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Overview

In the cell, the binding of proteins to specific sequences of double helical DNA is
essential for controlling the processes of protein synthesis (at the level of DNA
transcription) and cell proliferation (at the level of DNA replication). In the laboratory, the
sequence-specific DNA binding/cleaving properties of restriction endonuclease enzymes
(secreted by microorganisms to protect them from foreign DNA molecules) have helped to
fuel a revolution in molecular biology. The strength and specificity of a protein:DNA
interaction depend upon structural features inherent to the protein and DNA sequences, but
it is now appreciated that these features (and therefore protein:DNA complexation) may be
altered (regulated) by other protein:DNA complexes, or by environmental factors such as
temperature or the presence of specific organic molecules or inorganic ions. It is also now
appreciated that molecules much smaller than proteins (including antibiotics of molecular
weight < 2000 and oligonucleotides) can bind to double-helical DNA in sequence-specific
fashion. Elucidation of structural motifs and microscopic interactions responsible for the
specific molecular recognition of DNA leads to greater understanding of natural processes
and provides a basis for the design of novel sequence-specific DNA binding molecules.
This thesis describes the synthesis and DNA binding/cleaving characteristics of molecules
designed to probe structural, stereochemical, and environmental factors that regulate
sequence-specific DNA recognition.

Chapter One introduces the DNA minor groove binding antibiotics Netropsin and
Distamycin A, which are di- and tri(N-methylpyrrolecarboxamide) peptides, respectively.
The method of DNA affinity cleaving, which has been employed to determine DNA
binding properties of designed synthetic molecules is described. The design and synthesis
of a series of Netropsin dimers linked in tail-to-tail fashion (by oxalic, malonic, succinic, or
fumaric acid), or in head-to-tail fashion (by glycine, B-alanine, and y-aminobutanoic acid
(Gaba)) are presented. These Bis(Netropsin)s were appended with the iron-chelating

functionality EDTA in order to make use of the technique of DNA affinity cleaving.
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Bis(Netropsin)-EDTA compounds are analogs of penta(N-methylpyrrolecarboxamide)-
EDTA (PSE), which may be considered a head-to-tail Netropsin dimer linked by N-
methylpyrrolecarboxamide. Low- and high-resolution analysis of pPBR322 DNA affinity
cleaving by the iron complexes of these molecules indicated that small changes in the length
and nature of the linker had significant effects on DNA binding/cleaving efficiency (a
measure of DNA binding affinity). DNA binding/cleaving efficiency was found to
decrease with changes in the linker in the order B-alanine > succinamide > fumaramide >
N-methylpyrrolecarboxamide > malonamide > glycine, y-aminobutanamide > oxalamide.
In general, the Bis(Netropsin)-EDTA:Fe compounds retained the specificity for seven
contiguous A:T base pairs characteristic of PSE:Fe binding. However, Bis(Netropsin)-
Oxalamide-EDTA:Fe exhibited decreased specificity for A:T base pairs, and
Bis(Netropsin)-Gaba-EDTA:Fe exhibited some DNA binding sites of less than seven base
pairs. Bis(Netropsin)s linked with diacids have C2-symmetrical DNA binding subunits
and exhibited little DNA binding orientation preference. Bis(Netropsin)s linked with amino
acids lack Cz-symmetical DNA binding subunits and exhibited higher orientation
preferences. A model for the high DNA binding orientation preferences observed with
head-to-tail DNA minor groove binding molecules is presented.

Chapter Two describes the design, synthesis, and DNA binding properties of a
series of chiral molecules: Bis(Netropsin)-EDTA compounds with linkers derived from
(R,R)-, (§,5)-, and (RS,SR)-tartaric acids, (R,R)-, (S,5)-, and (RS,SR)-tartaric acid
acetonides, (R)- and (S5)-malic acids, N, N-dimethylaminoaspartic acid, and (R)- and (5)-
alanine, as well as three constitutional isomers in which an N-methylpyrrolecarboxamide
(P1) subunit and a tri(N-methylpyrrolecarboxamide)-EDTA (P3-EDTA) subunit were
linked by succinic acid, (R,R)-, and (S,S)-tartaric acids. DNA binding/cleaving
efficiencies among this series of molecules and the Bis(Netropsin)s described in Chapter
One were found to decrease with changes in the linker in the order B-alanine > succinamide

