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Abstract--A study of the DNA cleavage efficiency and selectivity of CDPI3-EDTA (4), an affinity cleavage agent based on the 
structure of CC-1065, is described. The studies with 4 provide direct evidence of AT-rich noncovalent binding coincidental with 
all DNA alkylation sites observed with (+)- or ent-(-)-CC-1065. Copyright © 1996 Elsevier Science Ltd 

Introduction 

(+)-CC-1065 (1) 1 is the initial member of a class of 
exceptionally potent antitumor antibiotics now 
including the duocarmycins 2-9 that derive their 
biological properties through a sequence selective 
alkylation of DNA. 1°-2° Extensive studies, including the 
unusual observation of the unnatural enantiomer 
alkylation of duplex DNA, have defined the character- 
istics of this DNA alkylation reaction, which has been 
~hown to proceed by reversible, stereoelectronically- 
controlled adenine N3 addition to the least substituted 
carbon of the activated cyclopropane at five base-pair 
AT-rich sites in the minor groove. 2j-32 Since the 
disclosure of CC-1065 extensive efforts have been 
devoted to determining the origin of its DNA alkyla- 
tion selectivity, to establish the link between DNA 
alkylation and the ensuing biological e f f ec t s  33 and to 
define the fundamental principles underlying the 
relationships between its structure, functional reactivity 
and biological properties. 
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In these studies, two distinct proposals for the origin of 

the DNA alkylation selectivity have emerged. One that 
attributes the selectivity to kinetic reactivity at the 
preferred alkylation sites 17-22 and our own proposal, 
where the preferential noncovalent binding selectivity 
restricts the accessible sites of DNA alkylation, m 16.26,27 
The former has been suggested to result from 
sequence-dependent catalysis through C4 carbonyl 
protonation by a strategically placed phosphate in the 
DNA backbone2O 22 or preferential alkylation at 
junctions of bent DNA, 34-36 while the latter has been 
attributed to preferential noncovalent binding 37,3~ and 
subsequent alkylation within the narrower, deeper 
minor groove of AT-rich DNA. Central to the different 
interpretations have been the perceived similarities 2~'22 
or distinctions 26'27 in the alkylation selectivities of 
simple derivatives of the alkylation subunit [i.e., 
N-BOC-CPI or N-acetyl-CPI (2 and 3), and 
(+)-CC-1065 itself]. The former proposal is based on 
the premise that 1-3 alkylate the same sites and that 
the nature of the alkylation reaction controls the selec- 
tivity irrespective of noncovalent binding. 21'22 In 
contrast, the latter proposal requires that the AT-rich 
noncovalent binding selectivity of CC-1065 and its 
accessibility to the adenine N3 sites that accompanies 
deep penetration into the AT-rich minor groove 
controls the alkylation sequence selectivity. Notably, 
this latter model is supported by the experimentally 
observed AT-rich noncovalent binding selectivity of the 
agents, 37'3s which nicely accommodates the reverse and 
offset 5 base-pair AT-rich alkylation selectivity of the 
natural and unnatural enantiomers 27 and requires that 
1 and 2-3 exhibit distinct alkylation selectivities. 26,27 
Two key studies have demonstrated further that the 
former proposals cannot be accurate and that the latter 
noncovalent binding model accounts for the observed 
DNA alkylation selectivity. 39'4° In particular, the 
demonstration of a switch in the inherent enantiomeric 
DNA alkylation selectivity that accompanies the simple 
reversal of the agent orientation observed with the 
extended versus reversed analogues of duocarmycin SA 
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and  CC-1065 i l lustrates  that  the same fundamen ta l  
recogni t ion  fea tures  are  opera t ive  for  bo th  the  na tura l  
and  unna tura l  enan t iomer s  and that  the  AT- r i ch  
noncova len t  b inding  selectivity and the dep th  of  minor  
groove pene t r a t i on  sur rounding  the alkylat ion site 
cont ro l  the  a lkyla t ion selectivity. 4° 

