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ABSTRACT In the presence of O2 and 5 mM dithiothreitol,
penta-N-methylpyrrolecarboxamide-EDTA-Fe(II) [P5E*Fe(lI)] at
0.5 ILM cleaves pBR322 plasmid DNA (50 pAM in base pairs) on
opposite strands to afford discrete DNA fragments as analyzed by
agarose gel electrophoresis. High-resolution denaturing gel elec-
trophoresis of a nP-end-labeled 517-base-pair restriction frag-
ment containing a major cleavage site reveals that P5E-Fe(li) cleaves
3-5 base pairs contiguous to a 6-base-pair sequence, 5'-T-T-T-T-
T-A-3' (4,323-4,328 base pairs). The major binding orientation of
the pentapeptide occurs with the amino terminus at the adenine
side of this sequence. In the presence of 5mM dithiothreitol, 0.01
pzM P5E-Fe(II) converts form I pBR322 DNA at 0.22 IzM plasmid
(1.0 mM in base pairs) to 40% form II, indicating the cleavage re-
action is catalytic, turning over a minimum of nine times. This
synthetic molecule achieves double-strand cleavage of DNA (pH
7.9, 25QC) at the 6-base-pair recognition level and may provide an
approach to the design of "artificial restriction enzymes."
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Restriction endonucleases (type II) cleave double-helical DNA
on opposite strands at or close to a defined recognition se-
quence typically 4-6 base pairs in size (1-3). The ability of these
enzymes to cleave double-stranded DNA into unique DNA
fragments is useful for DNA sequence determinations, chro-
mosome analyses, gene isolation, and recombinant DNA ma-
nipulations. We describe here our initial efforts toward the de-
sign of synthetic, sequence-specific, double-strand DNA-cleaving
molecules. Attachment of EDTA.Fe(II) to a sequence-specific
DNA-binding molecule creates a sequence-specific DNA-
cleaving molecule (4, 5). The natural product distamycin A is
a tripeptide containing three N-methylpyrrolecarboxamides that
binds in the minor groove of double-helical DNA with a strong
preference for A+T-rich regions (6-11). The sequence speci-
ficity of distamycin binding presumably results from hydrogen
bonding between the amide NHs of the antibiotic and the 0-
2 of thymine or the N-3 of adenine (12-15). Distamycin-
EDTA.Fe(II) [DE.Fe(II)] and EDTA-distamycin-Fe(II) [ED-Fe-
(II)], which contain EDTA tethered to the amino or carboxyl
terminus of an N-methylpyrrole tripeptide, respectively, cleave
DNA adjacent to 5-base-pair A+T recognition sites (4, 5).
DE.Fe(II) and ED-Fe(II) cleavage of double-helical DNA is
confined mostly to single-strand scission (4, 5). The question
arises whether a DNA-binding molecule with increased spe-
cific base-pair interactions would efficiently cleave DNA on op-
posite strands.
We report the synthesis of a sequence-specific, double-strand

DNA-cleaving molecule, penta-N-methylpyrrolecarboxamide-
EDTA.Fe(II) [P5E-Fe(II)] (Fig. 1). This bifunctional molecule
has EDTA tethered to the amino terminus of an N-methyl-
pyrrole pentapeptide (16, 17). In the presence of 02 and di-
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FIG. 1. Penta-N-methylpyrrolecarboxamide-EDTA-Fe(II).

thiothreitol, P5E.Fe(II) cleaves double-helical pBR322 plasmid
DNA (4,362 base pairs) on opposite strands to afford discrete
DNA fragments.

