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Abstract-The attachment of EDTA . Fe(R) to distamycin changes the sequence specific DNA binding 
antibiotic into a sequence specific DNA cleaving molecule. We report the synthesis of EDTAdistamycin 
(ED) which has the metal chelator, EDTA, tethered to the carboxy terminus of the N-methylpyrrole 
tripeptide moiety of the antiobiotic, distamycin. EDTAdis~y~n. Fe(H) (ED- Fe(H)) at 10~%I 
concentration efkiently cleaves pBR322 DNA (IO-% in base pairs) in the presence of oxygen and 
dithiothreitol (DTT). Using Maxam-Gilbert sequencing gel analyses~ we llnd that ED * Fe(I1) affords 
DNA cleavage patterns of unequal intensity covering two to four contrguous base pairs adjacent to a five 
base pair site consisting of adenines (A) and thymines (T). The multiple cleavages at each site might be 
evidence for a diffusible oxidizing species, perhaps hydroxyl radical. The unequal intensity of cleavage on 
each side of the A + T site permit assignment of major and minor orientations of the tripeptide binding 
unit. A comparison of the cleavage specificity of ED . Fe(I1) with distamycin-EDTA . Fe(II), (DE . Fe(R)) 
which has EDTA . Fe@) attached to the amino terminus of the N-methylpy~ole tripeptide, shows DNA 
cleavage patterns at the same sites but with intensities of opposite polarity. Maxam-Gilbert sequencing 
gel analysis of the DNA cleavage patterns by ED * Fe(I1) and DE- Fe(I1) on both DNA strands of a 381 
base pair restriction fragment reveals asymmetric DNA cleavage patterns. Cleavage is shifted to the 3’ 
side of each DNA strand. A model consistent with this cleavage pattern indicates one preferred binding 
site for ED * Fe(I1) and DE ’ Fe(I1) is 3’-TITAA-5’ with the “amino end” of the tripeptide oriented to 
the 3’ end of the thymine rich strand. 

This “DNA &in&y cleavage” method which consists of attaching cleaving functions to DNA binding 
molecules followed by DNA cleavage pattern analyses using Maxam-Gilbert sequencing gels may be a 
useful direct method for determining the binding site and orientation of small molecules on native DNA. 

Many small molecules important in antibiotic, anti- 
viral, and antitumor chemotherapy bind to double 
helical DNA. Our knowledge of the base sequence 
preferences of most DNA binding drngs is somewhat 
limited due to the restricted information obtained by 
spectrophotometric analyses of the overall binding 
affinity on synthetic homopolymer and copolymer 
DNAs. A smaller class of DNA binding molecules 
are bifunctional in nature, combining a chemically 
reactive moiety with a DNA binding unit. One such 
molecule is the naturally occurring antitumor, anti- 
biotic bleomycin which cleaves DNA in a reaction 
that depends on Fe(H) and oxygen.’ The DNA 
cleaving function of bleomycin in combination with 
Maxam-Gilbert sequencing gel analyses affords pre- 
cise information on the sequence specificity of bleo- 
mycin binding. From DNA cleavage patterns ob- 
tained from reaction of bleomycin . Fe(H) with end 
labeled DNA restriction fragments it is known that 
bleomycin cleaves DNA at the pyrimidine of a two 
base pair 5’-GT-3’ or 5’-Gc-3’ recognition site.5 
The structure of the bleomycin ’ Fe(H): DNA com- 
plex is not yet known5 

Recently, we synthesized methi~umpropyl-EDTA 
(MPE), which has the metal chelator, EDTA, teth- 
ered to the DNA intercalator, metbidimn6 
MPE. Fe(H) cleaves double helical DNA in the 
presence of oxygen and reducing agents such as 
dithiothreitol (DTT) at efficiencies comparable to 
bleomycin . Fe(II)/DTT. Unlike bleomycin . Fe(H), 

MPE . Fe(I1) cleaves DNA in a non-sequence speciJic 
manner consistent with spectrophotometric binding 
studies that indicate that methidium has no overall 
base composition specificity.’ Because MPE. Fe(I1) 
cleaves DNA with low sequence specificity, partial 
cleavage of drug protected DNA restriction frag- 
ments in combination with Maxam-Gilbert se- 
quencing gel analysis of the DNA cleavage patterns 
provides a direct method, “MPE. Fe(B) foot- 
printing”, for detaining the locations and size of 
the binding sites of small molecules on native DNA.s 

With the discovery that attachment of 
EDTA - Fe(I1) to a DNA binding molecule such as 
methidium creates an eficienr DNA cleaving mole- 
cule, we undertook the attachment of EDTA to 
sequence specific DNA binding molecules. The anti- 
biotic distamycin is a tripeptide containing three 
N-methyIpyKole carboxamides which binds in the 
minor groove of double helical DNA with a strong 
preference for adenine and thymine rich regions.9 The 
sequence specificity of distamycin binding pre- 
sumably results from hydrogen bonding between the 
amide NHs of the antibiotic and the o(2) of tbymines 
and N(3) of adenines.‘O The N-me~ylpy~ole tripep 
tide was chosen as the sequence specific DNA binding 
unit for the subsequent attachment of EDTA. The 
EDTA moiety was tethered to the amino terminus of 
the tripeptide to afford distamycin-EDTA (DE).12 

In preliminary studies we found that DE ’ Fe(I1) in 
the presence of 0, and DTT cleaves DNA, although 
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Fig. 1. MPETFe(II). 

the cleavage is less efficient than with MPE . Fe(H) or 
bleomycin . Fe(H).” Importantly, DE. Fe(I1) cleaves 
DNA restriction fragments at highly localized sites 
fewer in number than bleomycin * Fe(H).‘* The fewer 
number of cleavage sites can be explained by larger 
binding site size requirements for DE. Fe(H) com- 
pared to those of bleomycin . Fe(H) whose binding site 
is known to be two base pairs. Initial studies revealed 
that DE. Fe(I1) caused several DNA strand scissions 
of unequal intensity clustered on each side of a 
binding region composed of four A + T bases.” 