C o m p l e m e n t a r y  to these  studies,  here in  we deta i l  a 
s tudy of  the  affinity cleavage agent  4. 41 These  s tudies  
serve to re inforce  the p reced ing  studies,  which demon-  
s t ra ted  a p re fe ren t ia l  AT- r i ch  noncova len t  b inding  
selectivity th rough  m e a s u r e m e n t  of  b inding con- 
stants 37'3~ and provide  a fur ther  direct  charac te r iza t ion  
of  noncova len t  b inding coinc identa l  with all D N A  
alkylat ion sites observed  with CC-1065. 

Table 1. Cleavage of supercoiled qbX174 RFI DNA by Fe'[-4 ~' 

Concentrations (~tM) % Form 

4 Fen I II III 

0 0 95.0 5.0 0 
50 50 0 84.0 16.0 
40 40 0 87.6 12.4 
20 20 11.5 84.7 3.8 
10 10 15.4 81.4 3.2 
5 5 34.0 66.0 0 
1 1 47.6 52.4 0 
0 1 87.2 12.8 0 
0 5 78.0 22.0 0 
0 10 76.9 23.1 0 
0 20 44.7 53.5 1.8 
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Results and Discussion 

DNA cleavage properties of 4 

"Direct fluorescence quantitation of the DNA in the presence of 
ethidium bromide was conducted using a Millipore Biolmage 60S 
RFLP system visualized on a UV (312 nm) transilluminator taking 
into account the relative fluorescence intensities of Forms l -II l  
e~X174 DNA (Form II and Form Ill fluorescence intensities are 0.7 
times that of Form I). 

A. 

1 2 3 4 5 6 7 8 9 10 11 12 13 Lane 
qbX 174 DNA 

Form II 
"'1-- Form III 

Form I 

D N A  cleavage by F e " - 4  was first assessed with super-  
coi led  * X 1 7 4  D N A .  In these  studies,  the  Fe  n complex  
of  4 was found  to p roduce  bo th  single and double  
s t rand c leavage in the  p resence  of  02 and 2 -mercap to-  
e thano l  at concen t ra t ions  substant ia l ly  more  efficiently 
than  backg round  iron itself. Typical  results  are  summa-  
r ized in Table  1. The  agent  a lone  in the  absence  of  
i ron did not  cause D N A  cleavage.  