MATERIALS AND METHODS
Penta-N-methylpyrrolecarboxamide-EDTA (P5E) was synthe-
sized and purified by procedures analogous to those described
for distamycin-EDTA (DE) and EDTA-distamycin (ED) (4, 5).
The NMR, IR, UV, and mass spectral data are consistent with
the assigned structure. Fe(NH4)2(SO4)2-6H20 was obtained from
Baker and dithiothreitol was from Calbiochem. Aqueous 5'-d[a-
'P]ATP triethylammonium salt (3,000 Ci/mmol; 1 Ci = 37 GBq)
was from Amersham, and aqueous 3'-d[-32P]ATP (5,000-9,000
Ci/mmol) was from ICN. Nucleotide triphosphates were from
Boehringer Mannheim. All enzymes were from New England
BioLabs except bacterial alkaline phosphatase and T4 polynu-
cleotide kinase, which were from Bethesda Research Labora-
tories. Solutions of Fe(NH4)2(S04)2, dithiothreitol, and P5E were
prepared freshly. P5E was characterized spectroscopically be-
fore use. DE and P5E were mixed immediately before use with
Fe(II) at 1 mM concentrations and diluted appropriately. DNA
for this investigation was isolated from the bacterial plasmid
pBR322, whose entire sequence is known (18). Milligram quan-
tities of the plasmid were grown in Escherichia coli, strain HB

Abbreviations: kb, kilobase(s); MPE.Fe(II), methidiumpropyl-EDTA-
Fe(II); P5E-Fe(II), penta-N-methylpyrrolecarboxamide-EDTA-Fe(II);
DE-Fe(II), distamycin-EDTA-Fe(II); ED'Fe(II), EDTA-distamycin-Fe-
II).
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101, and isolated by procedures similar to those of Tanaka and
Weisblum (19). Calf thymus DNA (Sigma) was sonicated, de-
proteinized, and extensively dialyzed.

Cleavage Efficiency Assay. Each DNA-cleaving reagent
[DE-Fe(II) and P5E-Fe(II)] was allowed to equilibrate for 1 hr
at 370C with supercoiled (form I) pBR322 DNA (10 ,M in base
pairs) in a buffer containing 40 mM Tris base and 5 mM NaOAc
at pH 7.9. The reaction was initiated by adding an aqueous so-
lution of dithiothreitol. Final concentrations are given in Table
1. The cleavage reactions were allowed to run to completion
(1.5 hr at 250C), quenched with 4 1 of 50 mM Na2EDTA/10%
Ficoll, and electrophoresed on a 1% agarose gel at 120 V for 4
hr. Forms I, II, and III were analyzed by ethidium bromide
staining, quantitated by densitometry, and corrected for de-
creased stainability ofform I DNA and for the presence of 1.5%
form II in the original sample.

Double-Strand-Cleavage Assay. Linear pBR322 plasmid DNA
was obtained by digestion of superhelical plasmids with the re-
striction endonuclease EcoRI, followed by ethanol precipita-
tion. P5E Fe(II)/dithiothreitol reactions were carried out as
described above. The final concentrations were: 0.5 ,M and
1.0 ,M P5EFe(II), 5 mM dithiothreitol, and 50 AM (in base
pairs) DNA. Reactions were analyzed by 1% agarose gel elec-
trophoresis and ethidium bromide staining. The approximate
P5E-Fe(II) cleavage sites were located by digestion of pBR322
with several restriction enzymes followed by P5E-Fe(II) (0.5
AM) cleavage. Changes in the lengths of the resulting DNA
fragments could be correlated with the locations of the cleavage
sites. Mapping restriction enzymes used were EcoRI, Sal I, Nde
I, Ava I, HindIl + Ava I, Taq I, and Rsa I.

Preparation of Specifically Labeled DNA Fragments. Su-
perhelical pBR322 plasmid DNA was digested with the restric-
tion endonuclease EcoRI and then labeled at the 3' end with
d[a-32P]ATP with the use of the Klenow fragment of DNA
polymerase I (20). A second enzymatic digest with the restric-
tion endonuclease Rsa I yielded two end-labeled fragments, 167
and 517 nucleotides in length. These were isolated by gel elec-
trophoresis on a 2-mm thick 5% polyacrylamide (1:30 cross-
linked) gel. Isolation of the two fragments from the gel and sub-
sequent procedures were similar to those of Maxam and Gilbert
(20). Cleavage of pBR322 with EcoRI and successive treatment
with bacterial alkaline phosphatase, d[y-32P]ATP and T4 poly-
nucleotide kinase (20), followed by digestion with Rsa I, yielded
the 517- and 167-bp DNA fragments labeled with 32p at the 5'
end.

