreover, the predicted alkylation sites for the natural enanti-
omer of the reversed agent (+(-CDPI2-DSA (14) coincide with 
those of «M-(-)-CC-1065 and ev»-(-)-DSA-CDPI2 (13). Simi
larly, the predicted alkylation sites for the unnatural enantiomer 
of the reversed agent 14 coincide with those of natural (+) -
CC-1065 or (+)-DSA-CDPI2 (13). In contrast, the models in 
which the natural enantiomer alkylation selectivity is indepen
dent of binding selectivity would require that the two natural 
enantiomers (+(-DSA-CDPI2 (13) and (+(-CDPI2-DSA (14) 
alkylate the same sites. Thus, the examination of the DNA 
alkylation selectivities of both enantiomers of 13 and 14 provides 
an unambiguous test of the two models with a definitive 
resolution. 
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The results of the comparative examination of 1 3 - 1 4 are 
illustrated with the alkylation of w794 DNA8 which contains a 
single high-affinity alkylation site for both (+(-CC-1065 (5'-
AATTA) and ent-(-)-CC-l065 (5'-AATTT), Figure 1. Both 
(+)-DSA-CDPI2 and <7if-(-)-DSA-CDPI2 (13) alkylate the 
single high-affinity alkylation sites of (+) - and ent-(-)-CC-
1065 (1), respectively. The natural enantiomer of the reversed 
agent (+)-CDPI2-DSA (14) was found to alkylate the high-
affinity alkylation site observed with «t / -(-)-DSA-CDPI2 and 
ent-(—)-CC-1065.20 This incorporation and conversion of a 
natural enantiomer of the duocarmycin SA alkylation subunit 
into an agent that exhibits the DNA alkylation selectivity of a 
typical unnatural enantiomer by simple reversal of the orientation 
of the DNA binding subunits of the agent is only consistent 
with a model where the AT-rich noncovalent binding selectivity 
and depth of minor groove penetration surrounding the alky
lation site are controlling the sites of alkylation. The observa
tions are inconsistent with alternative models based on the 
premise that the natural enantiomer alkylation subunit controls 
the alkylation selectivity. 

Similarly, the unnatural enantiomer of the reversed agent ent-
(-J-CDPI2-DSA (14) was found to alkylate the same sites as 
(+J-DSA-CDPI2 (13) and (+)-CC-1065, typical natural enan
tiomers (supplementary material, Figure 2). Thus, this reversal 
of the enantiomeric alkylation selectivity that accompanies the 
simple reversal of agent orientation is general and confirms that 
the same fundamental recognition features are operative for both 
the natural and unnatural enantiomers. 
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