The  rat io  of  doub le - s t r and  to single s t rand  c leavage 
was d e t e r m i n e d  in a kinet ic  s tudy of  the  gene ra t ion  of  
F o r m  II and F o r m  III  ¢ X 1 7 4  D N A  and typical results  
a re  i l lus t ra ted in F igure  1. The  D N A  cleavage reac t ion  
exhibi ted initial  fast kinet ics  in the  first 2 rain and a 
slower subsequent  ra te  which may reflect  convers ion to 
a less active or  inactive form of  the  agent  or  meta l  
react ivat ion kinetics.  W e  assumed  a Poisson distr ibu-  
t ion for the  fo rmat ion  of  single- and  doub le - s t r and  
cleavage to calculate  the average n u m b e r  of  such 
events  pe r  D N A  molecu le  using the F r e i f e l d e r -  
T r u m b o  e q u a t i o n ?  2 The  da ta  for  the  first 2 - 5  min 
could  be fi t ted to a l inear  equa t ion  and p rov ided  a 
1 : 30 ra t io  of  double  to single s t rand  cleavage events.  A 
theore t ica l  ra t io  of  1 :100 would  be  expec ted  if the  
r a n d o m  accumula t ion  of  single s t rand cleavages within 
the 5386 base  pairs  of  ~X174  D N A  produces  the  l inear  
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Figure l. (A) Agarose gel illustrating the kinetics of supercoiled 
*X174 DNA cleavage by Fe"-4 (50 gM). Reaction solutions 
contained 0.25 gg supercoiled *X174 DNA (1.4 x 10 ~ M) in 50 mM 
Tris-HCl buffer (pH 8.0) containing 10 mM 2-mercaptoethanol. The 
DNA cleavage reactions were run at 37 °C and electrophoresis was 
conducted at 50 V for 2.5 h on a 1.0% agarose gel containing 0.1 
lag/mL ethidium bromide. Lanes 1-12, extent of the reaction at 
time = 1, 2, 4, 6, 8, 10, 12, 15, 18, 20, 30 and 40 min; lane 13, control 
@X174 DNA, 95% Form I, 5% Form II. (B) The percentage of 
Form I-III DNA present at each time point taking into account the 
relative fluorescence intensities (Form II and Form III fluorescence 
intensities are 0.7 times that of Form I). 
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Figure 2. Cleavage of 5' 32P-end-labeled double-strand DNA (SV40 DNA fragment, 156 base-pairs, nucleotide no. 5239-150, clone w794) by 
q +)-CC-1065 (1) and Fern-4, for clarity only a 40-50 bp AT-rich region is shown. Thermally-induced DNA cleavage by (+)-CC-1065 (1) at its 
alkylation sites was conducted by warming the covalently modified DNA solution in TE buffer (pH 7.5) at 100 °C for 30 min. The DNA cleavage 
reactions of Felt-4 were initiated by addition of 50% aqueous H20_, after mixing the Fe"~-4 complex with the DNA in 10 mM phosphate 
!K2HPO4-KH,PO4)/10 mM KCI buffer (pH 7.0). The DNA cleavage reactions were run for 10 min at 4°C before being quenched with the 
addition of 50% aqueous glycerol. The electrophoresis was conducted at 1100 V (5.5 h) on an 8% denaturing PAGE and visualized by autoradio- 
!;raphy. Lane 1, control DNA; lane 2, 50 pM Fe "I control; lane 3, 10 ~' M ( + )-CC-1065 (1); G, C, A and T sequencing reactions; lane 4, 20 pM 
~TeIn-4, lane 5, 50 ~tM Fern-4. 

DNA assuming that it requires two sequential cleav- 
ages within 15 base pairs on the complementary 
strands. Experimentally, Fcn alone produced a ratio of 
1:98. Thus, Fen-4 was only slightly better than Fe n 
itself, suggesting that few of the multiple cleavages may 
be related by a single binding event. 

In addition, the binding of CDPI3 to DNA was not 
inhibited by linkage with EDTA. Binding of CDPI3- 
EDTA versus CDPI3 with poly(dA)-poly(dT) resulted 
in a larger stabilization of the duplex toward thermal 
denaturization, Am = +20 °C and + 13 °C, respectively. 

The selectivity of DNA cleavage by 4 was examined 
within w794 DNA and its complement w836 DNA 39 by 
monitoring strand cleavage of singly 32p 5'-end-labeled 
double-strand DNA after exposure to Fe'"-4 followed 
by activation with H20243 in 10 mM phosphate buffer 
(pH 7.0, 10 mM KC1, 4 °C, 10 rain). Thus, incubation 
of the labeled duplex DNA with FeUI-4 in the presence 
of excess H202 led to sequence selective cleavage of 
the DNA. The reactions were quenched by the 
addition of 50% aqueous glycerol. Removal of the 
agent by EtOH precipitation of the DNA, resuspension 
of the treated DNA in aqueous buffer and high-resolu- 
tion polyacrylamide gel eleetrophoresis (PAGE) of the 
resultant DNA under denaturing conditions adjacent to 
Sanger sequencing reactions permitted the identifica- 
tion of the sites of DNA cleavage. A range of reaction 
conditions were examined and the DNA cleavage 
efficiencies and the clarity of the sequence selectivity 