High-Resolution Denaturing Gel. The cleavage reactions were
run as described above with >600 cpm of 32P-end-labeled re-
striction fragments made up to a total DNA concentration of
100 AM (in base pairs) with sonicated calf thymus DNA. Final
concentrations were 1.2 -M P5E-Fe(II) and 1 mM dithio-
threitol. The reactions were run at 25°C for 1 hr, terminated
by freezing (-78°C), lyophilized and suspended in 4 Al of 100
mM Tris borate/50% fonnamide at pH 8.3. These samples were
heat-denatured and loaded on a 0.4-mm thick, 40-cm long, 8%
polyacrylamide (1:20 crosslinked)/50% urea gel and electro-
phoresed at 1,500 V (20, 21). Autoradiography of the gels was
carried out at -50°C on Kodak, X-Omat AR film, and the au-
toradiograms were scanned at 485 nm on a Cary 219 spectro-
photometer. The relative peak area for each site was equated
to the relative cleavage efficiency.

RESULTS
Cleavage Efficiency. The DNA cleavage efficiency of P5E-

Fe(II) was followed by monitoring the conversion of super-
coiled pBR322 plasmid DNA (form I) to open circular (form II)
and linear forms (form III). Unlike DE-Fe(II), P5EFe(II) re-

Table 1. Cleavage of pBR322 plasmid DNA (10 XM in base
pairs) in the presence of 5 mM dithiothreitol

Concentration, Form %
Reagent AM I II m

EDTA Fe(II) 1.0 96 4 0
DE-Fe(ll) 1.0 32 68 0
P5E Fe(II) 0.1 3 59 38
P5E Fe(II) 0.01 48 47 5
P5EFe(Il)* 0.01 60 40 0

All reactions were run to completion; P5E was preequilibrated at 370C
for 1 hr.
*DNA at 1 mM in base pairs.

quired equilibration (37TC for 1 hr) with the DNA before ini-
tiation of cleavage with dithiothreitol for optimum efficiency.
In the presence of 02 and dithiothreitol (5 mM), P5E-Fe(II) at
0.01 .M concentration efficiently cleaved DNA (10 AuM in base
pairs) at almost 2 orders of magnitude lower concentration than
required for efficient DE.Fe(II) cleavage (4, 5). Importantly,
P5E-Fe(II) at 0.01 AM concentration in the presence of 5 mM
dithiothreitol cleaved form I pBR322 DNA at 0.22 ,M plasmid
(1 mM in base pairs) to 40% form II DNA (Table 1). If one as-
sumes the conversion of form I to form II represents a mini-
mum of one-strand scission, this result corresponds to a min-
imum of nine single-strand cleavage events per P5E-Fe(II)
molecule.

Double-Strand Cleavage. The sequence-specific double-
strand cleavage of DNA by P5EFe(II)/dithiothreitol was ex-
amined on linear pBR322 plasmid DNA (4,362 base pairs) ob-
tained by cleavage of supercoiled pBR322 plasmid with EcoRI.
P5E.Fe(II) (0.5-1.0 ,uM) was allowed to equilibrate at 37TC for
1 hr with the linear plasmid DNA (50 ,uM), followed by addition
of dithiothreitol (5 mM) to initiate reaction. After 1 hr the re-
action mixture was analyzed by agarose gel electrophoresis (Fig.
2). The major observation was that P5E-Fe(II) (P5E per base
pair = 0.01) cleaved linear pBR322 DNA into discrete DNA
fragments. Restriction mapping indicated that major double-
strand cleavage sites are centered at 4.3, 4.2, 3.3, and 3.2
kilobases (kb) with minor sites at 2.6, 2.4, 2.0, and 1.8 kb. At
higher P5E concentrations (.1.0 ,uM), the specificity of the
cleavage reaction diminished.
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FIG. 2. Agarose gel (1%) of pBR322 plasmid DNA digest (50 ,uM in
base pairs). Lanes: 1, EcoRI digest, 4,362-base-pair fragment; 2, Rsa I
digest, 2,117-, 1,565-, and 680-base-pair fragments; 3, EcoRI digest/
P5E Fe(ll) at 1.0 ,uM; 4, EcoRI digest/P5E.Fe(II) at 0.5 ,uM.
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FIG. 3. Autoradiogram of high-resolution denaturing gel. Lanes: 1
and 2, Maxam-Gilbert G reactions on 5' and 3' end-labeled 517-base-
pair DNA fragment, respectively; 3 and 4, P5EFe(II) (1.2 ,uM) cleavage
reactions on 5' and 3' end-labeled. 517-base-pair DNA fragment (100
AM in base pairs), respectively.