In this manuscript we describe the synthesis and 
study of EDTA-distamycin (ED), which has the EDTA 
attached to the carboxy terminus of the tripeptide unit. 
A comparison of the DNA cleavage patterns produced 
by DE * Fe(H) and ED. Fe(H) on several restriction 
fragments affords new information on the binding sites 
and the preferred orientation of the tripeptide unit, and 
by extension, distamycin on DNA. Thus the EDTA 
attachment strategy leads to a class of “DNA affinity 
cleaving molecules*’ which allow the binding sites and 
binding site sizes of small molecules on heterogeneous 
DNA to be determined ditectly. The synthetic meth- 
odologyusedfortheconstructionofDEandEDshould 
be useful for future work on sequence specific DNA 
cleaving molecules. 

HN 

RESULTS 

Synthesis of distamycin-EDTA. The N-hydroxy- 
benzotriazole esterI of the known nitro acid 5,i4 avail- 
able in eight steps by known methodology from N- 
methyl-pyrrole-2-carboxylic acid, was condensed with 
3dimethylaminopropylamine to afford nitro amine 6. 
Subsequent reduction of the nitro group (hydrogen 
over 5% W/C, DMF) afforded diamine 7. This was 
condensed with the imidazolide” of the triethyl ester 
IO, available in four steps from EDTA. Hydrolysis 
(0.5M aq LiOH) and acidification gave 3. DE (3) was 
chromatographed on silica gel (230X@ mesh) with 
ammonia/ethanol, and was further purified by sup- 
porting it on an Amberlite XAD-2 column and wash- 
ing with 5% aqueous disodium EDTA, distilled water 
and eluting with methanol (Fig. 3). 

Synthesis of EDTA-distamycin. The imidazolide’s 
of the nitro acid S4 was condensed with excess 
3,3’-diamino-N-methyldipropylamine to afford nitro 
amine 12. This was condensed with the imidazolide of 
the triethyl ester 9, available in two steps from 
EDTA, affording the nitro triester 13. Reduction 
(hydrogen over 5% Pd/C, DMF) of the nitro group, 
acetylation, hydrolysis of the resulting tries& (0.5M 
aq LiOH) and acidification gave 4. ED (4) was 
purified by chromatography on silica gel (23m 
mesh) with ammonia/methanol (Fig. 4). 

DNA cleavage esfciency. DNA cleavage by 
DE. Fe(I1) and ED. Fe(I1) was followed by mon- 
itoring the conversion of supercoiled (form I) 
pBR322 plasmid DNA (IO-‘M in base pairs) to open 
circular and linear forms (forms II and III, re- 
spectively).16 The introduction of one single strand 
break converts form I to form II. We find that at 
low6 M concentrations DE . Fe(I1) and ED. Fe(I1) in 
the presence of O2 and DTT cleave DNA, although 
the cleavage is less efficient than with MPE . Fe(I1) or 
bleomycin . Fe(I1) (Table 1). 

Sequence specific cleavage. The sequence specific 
cleavage of heterogeneous double helical DNA by 
DE. Fe(I1) and ED. Fe(I1) in the presence of D’lT 

0 

Fig. 2. Left to right: Distamycin A, DE. Fe(H) and ED. Fe(H). 
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Fig. 3. Synthetic Scheme for DE. 

and O2 was examined on three DNA restriction frag- 
ments. These fragments (167,279, and 38 1 base pairs 
in length) were prepared by the usual methods from 
bacterial plasmid pBR322 DNA and were 3’ end 
labeled with 32P.‘7*‘* Each DNA cleaving reagent was 
allowed to react at two different concentrations with 
each DNA restriction fragment for 30 min at 25”. The 
samples were frozen, lyophilized, suspended in for- 
mamide, and electrophoresed on a 0.4mm, 8% 
~lya~~lamide/~~ urea Maxam-Gilbert se- 
quencing gel capable of resolving DNA fragments 
differing in length by one nuckotide.” The auto- 
radiogram of the Maxamailbert gel is shown in Fig. 
5. The MPE * Fe(H) lanes show a uniform DNA 
cleavage pattern indicative of relatively non-sequence 
specific cleavage. In contrast, DE. Fe(B) and 

ED-Fe(B) both show a nonrandom pattern with 
DNA cleavage ~ntined to highly localized sites. A 
comparison with the Maxam-Gilbert G-lane reveals 
the A +T rich sites cleaved by DE. Fe(I1) and 
ED. Fe(H). Importantly, the cleavage patterns of 
DE * Fe(I1) and ED * Fe@) occur itI similar locations 
but with opposite intensity (Fig. 6). 