proved to be sensitive to the reaction time, tempera- 
ture, pH and unusually dependent upon the choice of 
buffer. Reactions conducted in 10 mM or 25 mM Tris- 
HC1 (pH 7 or 8) proved better than those conducted in 
TE buffer (pH 8), but not nearly as effective as those 
conducted in 10 mM phosphate buffer (pH 7, 10 mM 
KC1, 4 °C, 10 min). Similar observations have been 
made with the Fe n' complexes of bleomycin A 2 
activated for DNA cleavage with H202 .44 Use of lower 
concentrations of the phosphate buffer (2.5 versus 10 
mM), the use of pH 5.7 or 8.0 versus 7.0 and the 
omission of added 10 mM KC1 resulted in reduced 
DNA cleavage efficiencies and a lower resolution of 
the cleavage selectivity. The clarity of the DNA 
cleavage selectivity as well as its efficiency also proved 
to be dependent upon the conditions of activation of 
the Fe In complex. Both increased steadily as the 
concentration of H202 was increased from 300 taM to 5 
mM and finally to 1.5 M. Presumably this is derived 
from the fast activation kinetics and although little 
experimental difference was observed between 5 mM 
and 1.5 M H202, the results were less satisfactory 
below 5 mM H202. At the optimal concentrations of 
H202, the reactions could be conducted over short 
reaction times at low temperature (4°C, 10 min). 
Finally, more dependable results were obtained when 
the Fern-4 complex was freshly prepared and 
preformed with subsequent dilution to the desired 
concentrations prior to addition to the DNA, rather 
than sequential additions of 4 and Fe lu directly to the 
buffered DNA solutions. Subsequent preincubation 
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with the DNA was preformed for 10 min prior to 
activation of the DNA cleavage reaction with the 
addition of aqueous HzO2. Although little difference 
was observed for the DNA cleavage efficiency using a 
10 min versus 1 min preincubation period, the clarity of 
DNA cleavage sequence selectivity did improve. Alter- 
native efforts to employ the Fe H complex of 4 in 50 
mM Tris-HC1 buffer (pH 8) containing 10 mM 
2-mercaptoethanol in the presence of 02 led to DNA 
cleavage at concentrations well below background Fe ~, 
but the results were less satisfactory. Analogous obser- 
vations have been made in the study of 02 versus H202 
activation of Fe-bleomycin complexes by Burger, 45 
Hecht, 46 and ourselves, 44 and are comparable with the 
observations made in the detailed mechanistic study of 
the reaction of F e m - E D T A  with H202 .47 

Under the optimized conditions, a surprisingly selective 
and well defined cleavage of DNA by FeI~-4 was 
observed and a representative illustration of this may 
be found in Figure 2. Within the region of w794 DNA 
illustrated in Figure 2, a set of cleavages bracketing the 
five base AT-rich site, 5 '-AATTA, were observable at 
0.02-50 pM FeU]-4 and those bracketing the additional 
three base AT-rich site were detectable only at the 
higher concentrations of 1-50 laM Fern-4. The 
cleavage sites appear in pairs and correspond to two 
orientations of the agent within a binding site 
providing nearly equally intense cleavage at both ends. 

In contrast to most studies with affinity cleavage 
agents, 43'4s the reaction is remarkably clean when 
conducted using the optimized conditions providing 
predominantly a single cleavage site at each end of the 
binding site rather than a cluster of cleavage sites 
characteristic of a diffusible oxidant. This is illustrated 
nicely for the set of cleavage sites that bracket the 
AT-rich five base-pair site 5'-AATTA. This sequence 
constitutes a high-affinity alkylation site for 
(+)-CC-1065 (5 '-AATTA) with alkylation of the 
3'-adenine and agent binding in the 3 ' ~ 5 '  direction 
across the five base-pair AT-rich site (Fig. 3). It also 
constitutes a minor alkylation site for the unnatural 
enantiomer of CC-1065 (5'-AAT-rA) with alkylation of 
the second 5' adenine, agent binding in the reverse 
5'--*3' direction, and with the agent binding covering 
the full five base-pair AT-rich site starting at the first 5' 
adenine and extending over the adenine alkylation site, 
as well as the following three 3' bases (Fig. 3). A 
detailed discussion of this reverse and offset AT-rich 
alkylation selectivity of the enantiomeric agents has 
been described elsewhere. 27 The complementary 
sequence in the partner strand fails to react compet- 
itively with (+)-CC-1065, but contains a high affinity 
alkylation site for ent-(-)-CC-1065. Bracketing this 
sequence are two cleavage sites for 4, 5 '-TCAAT- 
TAGT, which are two bases removed from each end of 
the five base-pair AT-rich binding and alkylation site. 
This corresponds to cleavage from both bound orienta- 