> P1-succinamide-P3 > fumaramide > (§)-malicamide > N-methylpyrrolecarboxamide >
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(R)-malicamide > malonamide > N,N-dimethylaminoaspartamide > glycine = Gaba =
(8,5)-tartaramide = P1-(S,S)-tartaramide-P3 > oxalamide > (RS,SR)-tartaramide = P1-
(R ,R)-tartaramide-P3 > (R,R)-tartaramide (no sequence-specific DNA binding was
detected for Bis(Netropsin)s linked by (R)- or (S)-alanine or by tartaric acid acetonides).
The chiral molecules retained DNA binding specificity for seven contiguous A:T base pairs.
From the DNA affinity cleaving data it could be determined that: 1) Addition of one or two
substituents to the linker of Bis(Netropsin)-Succinamide resulted in stepwise decreases in
DNA binding affinity; 2) molecules with single hydroxyl substituents bound DNA more
strongly than molecules with single dimethylamino substituents; 3) hydroxyl-substituted
molecules of (S) configuration bound more strongly to DNA than molecules of (R)
configuration. This stereochemical regulation of DNA binding is proposed to arise from
the inherent right-handed twist of (S)-enantiomeric Bis(Netropsin)s versus the inherent left-
handed twist of (R)-enantiomeric Bis(Netropsin)s, which makes the (S)-enantiomers more
complementary to the right-handed twist of B form DNA.

Chapter Three describes the design and synthesis of molecules for the study of
metalloregulated DNA binding phenomena. Among a series of Bis(Netropsin)-EDTA
compounds linked by homologous tethers bearing four, five, or six oxygen atoms, the
Bis(Netropsin) linked by a pentaether tether exhibited strongly enhanced DNA
binding/cleaving in the presence of strontium or barium cations. The observed
metallospecificity was consistent with the known affinities of metal cations for the cyclic
hexaether 18-crown-6 in water. High-resolution DNA affinity cleaving analysis indicated
that DNA binding by this molecule in the presence of strontium or barium was not only
stronger but of different sequence-specificity than the (weak) binding observed in the
absence of metal cations. The metalloregulated binding sites were consistent with A:T
binding by the Netropsin subunits and G:C binding by a strontium or barium:pentaether
complex. A model for the observed positive metalloregulation and novel sequence-

specificity is presented. The effects of 44 different cations on DNA affinity cleaving by




P5E:Fe were examined. A series of Bis(Netropsin)-EDTA compounds linked by tethers
bearing two, three, four, or five amino groups was also synthesized. These molecules
exhibited strong and specific binding to A:T rich regions of DNA. It was found that the
iron complexes of these molecules bound and cleaved DNA most efficiently at pH 6.0-6.5,
while P5E:Fe bound and cleaved most efficiently at pH 7.5-8.0. Incubating the
Bis(Netropsin) Polyamine-EDTA:Fe molecules with K2PdCly abolished their DNA
binding/cleaving activity. Itis proposed that the observed negative metalloregulation arises
from kinetically inert Bis(Netropsin) Polyamine:Pd(II) complexes or aggregates, which are
sterically unsuitable for DNA complexation. Finally, attempts to produce a synthetic
metalloregulated DNA binding protein are described. For this study, five derivatives of a
synthetic 52 amino acid residue DNA binding/cleaving protein were produced. The
synthetic mutant proteins carried a novel pentaether ionophoric amino acid residue at
different positions within the primary sequence. The proteins did not exhibit significant
DNA binding/cleaving activity, but they served to illustrate the potential for introducing
novel amino acid residues within DNA binding protein sequences, and for the development
of the tricyclohexyl ester of EDTA as a superior reagent for the introduction of EDTA into
synthetic proteins.

Chapter Four describes the discovery and characterization of a new DNA
binding/cleaving agent, [SalenMn(III)]JOAc. This metal complex produces single- and
double-strand cleavage of DNA, with specificity for A:T rich regions, in the presence of
oxygen atom donors such as iodosyl benzene, hydrogen peroxide, or peracids. Maximal
cleavage by [SalenMn(III)]JOAc was produced at pH 6-7. A comparison of DNA single-
and double-strand cleavage by [SalenMn(III)]* and other small molecules
(Methidiumpropyl-EDTA:Fe, Distamycin-EDTA:Fe, Neocarzinostatin, Bleomycin:Fe) is
presented. It was found that DNA cleavage by [SalenMn(III)]* did not require the
presence of dioxygen, and that base treatment of DNA subsequent to cleavage by

[SalenMn(III)]* afforded greater cleavage and alterations in the cleavage patterns. Analysis
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of DNA products formed upon DNA cleavage by [SalenMn(III)] indicated that cleavage
was due to oxidation of the sugar-phosphate backbone of DNA. Several mechanisms
consistent with the observed products and reaction requirements are discussed.

Chapter Five describes progress on some additional studies. In one study, the
DNA binding/cleaving specificities of Distamycin-EDTA derivatives bearing pyrrole N-
isopropyl substituents were found to be the same as those of derivatives bearing pyrrole N-
methyl substituents. In a second stiudy, the design of and synthetic progress towards a
series of nucleopeptide activators of transcription are presented. Five synthetic plasmids
designed to test for activation of in vitro run-off transcription by DNA triple helix-forming
oligonucleotides or nucleopeptides are described.