167 Restriction frugment. The 70 bases analyzed 
from the autoradiogram of the Maxam-Gilbert gel 
(Fig. 6) for the 167 base pair restriction fragment 
show two cleavage sites by DE + Fe(B) and three by 
ED-Fe(H) (12.5 PM concentration, 0.125 DE or 
ED/base pairs). These cleavage sites cover 2-5 con- 
tiguous base pairs separated by the sequence 
Y-TIT-Y (base pairs 91-93). The cleavage sites 
flanking this sequence are of unequal intensity. The 

Table 1. Cleavage of pBR322-plasmid in the pmemx of DTT 

HJJ!A+?e~II) 10-c 7 
DE-Fe(X) 
ED*Fe(II) 

102 5 70 x 

WE*Fe(II) ii-7 t xi: 
4 
9 

Bleanycin*Fe(II) 10-7 0 48 52 
Form I pi3R322 (10-b M bp), DNA cleaving reagent, buffer (10 H Ris Xl, 50 m 
N&X, pH 7.4) and WIT (13fM) here allwed to react at 25eC for 30 minutes and 
guefiched. In all cases reactions were carried to carpfetim. Forms 1, II and 
111 were analyzed by agarose gel electrq;jroreefe and guantitated by 
denaitanetry after ethidium brcmide staining. 
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Fig. 4. Synthetic Scheme for ED. 

Fig. 5. Autoradiogram of Maxamailbert sequencing gels. Lanes I, 8. 1% Bleomycin . Fe@) 4 x 10e6 M; 
Lanes 2, 9, 16: MaxamXiilbert G reaction; Lanes 3, 10, 17: MPE. Fe@) 1 x 10es M; Lanes 4, 11, 18: 
DE.Fe(II) 1.25 x lo-‘M; Lanes 5, 12, 19: ED.Fe(II) 1.25x 10mJM; Lanea 6, 13, u): DE.Fe(II) 
5 x lo-‘M; Lanes 7, 14,21: ED.Fe(II) 5 x 10-sM. All reactions aremadeup to lo-‘M bp DNA with 
sonicated calf tbymus DNA in 10 mM Tris . HCl, pH 7.8.50 mM N&l, 1 mM LYIT. Base pain shown 

from bottom to top: 77-146 (167 fragment) 68-146 (279 fragment) 77-176 (381 fragment). 
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167 bp fragment 

461 

50 90 
5’ 108CACCOTBTATGAAATCTA*C~TCCCCTC;tDCQTCATCC~CmBQC*CCGT~~CCTGOAT~~~*A~~ 

=P S TCCOTQOCACATACTTlAGATTGllAO~6~AOlA~CAOTA~~A~CCQlO~CAQl~QOACClAC6ACAlCCQ 

5’ CGG~GGCCAAIOC~GTCGGACAG~CTCCGAGA~CGGGT~G~~AGAAATTG~T AACGCA%TAGCGCTA%AGCACGCC%AGTGACTdGATGC 
‘*P 3’ GCCGCCQQTTTCOCCAOCCTGTCACGAGOCTCTTGCCCAC6COTATCTTTAACQTA TTGCGTATATCQC~ATCQTCOTGCQI~TATCACTGACCGCTACQ & 

DE h III) ‘jl’ 11’ 

ED Fe 111) ‘f’ 111, 

Fig. 6. Histogram of the autoradiogram of the Maxam-Gilbert gels from Fig. 5. Shown are DNA 
fragments 167 bp, lanes 4 and 5; 279 bp. lanes 11 and 12; and 381 bp, lanes 18 and 19. 

major cleavage site for DE * Fe(H) is on the 3’ end of 
the 3’-TIT-5 sequence. The major cleavage site for 
ED * Fe(H) is on the 5’ end. 

279 Restriction fragment. The 70 base pairs ana- 
lyzed from the autoradiogram of the Maxam-Gilbert 
gel (Fig. 6) for the 279 base pair restriction fragment 
show two cleavage sites by DE. Fe(H) and 
ED. Fe(B). The cleavage sites covering 3-5 base 
pairs are of unequal intensity and flank the sequence 
3’-ACA-5’ (base pairs 12S127). For DE * Fe(H) the 
major cleavage is on the 5’ end of the 3’-ACA-5’ 
sequence and for ED. Fe(H) it is on the 3’ end. 

381 Restriction fragment. The 100 bases analyzed 
from the autoradiogram of the Maxam-Gilbert gel 
(Fig. 6) for the 381 base pair restriction fragment 
show two cleavage sites by both DE * Fe(H) and 
ED. Fe(H). The cleavage sites covering 3-5 base 
pairs are of unequal intensity and flank the sequence 
3’-‘FIT-5 (base pairs 124-126). For DE. Fe(H), the 
major cleavage site is on the 3’ end of the 3’-TIT-5 
sequence and for ED * Fe(H) it is on the 5’ end. 

Opposite strand analysis. The 381 base pair frag- 
ment was labeled at the 5’ end of the Bam HI 
restriction site. The cleavage patterns for DE. Fe(H) 
and ED * Fe(H) on this 5’ end labeled 381 fragment 
were compared to the cleavage patterns produced on 
the 3’ end labeled strand. The autoradiogram of the 
gel is shown in Fig. 7. The 70 bases analyzed from the 
autoradiogram of the Maxam-Gi1bet-t gel (Fig. 7) for 
the 5’ end labeled restriction fragment show a DNA 
cleavage pattern that is asymmetric, shifted to the 3’ 
end for both DE. Fe(H) and ED * Fe(H) (Fig. 8). 