Figure 3. Comparison stick models of (+)-CC-1065 and ent-(-)-CC-1065 alkylation at the high affinity site within w794 DNA: duplex 
5'-(CTCAATI'AGTC). The (+)-CC-1065 binding extends in the 345' direction (blue strand) from the adenine N3 alkylation site across the five 
base site 5'-AATI'A (left). The ent-(-)-CC-1065 binding at its minor alkylation site extends in the reverse 543' direction (blue strand) from the 
adenine N3 alkylation site across the five base site 5'-AATI'A (middle). The ent-(-)-CC-1065 binding at its major alkylation site on the comple- 
mentary strand extends in the 5~3' direction (red strand) from the adenine N3 alkylation site across the five base site 5'-TAATI" (right). The 
model complexes were generated with MacroModel (AMBER force field supplemented with agent parameters). 
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Figure 4. Stick models illustrating the two bound orientations of Fern-4 within the w794 high affinity binding site: duplex 5'-(C!CAATTAG!C). 
in both instances, the CDPI3 binding spans the five-base AT-rich site 5'-AATTA. The Fem chelation subunit extends in the minor groove from 
this binding site approximately 1-2 base pairs in either direction; the Fem atom is illustrated with a green ball. Expanded views of this region are 
shown in Figure 5 and highlight the positioning of the Fem relative to the C4 ' -H abstraction sites (Fig. 6) that lead to DNA cleavage. The model 
complexes were generated with MacroModel (AMBER force field supplemented with agent parameters including X-ray coordinates taken from 
RbFe(OH2)EDTA-H20, ref 50). 

tions of 4 within the five base-pair AT-rich site, 
5'-AATTA, and models of both these bound orienta- 
tions and their respective cleavage sites are shown in 
Figures 4 and 5. 

In analogy with related studies, 43 the DNA cleavage 
reaction is most likely derived from C4'-H or C5'-H 
abstraction from the deoxyribose backbone by the 
activated Fem complex or a liberated free radical 
(HO.). Given the clarity and single site reaction of the 
DNA cleavage reactions with Fe"I-4 and the modeled 
proximity of the Fe nI center to the reacting centers, it 
is tempting to suggest that it may be the intermediate 
perferryl complex or an iron-oxo intermediate that is 
directly responsible for the H-abstraction reaction 
rather than a diffusable oxidant. Importantly, the 
minor groove location of the agent is apparent from 
the offset nature of the complementary strand cleavage 
sites (Fig. 6). 43 

Similarly, all additional sites of alkylation by either 
(+)-CC-1065 or ent-(-)-CC-1065, including their 
minor sites, were found within regions bracketed by 
cleavage sites for 4. The low affinity and less preferred 
alkylation sites for 1 occur within shorter AT-rich 
sequences that also coincide with lower affinity binding 
sites observed with Fern-4. To a first approximation, 
the high affinity alkylation sites for either (+) -  or 
ent-(-)-CC-1065 all lie in high affinity binding sites 
detected with Fen~-4 at low concentrations (0.02-1 

rtM). Similarly, the lower affinity alkylation sites lie in 
shorter AT-rich sequences that require higher concen- 
trations of Fenl-4 (1-50 ~tM) for detection or contain 
a competitive high affinity alkylation site on the 
partner strand of the duplex DNA. For example, the 
sequence 5'-CATAG illustrated in Figure 2, which is 
detected only at the higher concentrations of Fern-4 
(1-50 pM), incorporates a minor alkylation site for 
both (+)-CC-1065 (5'-CCATA) and ent-(-)-CC-1065 
(complementary strand 5'-TATGG). Notably, no major 
or minor alkylation sites for CC-1065 were detected 
that lie outside a binding site observed for 4 and to a 
first approximation the relative alkylation efficiency 
parallels the binding affinity detected with Fern-4. 