DNA Cleavage-Pattern Analyses. The cleavage sites of
P5E.Fe(II) could be resolved in greater detail by analysis of the
DNA cleavage patterns on 32P-end-labeled restriction frag-
ments with high-resolution denaturing gel electrophoresis. A
517-base-pair Rsa I-EcoRI restriction fragment from pBR322
(nucleotides 3,848-4,362) containing two major P5E.Fe(II)
cleavage sites (4.3 and 4.2 kb) was chosen for study. The EcoRI
site was labeled separately with 32p on the 5' and 3' ends. The
resulting DNA fragments were allowed to react with P5EFe(II)
(P5E per base pair = 0.012) for 1 hr, stopped by freezing, ly-
ophilized, and suspended in formamide buffer. The 32P-end-la-
beled DNA cleavage products were analyzed by Maxam-Gil-
bert gel methods of sequence determination (Fig. 3). A his-
togram of the DNA-cleavage patterns obtained from densito-
metric analysis of the autoradiogram shows major cleavage sites
covering 3-5 base pairs contiguous to a 6-base-pair region of
A+T-rich DNA (base pairs 4,323-4,328) (Fig. 4). The cleavage
sites flanking this region are of unequal intensity, with major
cleavage on the adenine side of a 6-base-pair 5'-T-T-T-T-T-A-
3' sequence. Minor cleavage sites flank the sequence 5'-T-A-
A-T-A-A-T-3', located at base pairs 4,300-4,306. The cleavage
patterns produced on opposite strands are asymmetric, shifted
to the 3' side of each DNA strand.

DISCUSSION
Cleavage Efficiency. P5E.Fe(II)/dithiothreitol cleaves su-

percoiled pBR322 DNA (10 ,uM in base pairs) at 2 orders of
magnitude lower concentrations than does DE.Fe(II)/dithio-

threitol. This higher efficiency presumably results from in-
creased DNA binding affinity and specificity arising from ad-
ditional hydrogen bonding interactions associated with the pen-
tapeptide P5E.Fe(II) versus the tripeptide DEFe(II) (12-15).
At 0.01 AM P5EFe(II) and high DNA concentrations (1 mM
in base pairs), the cleavage reaction is found to be catalytic,
turning over a 'minimum of nine times. However, we do ob-
serve inactivation of P5EFe(II) over a 2-hr period, which may
-be due to the degradation of P5EFe(II), perhaps by hydroxyl
radical.
The timing of the cleavage events is currently not known.

Double-strand cleavage may occur by sequential single-strand
cleavages at the same site without P5EFe(II) dissociation or
two single-strand cleavage events resulting from multiple bind-
ing events. The observation that one molecule of P5E.Fe(II)
can single-strand-cleave nine supercoiled plasmids suggests that
the latter mechanism may be important.

Specificity and Binding Site Size. P5E-Fe(II) at 0.5 ,M cleaves
linear pBR322 DNA (50 ,M in base pairs) into discrete DNA
fragments, presumably as a consequence of increased binding
affinity or binding site size, or both. Restriction mapping in-
dicates four major double-strand cleavage sites (4.3, 4.2, 3.3,
and 3.2 kb) and four minor sites (2.6, 2.4, 2.0, and 1.8 kb)-all
regions with poly(dA)poly(dT) sequences. The DNA fragments
shown in Fig. 2 (lanes 3 and 4) are the result of partial digests.
At higher concentrations of PSE.Fe(II) (1.0 MM), the specificity
decreases (Fig. 2, lane 3). This indicates that the four to eight
preferred cleavage sites on pBR322 observed at low concen-
trations of P5E.Fe(II) are not absolute and that lower affinity
sites are cleaved as the PSE.Fe(II) concentration is increased.
Double-strand cleavage by P5EFe(II) is more specific and ef-
ficient than by DE.Fe(II) or ED.Fe(II), which double-strand-
cleave DNA (50 ,uM in base pairs) only at concentrations > 0.1
mM.