DISCUSSION 

Cleavage eficiency. The decreasing order of 
efficiency for cleavage of supercoiled DNA 
is bleomycin . Fe(H) > MPE . Fe(H) > ED * Fe(H) > 

DE * Fe(H) (Table 1). DE * Fe(H) and ED. Fe(H) 
cleave DNA at least an order of magnitude less 
effectively than MPE . Fe(H) or bleomycin . Fe(H). 
The reduced cleavage efliciency of DE and ED may 
result from binding constants lower than MPE or 
bleomycin and/or fewer available binding sites due to 
higher sequence recognition requirements. 
MPE . Fe(H) affords a uniform cleavage pattern9 and 
thus can cleave at each of 4362 base pairs of super- 
coiled pBR322 DNA. DE. Fe(H) and ED * Fe(H) ap 
pear to have a five base pair recognition site com- 
posed of A + T bases. This could reduce the number of 
available sites on pBR322 for DE. Fe(H) and 
ED . Fe(H) cleavage by at least an order of magnitude. 
Bleomycin . Fe(H) binds guanine-pyrimidines, a two 
base pair requirement and thus has lower sequence 
requirements than DE or ED. However, the natural 
product is probably a more efficient cleaving agent, 
thereby affording slightly higher cleavage efficiencies 
than even MPE. 

Sequence specificity. The cleavage patterns of 
DE. Fe(H) and ED. Fe(H) are characterized by two 
intense cleavage sites covering two to four base pairs 
separated by a minimum of three A + T base pairs. 
We believe that DE . Fe(H) and ED. Fe(H) bind to a 
sequence between the two sites and cleave the 
flanking bases. The three to five DNA strand scis- 
sions on each side of the DE * Fe(H) binding site 
could reflect the reach of the flexible tether con- 
necting EDTA * Fe(H) to the pyrrole tripeptide, mul- 
tiple binding modes such as sliding one or two base 
pairs within that site, or more likely generation of a 
diffusible reactive species such as hydroxyl radical. 
The fact that there is a cluster of strand scissions on 
both sides of the intervening three to four base pair 
binding sequence suggests that the pyrrole tripeptide 
groove binder can assume two orientations. The 
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Fig. 7. Autoradiogram of Maxam-Gilbert sequencing 
gels. DE. Fe(H) 1.25 x lo-’ M; ED. Fe(U) 1.25 x 10-r M. 
All reactions are made up to lo-’ M by DNA with sonicated 
calf thymus DNA in 10 mM. tris . HCI, pH 7.8,50 mM NaCI, 

1 mM DTT. 

DE.FelP) 
3’ CGTATCTTT+M$GTAGT 

rlr III, 
ED. FeGO 

5’ GCATAGAAATTGCATCA 
3’ CGTATCTTTAACGTAGT 

“I’ qp 

Fig. 8. Histogram of the DNA cleavage patterns on og 
posite strands taken from the Maxam-GilLxrt gel (Fig. 7) of 

the 381 base pair restriction fragment. 

unequal intensity of the cleavage sites reveals the 
preferred orientation of the tripeptide unit. The op- 
posite polarity of the major cleavage site by DE and 
ED confirm this interpretation. 

The precise correspondence between the cleavage 
sites and the tripeptide binding site is uncertain from 

the single strand analysis. In order to understand the 
precise relationship between the DNA cleavage pat- 
terns and the major and minor binding sites we 
examined the cleavage patterns on opposite strands 
of the DNA. The DNA cleavage patterns are asym- 
metric and shifted to the 3’ end. This shift can be 
understood by examining a model of right-handed B 
DNA (Fig. 9). 

For an EDTA. Fe(B) group site-specifically 
placed in the minor groove of right-handed DNA, the 
proximal deoxyriboses on opposite strands are two 
base pairs apart. As a consequence of the right 
handed helical nature of the DNA they are to the 3’ 
side of the EDTA . Fe(H) group. Assuming the mul- 
tiple cleavage events then result from a fixed place- 
ment followed by a diffusible reactive species such as 
hydroxyl radical, the average position of the 
EDTA . Fe(H) group is given by the sites of cleavage. 
From this position the site of the attached DNA 
binding unit can be determined. A model for the 
relationship between the cleavage pattern and the 
binding site for DE * Fe(H) is given in Fig. 10. If the 
major and minor orientations of DE. Fe(H) bind the 
same site, it appears the tripeptide unit of distamycin 
covers five base pairs. Analysis of the ED * Fe(H) 
cleavage patterns supports a similar conclusion. 

5’ GCAThTT 
3’ CGTATCTTTAA 

‘II’ 

Fig. 9. Model for the asymmetric DNA cleavage patterns. 
Shown is the major cleavage pattern for DE. Fe(II) on the 

381 base pair restriction fragment. 

Fig. 10. Illustration relating the major DNA cleavage pat- 
terns on opposite strands to the major binding site of the 
tripeptide unit of DE. Fe(H) on the 381 base pair restriction 

fragment. 
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The carboxy terminus of the tripeptide unit is 
defined by the cleavage pattern produced by 
ED. Fe(H) and the amino terminus by the cleavage 
pattern produced by DE. Fe(H). The binding sites 
for the major and minor orientations of the ttipeptide 
binding unit are shown in Fig. 11 for the 381 base 
pair fragment. 

The site for the major orientation of the tripeptide 
unit is 3’-TlTAA-5’ with the amino terminus at the 
3’ end of the T rich strand. The minor site is the same. 