However, while noncovalent binding is a prerequisite 
for observation of DNA alkylation and to a first 
approximation dictates the relative alkylation 
efficiency, it does not insure covalent bond formation. 
Rather, spacial and stereoelectronic features of the 
ensuing reaction must be satisfied within a binding site 
for observation of DNA alkylation. For CC-1065, a 
classic example of this phenomenon is found in the 
palindromic sequence 5'-AATT. When bracketed by 
G - C  base pairs, both strands of this sequence are 
alkylated by ent-(-)-CC-1065, but they fail to react 
with ( + )-CC-1065. Noncovalent binding of 
ent-(-)-CC-1065 in either orientation within this 
duplex places the activated cyclopropane in a proper 
orientation and directed toward the appropriate strand 
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to alkylate the site 5'-AATT with agent binding in the 
5'--.3' direction relative to the alkylated strand 
covering the site 5'-AATTN. In contrast, the natural 

enantiomer binding in either orientation directs the 
activated cyclopropane only toward the 3' T on either 
strand, precluding any opportunity for adenine N3 

Figure 5. Expansion of the Fem region (green ball) of the stick models shown in Figure 4 illustrating the origin of the DNA cleavage sites 
(5'-CTCAATYAGTC, blue strand) and (5'-GACTAAqSFGAG, red strand), related to the central high-affinity binding site (blue: 5 ' -AATI'A 
5'-TAATT: red) within w794 DNA. The locations of the required C 4 ' - - H  atom abstraction sites that lead to DNA cleavage are shown in green. 
Flexibility in this terminus of the agent would allow it to swivel from side to side to approach either site even more closely. 
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alkylation. This is due merely to the spatial relationship 
of the reacting partners and is not the consequence of 
the absence of selective catalysis for reaction. In fact, 
the recent demonstration that alternative electrophiles 
may substitute for the activated cyclopropane 3~ and 

that the dissimilar agents (+)-DSA-CDPI2 and 
ent-(-)-CDPI2-DSA exhibit identical DNA alkylation 
selectivities 4~' suggest that the spatial and stereoelec- 
tronic requirements of the reaction are unusually 
flexible. 

Conclusions 

The behavior of CC-1065 has proven analogous to that 
described for N-bromoacetyldistamycin, 4~ where 
selective adenine N3 alkylation was observed within 
available noncovalent binding sites. CC-1065 DNA 
alkylation was observed only within noncovalent 
binding sites defined by Fe"=-4 demonstrating that 
noncovalent binding is a prerequisite for and intimately 
associated with the observation of DNA alkylation and 
to a first approximation that the relative cleavage 
efficiency observed with FeI"-4 was found to parallel 
the relative alkylation efficiency of (+)-  and/or 
ent-(-)-CC-1065. 

-1065 

(-)-CC-106 

,-1065 

~.~~G~A sequenced T 0 ~ 

5'-end 3'-end 

Figure 6. Model illustrating the relationship between the observed 
sequenced cleavage sites for Fel"-4, its C4' H and C5 ' - -H  
abstraction sites, the five base-pair AT-rich noncovalent binding site 
and the (+)-  and ent-(-)-CC-1065 alkylation sites shown in Figures 
3-5 for the w794 high-affinity site. 