The DNA cleavage patterns on the high-resolution gel are
consistent with P5E.Fe(II) binding to a 6- to 7-base-pair rec-
ognition site and cleaving 3-5 bases flanking that binding site
(Fig. 4). The multiple cleavage patterns, which are asymmetric
on opposite DNA strands, presumably result from a diffusible
oxidizing species, perhaps hydroxyl radical, generated from fixed
placement of Fe(II) in the minor groove of right-handed dou-
ble-helical DNA (Fig. 5). The average position of the
EDTA.Fe(II) was assumed to be the center of symmetry of the
asymmetric cleavage pattern. From this placement of the Fe(II)
moiety, the binding sites for the pentapeptide were assigned
(boxed areas in Fig. 4). In work- not shown here, methidium-
propyl-EDTA.Fe(II) [MPE.Fe(II)] cleavage inhibition patterns
of the pentapeptide P5 (in which the amino end was acetylated)
reveals two P5 binding sites on this sequence, corresponding
to the binding sites from the P5EFe(II) DNA cleavage patterns
(22). Like the tripeptide DE.Fe(II), P5EFe(II) apparently can
adopt two binding orientations on the DNA helix. The unequal
intensity of cleavage on each side of the 6-base-pair A+T site
reveals major and minor orientations of the pentapeptide bind-
ing unit. The major binding orientation of the pentapeptide oc-

i f41 . I
32p 5' ATACGCCT TTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCA

3 TATGCGGATAAAAATATCCAATTACAGTACTATTATTAq"CAAAGAATCTGCAGTCCACCGT
t1 t l ft

3'
5'

FIG. 4. Histogram of P5EFe(ll) cleavage (Fig. 3). Arrows represent fragments generated by removal of the indicated base.
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FIG. 5. Model for asymmetric DNA cleavage pattern.

curs with the amino terminus on the adenine side of the 5'-T-
T-T-T-T-A-3' sequence (4,323-4,328 bp).
DNA Cleavage Products. Like MPE-Fe(II) and DE.Fe(II),

the presumed mechanism of cleavage of DNA by P5E-Fe(II)
is oxidative degradation of the deoxyribose on the DNA back-
bone (4, 23). In unpublished work, we found that MPE-Fe(II)
strand scission of DNA releases free purine or pyrimidine bases
with loss of the attached deoxyribose. The DNA product la-
beled at the 3' end resulting from reaction with MPE-Fe(II),
DE-Fe(II), and P5EFe(II) comigrates on a sequence determi-
nation gel with the product from DNase I cleavage of DNA or

a Maxam-Gilbert chemical sequence assay reaction and is pre-

sumed to have a S' phosphate terminus (unpublished data). There
are two cleavage products on the 3' terminus in roughly- equal
proportions, which from the electrophoretic behavior of the
DNA products labeled at the 5' end are assigned as a 3' phos-
phate and a 3' glycolic acid esterified through its hydroxyl group
to the phosphate terminus (unpublished data). This 3'-phos-
phodiester terminus is similar to that found from cleavage of
DNA by the antitumor antibiotic bleomycin (24).

CONCLUSION

P5EFe(II) is a synthetic molecule achieving sequence-specific
double-strand cleavage of DNA at the 6-base-pair recognition
level in a catalytic reaction. P5E-Fe(II) falls short of restriction
enzyme capabilities with regard to absolute sequence specific-
ity and the specificity of the cleavage reaction itself. P5E-Fe(II)

is a first step toward defining.those elements necessary for the
design of synthetic double-strand DNA-cleaving molecules of
defined target sequenceand binding site size.
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