Stunmary. The attachment of EDTA. Fe(H) to 
distamycin changes the DNA binding antibiotic into 
a DNA cleaving molecule. The DNA cleavage pat- 
terns obtained by the sensitive Maxam-Gilbert se- 
quencing gel methods rev&l the tripeptide binding 
site and major orientation. EDTA-distamycin (ED), 
which has EDTA attached to the carboxy terminus of 
an N-methylpyrrole tripeptide cleaves DNA in a 
reaction dependent on Fe(H) and O2 at specific A + T 
rich regions of heterogeneous DNA. A comparison of 
ED. Fe(I1) and DE. Fe(II), which has EDTA at- 
tached to the amino terminus of the N-methylpyrrole 
tripeptide, shows similar cleavage patterns, of op 
posite polarity. The unequal intensity of the strand 
scissions of DE. Fe(I1) and ED. Fe(I1) cleavage al- 
low the major binding orientation of N- 
methylpyrrole tripeptide, and by extension, dis- 
tamycin, in the minor groove of DNA to be 
determined. Opposite strand analysis of the cleavage 
patterns for DE. Fe(I1) and ED. Fe(I1) allowed the 
position of the EDTA . Fe(I1) moiety to be deter- 
mined and as a result the recognition site of the 
tripeptide DNA binding unit. The binding site was 
determined to be 3’-TTTAA-5’ with the amino termi- 
nus at the 3’ end of the T rich strand. 

This general strategy of attaching cleaving func- 
tions (in this case a chelated metal capable of redox 
chemistry) to DNA binding molecules, “DNA 
affinity cleaving”, may be a useful direct method for 
determining the binding location, site size, and bind- 
ing orientation of small molecules on native DNA. 

Fig. 11. Binding sites for the major and minor orientations 
of the tripeptide unit on the 381 base pair restriction 

fragment. 

EXPERIMENTAL 

IR spectra were recorded on a Beckman 4210 spec- 
trophotometer. UV-visible spectra were recorded on a Beck- 
man Model 25 spectrophotometer. ‘H NMR spectra were 
recorded on a Vdrian Associates EM-390 (90 MHz) or Bru- 
ker WM 500 (500 MHz)19 smctrometer and are renorted in 
ppm from TMS. Mass spectra were recorded on Kratos 
MS-MS spectrometer equipped with a prototype SIMS ion 
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source (Cs’ ion beam).m Gel scans were performed on a 
Gary 219 spectrophotometer with an Apple microcomputer 
gel scanning program. 

Flash chromatography was performed by using EM Re- 
agents Silica Gel 60 (230-400 mesh). Reagent grade chem- 
icals were used without purification unless otherwise stated. 
Dimethylformamide was dried over 4A molecular sieves. 
N,N’-Carbonyldimidaxole was sublimed under reduced 
pressure prior to use. Ferrous ammonium sulfate was a 
Baker Analyzed Reagent. D’IT was obtained from Cal- 
b&hem. Blenoxane (70”/, bleomycin A, and 30% bleomycin 
w was generously supplied by Bristol Laboratories. MPE 
was prepared as previously described6 All nonaqueous reac- 
tions were run under argon with rigorous exclusion of water 
unless otherwise noted. Doubly distilled water was used 
for all biological reactions -and dilutions. Aqueous 
S’-(a’%lATP. triethvlammonium salt. 3000 Cilmmole, was 
from .&nersham and aqueous 3’(y”P)dATP; 500&9ooo 
Ci/mmole, was from ICN. Nucleotide triphosphates were 
from Bcehringer Mannheim. All enzymes were from New 
England Bioalabs except bacterial alkaline phosphatase and 
polynucleotide kinase which were from BRL. 

Nirro acid 5. This was prepared according to the pro- 
cedure of Bailer” on 10 times the described scale with the 
following modifications. N-Methyl-S-nitropyrrole-2- 
carboxylic acid was chromatographed with petroleum 
ether : ether (95 : 5) and N-methyl_Qnitropyrrole-2- 
carboxylic acid was eluted with petroleum ether:ether 
(25:75). N-Methyl-Qnitropyrrole-2carboxyl chloride was 
prepared by refluxing one equivalent of N-methyl4 
nitropyrrole-2-carboxylic acid with four equivalents of thio- 
nyl chloride for 4 hr. followed by removal of excess thionyl 
chloride under vacuum. The acid 5 was obtained in 30”/, 
overall yield: IR (KBr) 1690, 1650, 1600, 1565, 1530, 1500, 
1310, 1215, 1 IlOcn-‘; NMR (DMSO-d,) 6 3.84 (s, 3). 3.87 
(s, 3), 3.97 (s, 3). 6.85 (s, I), 7.1 (s, I), 7.25 (s, I), 7.26 (s, I), 
7.45 (s, I), 7.65 (s, I), 8.2 (s, I), 9.95 (s, I), 10.35 (s, I); UV 
(H,O) 291 (35, 64X1), 236 mn. 

EDT,4 -t&thy1 ester 9. To a soln of IO g (0.034 mol) 
EDTA in 250 mL dry EtOH was added with stirring I .5 mL 
H,SO,. The reaction was refluxed for 24 hr and the solvent 
was removed. Sat NaHCO, aq (50 ml) was added followed 
by 250mL CH,Cl,. The layers were separated and the 
organic layer was washed three times with sat NaHCO, aq. 
twice with water, dried (Na,SO,), and concentrated to afford 
11 g (80%) of crude tetraethylester. The ester 9 was prepared 
according to the procedure of Hay and Nolan.” To a soln 
of the unpurified tetraester and 4.6 g (0.027 mol) of 
CuCl, .2H,O in 500 mL water was added with stirring 1.3 g 
(0.032mol) NaOH in 7 mL water at such a rate as to 
maintain the pH at cu 5. The soln was then treated with H,S 
and filtered. The filtrate was concentrated and purified by 
flash chromatography on silica gel with loo/, MeOH in 
CH,Cl, to yield 9 g (90”/,) of 9: IR(CH,CI,) 3000.1745, 1380, 
121Ocm-‘; NMR (CHCI,) d 1.3 (1, 9 J = 9 Hz); 2.75 (s, 4), 
3.3 (s, 2). 3.4 (s, 2). 3.5 (s, 4). 4.1 (q, 6, J = 7 Hz); m/e 376 
(M+); TLC (silica gel, loo/, MeOH in CH& R,= 0.55. 