Experimental 

Thermally-induced strand cleavage of 5' 32p end- 
labeled double-strand DNA following aikylation 
by (+)-CC-1065 (1): DNA alkylation selectivity 

A 9 gL solution of the 5' end-labeled w794 or w830 
DNA 39 in TE buffer (10 mM Tris, 1 mM EDTA, pH 
7.5) was treated with a 1 pL solution of (+)-CC-1065 
(1, 10 -6 M)  in DMSO. The solution was mixed by 
vortexing the solution and brief centrifugation and 
subsequently incubated at 4°C for 24 h. The 
covalently-modified DNA was separated from unbound 
agent by EtOH precipitation of the DNA and resus- 
pended in TE buffer (10 laL, pH 7.5). The solution of 
DNA in an Eppendorf tube sealed with parafilm was 
warmed at 100 °C for 30 rain to induce cleavage at the 
alkylation sites, allowed to cool to 25 °C and centri- 
fuged. Formamide dye (0.03% xylene cyanol FF, 0.03% 
bromophenol blue, 8.7% Na2EDTA, 250 mM) was 
added (5 laL) to the supernatant. Prior to electro- 
phoresis, the sample was denatured by warming at 
100 °C for 5 min, placed in an ice-bath, and centrifuged 
and the supernatant (2.8 gL) was loaded directly onto 
the gel. Sanger dideoxynucleotide sequencing reactions 
were run as standards adjacent to the reaction samples. 
Polyacrylamide gel electrophoresis (PAGE) was run on 
an 8% sequencing gel under denaturing conditions (8 
M urea) in TBE buffer (100 mM Tris, 100 mM boric 
acid, 0.2 mM Na2EDTA) followed by autoradiography. 

5' 32p End-labeled double-strand DNA cleavage by 
Fern-4: sequence selectivity study 

All reactions were run with freshly prepared Fem 
complexes. The Fenl-4 complexes were prepared by 
first combining 4 pL of a 2000 gM solution of 4 in 
DMSO with 4 gL of a freshly prepared equimolar 
aqueous FeCI3 solution and subsequent dilution to the 
desired 10 x concentrations (200 pM and 500 pM) prior 
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to addition of the w794 or w836 DNA to achieve their 
final concentrations of 20 and 50 I~M. Each of the Fe t" 
complex solutions (2 gL) were treated with 7 gL of a 
buffered DNA solution containing the 5' ~2p-end- 
labeled w794 or w836 DNA in 10 mM phosphate 
buffer (KH2PO4, pH 7.0) containing 10 mM KC1 and 
the mixture was incubated at 25 °C for 10 min. The 
final concentrations of the agents employed in the 
study were 50 ~tM Fem control and 20 or 50 ~tM Fern-4. 
The DNA cleavage reactions were initiated by adding 1 
laL of 50% aqueous HzO2 (1.5 M final concentration). 
The DNA reaction solutions were incubated at 4 °C for 
10 min. The reactions were quenched with the addition 
of 1 ~tL of 50% aqueous glycerol followed by EtOH 
precipitation and isolation of the DNA. The DNA was 
resuspended in 7 ~tL of TE buffer (pH 8.0) and forma- 
mide dye (5 laL) was added to the supernatant. Prior to 
electrophoresis, the samples were warmed at 100 °C for 
5 min, placed in an ice bath, centrifuged, and the 
supernatant (2.8 ~tL) was loaded onto the gel. Sanger 
dideoxynucleotide sequencing reactions were run as 
standards adjacent to the agent-treated DNA. Gel 
electrophoresis was conducted using a denaturing 8% 
sequencing gel (19:1 acrylamide :N,N-methylenebis- 
acrylamide, 8 M urea) at 1100 V for 5.5 h. Formamide 
dye contained xylene cyanol FF (0.03%), bromophenol 
blue (0.3%) and aqueous Na:EDTA (8.7%, 250 raM). 
Electrophoresis running buffer (TBE) contained Tris 
base (100 raM), boric acid (100 mM) and Na2EDTA- 
H20 (0.2 raM). Gels were prerun for 30 min with 
formamide dye prior to loading the samples. Autora- 
diography of the dried gel was carried out at -78 °C 
using Kodak X-Omat AR film and a Picker spectra 
intensifying screen. 
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