EDNA-friefhylesrer-linker 10. To a soln of 5 g (0.013 mol) 
9 and 1.52 g (0.13 mol) N-hydroxysuccinimide” in IO0 mL 
dioxane was added with stirring 2.7 g (0.013 mol) di- 
cyclohexylcarbodiimide in 20mL dioxane. The soln was 
stirred for 12 hr. filtered, and the filtrate concentrated. This 
residue was dissolved in IOOmL dimethoxyethane and 
added with stirring to a soln of 2 g (0.02 mol) 
Caminobutyric acid and 1.68 g (0.02 mol) NaHCO, in 
100 mL water. After 12 hr the solvent was removed in uacuo 
and the residue purified by Ilash chromatography on silica 
gel with 10% Me-OH in CH,Cl, to give 4 g (65%) of 10: IR 
(CH#&) 3000. 1740, 1665, 12lOcm’; NMR (DMSO-d,) 
d I.19 (t, 9, J = 7 Hz), 1.63 (m. 2). 2.2 (t, 2, J = 6Hz), 2.7 
(1. 2, J = 6 Hz), 3.1 (m, 2), 3.19 (s, 2). 3.45 (s, 2). 3.53 (s. 4). 
4.08 (m, 6). 8.0 (t. I); m/e 461 (M+). 

Nitro amine 6. To a soln of 2.5 g (6.0 mmol) 5, 0.68 g 
(6.6 mmol) 3dimethylaminopropylamine. and 0.89 g 
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(6.6 mmol) N-hydroxybenzotriaxolei3 in 10 mL dimethyl- 
formamide (DMF) was added with stirring at 0” 1.36g 
(6.6 mmol) dicyclohexylcarbodiimide. The soln was stirred 
at 0” for 1 hr and 25” for I2 hr. The dimethylformamide was 
removed under high vacuum at 35”. and the residue purified 
by flash chromatography on silica gel with 3% cone aqueous 
ammonia in MeOH to give 2. I g (70%) of 6: IR(KBr) 3130, 
2950, 1638, 1580, 1530, 1500, 1308, 125Ocm-‘; NMR 
(DMSOd& 6 1.6 (m, 2). 2.15 (s, 6). 2.28 (1, 2, J = 6 Hz), 3.2 
(m. 2), 3.8 (s, 3), 3.85 (s, 3), 3.95 (s, 3), 6.85 (s, I), 7.05 (s, 
1). 7.2 (s, I), 7.27 (s, I), 7.6 (s, l), 8.05 (t, I), 8.15 (s, l), 9.95 
(s, I), 10.35 (s, 1); UV (I&O) 286, 238 nm m/e 499 (M+). 

Distamycin-EDTA-triethylester 11. A soln of 1 g 
(2.0 mmol) of 6 in 20 mL dimethyl-formamide was hydro- 
genated over 200 mg of 5% Pd-L at atmospheric pressure for 
12 hr. The mixture was filtered through Celite affording the 
crude 7. To a soln of 0.93 g (2.0 mmol) 10 in 25 mL DMF 
was added with stirring 0.36g (2.2mmol) N,N’- 
carbonyldiimidazole in 5 mL DMF. After 2 hr. 7 was added 
and the resulting soln was stirred for 12 hr. DMF was 
removed under high vacuum at 35” and the residue purified 
by flash chromatography on silica gel with 3% cone aqueous 
ammonia in MeOH to yield 0.9 g (48%) 11: IR(KBr) 2940, 
1730, 1650, 1570, 1530, 1460, 1430, 1400, 1250, 12OOcm’; 
NMR (DMSO-dd S 1.19 (1.9, J = 7 Hz), 1.6 (m. 2). 1.75 (m. 
2). 2.13 (s, 6). 2.2 (1, 2). 2.26 (t, 2), 2.7 (m, S), 3.1 (m, 2). 
3.2 (m. 2), 3.2 (s, 2), 3.45 (s, 2). 3.55 (s, 4). 3.84 (s, 3). 3.88 
(s, 3), 3.90 (s, 3). 4.08 (m. 6). 6.8 Is. I). 6.86 (s. 1). 7.0 (s. 
I), 7.16 (s, i), 7.18 (s, i),.7.22 (s, ij, 8.b (1. lj,‘s.OS (t, 1,; 
9.8 (1. 1). 9.88 (t. 1). 10.37 (s, 1); UV (I&O) 298,234nm; m/e 
912 (M+). 

Distamycin-EDTA 3. To a soln of 0.25 g (0.37 mmol) of 
11 in 5 mL EtOH was added with stirring 5 mL 0.5 M LiOH 
aq. The resulting soln was stirred for 12 hr and acidified to 
pH 4 with loo/, HCI aq. The solvent was removed under 
vacuum at 35” and the residue purified by flash chro- 
matography on silica gel with 20”/, cone aqueous ammonia 
in EtOH. Final purification was carried out by loading the 
product dissolved in water on to an Amberlite XAD-2 
column and washing with 2 L water. Elution with MeOH 
afforded 0.15 g (66%) 3: IR(KBr): 2960, 1730, 1640, 1565, 
1550. 1465. 1435. 1260.1210. 1105cm’: NMR fDMS0d.b 
d 1.73 (m, 2), 1.85 (m. i), 2.3(t, 2, J= 7’H.r). 2.72 (s, 6), 3.05 
(t. 2), 3.13 (m. 2). 3.22 (m, 2), 3.4 (1, 2, J = 6 Hz), 3.45 (t, 
2, J = 6Hz), 3.8 (s, 3). 3.82 (s, 3), 3.83 (s, 3). 3.93 (s, 4), 4.04 
(s, 2). 4.17 (s, 2). 6.91 (s, l), 6.93 (s, I), 7.05 (s, 1), 7.18 (s, 
I), 7.22 (s, I), 7.26 (s, 1). 8.25 (t, l), 8.86 (t, I), 9.95 (s, I), 
9.97 (s, I), 10.15 (s, I); UV (H,O): 297 (35,600), 236 nm 
(29,400); m/e 866 (C,,H,,N,,O,,K+). 

Nitro amine 12. To a soln of 2.5 g (6.0 mmol) of 5 in 
50 mL DMF was added with stirring 1.07 g (6.6 mmol) 
N,N’carbonyldiimidale’5 in 1OmL DMF. After 2 hr, 
9.6 g (66 mmol) 3,3’diamino-N-methyldipropylamine was 
quickly added and the resulting soln was stirred for 12 hr. 
The DMF was removed under high vacuum at 35” and the 
residue was triturated three times with ether. The crude 
product was purified by flash chromatography on silica gel 
with 12% cone aqueous ammonia in MeOH to yield 2.3 g 
(68%) of 12: IR(KBr) 2960, 1640, 1580, 1530, 1311, 
1210cn-‘: NMR (DMSO-(t) S 1.46 (m.21. 1.6 (m. 2). 2.12 . I II . , II 
(s, 3) 2.33(t, 4. J=7Hz),235(s,2), 3.2(m,4), 3.8O(s.3), 
3.86 (s, 3). 3.96 (s, 3), 6.8 (s, I). 7.04 (s, 1). 7.2 (s, I), 7.27 
(s, I), 7.6 (s, I), 8.05 (t. I), 8.2 (s, I), 9.94 (s, l), 10.3 (s, 1); 
UV (H,O) 294, 239 run; m/e 542 @I+). 

Nitro EDTA-rriethylesrer 13. To a soln of 1.39g 
(3.7mmol) of 9 in 25mL DMF was added with stirring 
0.66 g (4.07 mmol) N,N’-carbonyldiimidazole’5 in 5 mL 
DMF. After 2 hr. 2 g (3.7 mmol) of 12 was added and the 
resulting soln was stirred for 12 hr. DMF was removed 
under high vacuum at 35” and the residue was purified by 
flash chromatography on silica gel with 3% cone aqueous 
ammonia in EtOH to yield 2.5 g (75%) of 13: IR(KBr) 2950, 
1735, 1640, 1590, 1525, 1500, 1438, 1400, 1310, 1255, 1210; 
NMR(DMSOd~dl.15(t,9,J=7Hz),1.55(m,2),1.6(m, 

2). 2.12 (s, 3), 2.7 (m. 4). 3.12 (m, 2), 3.18 (s, 2), 3.20 (m. 
2). 3.44 (s. 2). 3.5 (s. 4). 3.8 (s. 3). 3.86 (s. 31.3.97 (s. 3). 4.05 , ,- , ,. 
(in, 6). 6.82(s, 1). 7.05 (s, I), 7.19 (s, ii 7.27 (s, ij i.59 (s, 
1). 7.96 (1, I), 8.03 (t. I), 8.18 (s, I), 8.56 (s, l), 8.9 (s, 1); 
UV (HrO) 288, 240 run; m/e 900 (M+). 

EDTA-distamycin-triethylester 14. A soln of 1 g 
(1.11 mmol) of 13 in 10 mL DMF was hydrogenated over 
200 mg of 5% W-C at atmospheric pressure for 12 hr. The 
mixture was filtered through Celite alfording the crude 
15. To a soln of 0.08 g (1.33 mmol) AcOH in 3 mL DMF 
was added with stirring 0.22 g (1.33 mmol) N,N’- 
carbonyldiimidaxole in 3mL DMF. After 2 hr. 15 was 
added and the resulting soln was stirred for 12 hr. DMF was 
removed under high vacuum at 35” and the residue purified 
by flash chromatography on silica gel with 2% cone aqueous 
ammonia in MeOH to yield 0.55 g (54%) of 14: IR(KBr) 
2950, 1730, 1650, 1580, 1550, 1535, 1460, 1440, 1400, 1260. 
1210 cm-‘; NMR (DMSOdd b 1.17 (t, 9, J=7Hz), 1.55 
(m, 2). 1.6 (m, 2), 1.97 (s. 3). 2.12 (s. 3), 2.28 (m, 4), 2.65 
(m. 2), 2.70 (m. 2), 3.12 (m. 2), 3.17 (s, 2). 3.17 (m, 2), 3.44 
(s, 2), 3.5 (s, 4), 3.85 (s, 3), 3.88 (s, 3). 3.9 (s, 3), 4.08 (g, 6, 
J = 7 Hz), 6.8 (s, I), 6.84 (s, 1). 6.98 (s, l), 7.02 (s, I), 7.14 
(s, I), 7.17 (s, I), 7.22 (s, 1). 7.62 (s, I), 7.97 (1. l), 8.02 (t, 
I), 9.83 (s, I), 9.9 (s, 1); UV (H,0)304, 235nm; m/e 912 
(M+). 

EDTA-distamycin 4. To a soln of 0.25 g (0.27 mmol) of 14 
in 5 mL EtOH was added with stirring 5 mL 0.5 M LiOH 
aq. The resulting soln was stirred for 12 hr and acidified to 
pH 4 with loo/, HCl aq. The solvent was removed under high 
vacuum at 35” and the residue purified by flash chro- 
matography on silica gel with 3% cone ammonia in MeOH 
to yield 0.17 g (75%) of the ammonium salt of ED 4: IR 
(KBr) 2950, 1635, 1580, 1460, 1430, 1400, 1255, 1205. 
I105an-‘; NMR (D,O) 6 1.87 (s, 3), 1.9 (m,4), 2.8 (s, 3), 
2.93.13 (m, 12). 3.17-3.3 (m, 6). 3.53 (s, 3), 3.57 (s, 3), 3.6 
(s, 3). 3.67 (s, 2). 6.42 (s, I), 6.48 (s, 1). 6.56 (s, I), 6.8 (s, l), 
6.83 (s, l), 6.87 (s, I; UV (H,O) 303 nm (35,000 est.) 235 
(29,500 est.); m/e 828 (M+). 

Preparation of supercoiled pBR 322 DNA and end-labeled 
restriction fragments. DNA for this investigation was bacter- 
ial plasmid pBR322 whose entire sequence is knownrr The 
plasmid was grown in E. coli strain HBlOl and isolated by 
the methods of Tanaka and Weissblum.” Superhelical 
pBR322 plasmids, containing 98.5% form I DNA, were first 
digested with the restriction. endonuclease EcoRI and then 
labeled at the 3’ end with [a-3nPJdATP and the Klcnow 
fragment of DNA polymerase I.” A second enzymatic 
digest with the restriction endonuclease Rsa I yielded two 
end labeled fragments, 167 and 516 nucleotides in lengths. 
These were isolated by gel electrophoresis on a 5% poly- 
acrylamide, 1: 30 crosslinked, 2 mm thick gel. Isolation of 
the two fragments from the gel and subsequent procedures 
were similar to those of MaxanClilbert.” In a simlar 
fashion, pBR322 DNA was restricted with Bam HI and 
labeled at the 3’ end. Further restriction with Eco RI and 
Sal I yielded a 381 and a 279 base pair fragment respectively. 
The j81 base pair fragment was -5’ lab&d at the- Barn HI 
site by cleavage of pBR322 with Barn HI, treatment with 
bacterial alkaline phosphatase, followed by treatment with 
Iv ‘%ATP and nolvnucleotide kinase.” Further restriction 
with ‘Eco RI yieid&l the desired fragment. 

Cleavage reactions. All reactions were run with freshly 
prepared drug-iron complexes. Equimolar drug-Fe(I1) com- 
plexes were made by combining aqueous drug stock solu- 
tions (- 10 mM, checked spectrophotometrically before 
use) with a IOmM aqueous ferrous ammonium sulfate 
solution and then diluting with water to the appropriate 
drug-iron concentration. The cleavage reactions were ini- 
tiated by adding 2~1 of a drug-Fe(I1) solution to 1681 of 
a buffered DNA solution (final concentrations and buffers 
and in figure legends) followed by 2 ~1 of an aqueous 10 mM 
DTI solution. The reactions were thoroughly mixed by 
vortexing, spun down and incubated at 25” for 30min. 

Analysis of the cleawge egiciency. The cleavage reactions 
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were conducted with IO yM pBR322 superhelical DNA 
containing > 98% from I DNA. After I/2 hr at 25” the 
reactions were quenched with 4~1 of a 50 mM disodium 
EDTA, loo/, ficol soln and electrophomsed on a 1% agarose 
gel at 120 V for 4 hr. The gel was then stained with ethidium 
bromide, destained and photographed with polaroid type 55 
positive-negative land film under long wavelength IJV 
irradiation. The negative film was then scanned at 485 nm 
on a Cary 219 spectrophotometer and the peak areas of the 
form I, II and III bands were determined by a gel scanning 
program. The data was then corrected for the decreased 
stainabilitv of form I DNA.6 and for the mesence of 1.5”/. 
form II in* the original sample. 

I_ 

Analysis of rhe sequence specificity of the cleavage reac- 
lions. The cleavage reactions were run with > 600 cpm of ‘*P 
3’ end labeled restriction fragments made up to a total DNA 
concentration of IOOpM (bp) with sonicated calf thymus 

DNA. The reactions were run at 25” for l/2 hr and termi- 
nated by lyophilization and suspension in 4 81 of a pH 8.3 
100 mM Tris-Borate, soO/, formamide soln. These were then 
loaded on a 0.4mm thick, 4Ocm long, 8% polyacrylamide, 
I :20 crosslinked, soo/, urea gel and electrophoresed at 
1500 V until xylene cyanol tracking dye was at the bottom 
of the gel. Autoradiography of the gels was carried out at 
- 50” on Kodak, X-Omat AR film and the autoradiograms 
were then scanned at 485 nm. The relative peak area for a 
particular site was equated to the relative cleavage efficiency. 
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