Chapter Six contains the experimental documentation of the thesis work.
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CHAPTER ONE: STRUCTURAL REGULATION OF SEQUENCE-
SPECIFIC DNA BINDING/CLEAVING BY BIS(NETROPSIN)S

Introduction

In the cell, the binding of proteins to specific sequences of double-helical DNA is
essential for controlling the processes of protein synthesis (at the level of DNA
transcription) and cell proliferation (at the level of DNA replication). The strength and
specificity of protein:DNA interactions depend upon structural features inherent to the
protein and DNA sequences, but it is now appreciated that these features (and therefore
protein:DNA complexation) may be altered (regulated) by interactions with other
protein:DNA complexes or environmental factors such as temperature, specific organic
molecules, or inorganic ions. It is also now appreciated that molecules much smaller than
proteins (including antibiotics of molecular weight < 2000 and oligonucleotides) can bind
to double-helical DNA in sequence-specific fashion. Elucidation of structural motifs and
microscopic interactions responsible for the specific molecular recognition of DNA will
lead to greater understanding of natural processes and provide a basis for the design of
novel sequence-specific DNA binding molecules. In the simplest case imaginable, a
molecule that binds to a specific DNA sequence would possess structural and ground-state
conformational features complementary to the structural and ground-state conformational
features of the DNA sequence (lock and key model). On the other hand, it can also be
envisioned that the DNA and/or the DNA binding molecule could undergo subtle to
extensive conformational reorganization in order to produce the most stable complex
(induced fit model). Therefore, a knowledge of the structures and conformational
properties of DNA, DNA binding molecules, and DNA:ligand complexes is essential for a

detailed understanding of specific complexation processes.
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From the point of view of sequence-specific recognition, right-handed double-
helical B form DNA is considered to be the DNA conformation of greatest interest, as it
constitutes the dominant solution conformation of DNA under physiological conditions.
The first glimpse of the structural and conformational details of B form DNA was provided
by Dickerson and coworkers when they solved the structure of the self-complementary
DNA dodecamer d(CGCGAATTCGCG)2 by x-ray diffraction (Figure 1.1).1.2 This
structure showed the pronounced major and minor grooves of B DNA, which have walls
formed by the phosphate-sugar backbone and floors formed by the edges of
adenine:thymine (A:T) and guanine:cytosine (G:C) base pairs (Figure 1.2). This structure
also showed that local DNA conformational properties such as base propeller twist, roll,
slide, tilt, and groove width vary with the local DNA sequence. Another feature that varies
with the DNA sequence is the pattern of hydrogen-bond donor and acceptor groups found
on the floors of the DNA major and minor grooves. The most striking variations are found
in the minor groove, where A:T base pairs present lone pairs of electrons from adenine N3
and thymine O2 atoms, while G:C base pairs present the protruding exocyclic N2 amino
group from guanine. More recently, the x-ray structure of the B form duplex
oligonucleotide d(CGCAAAAAAGCG):d(CGCTTTTTTGCG) has been described,? as
have the structures of several protein:B DNA cocrystals including Eco
RI:d(TCGCGAATTCGCG)3,4 434 repressor (R1-69):d(ACAATATATATTGT);,> 434 re-
pressor(R1-69):d(TATACAAGAAAGTTTGTACT):d(AAGTACAAACTTTCTTGTAT),®
A repressor:d(TATATCACCGCCAGTGGTAT):d(AATACCACTGGCGGTGATAT),’
and Trp repressor:d(TGTACTAGTTAACTAGTAC),.8

Figure 1.3 depicts the structures of three DNA binding small molecules. Ethidium
binds DNA with little sequence-specificity by intercalation of its planar heteroaromatic
chromophore between adjacent DNA base pairs.® Intercalation increases the fluorescence
lifetime of the chromophore, and ethidium is used routinely as a stain to detect DNA. The

oligo(N-methylpyrrolecarboxamide) antibiotics Netropsin and Distamycin A (isolated from



Figure 1.1. Right-handed double-helical B form DNA: d(CGCGAATTCGCG);.
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Streptomyces cultures) are prototypical minor groove binding molecules specific for A:T
rich regions of B DNA.10 The crystal structure of Netropsin reveals its crescent shape (in
which amide NH and pyrrole C2H atoms form the concave edge) as well as the right-
handed twist of one N-methylpyrrolecarboxamide (MPC) residue relative to the other.!1
The crystal and molecular structures of Netropsin complexed to the dodecamer
d(CGCGAATTBrCGCG);12.13 and Distamycin A complexed to the dodecamer
(CGCAAATTTGCG)>14 have also been determined. In these structures, Netropsin and
Distamycin A were found to be sandwiched within narrrow minor grooves at the A:T tracts
of these B form oligonucleotides. Considering these structures, it appears that A:T binding
specificity for Netropsin and Distamycin A arises from 1) favorable van der Waals contacts
between the antibiotics and deoxyribose residues of the DNA sugar-phosphate backbone,
2) a series of consecutive bifurcated hydrogen-bonds between MPC NHs and lone pair
electrons from adenine N3 and thymine O2 atoms located on adjacent (to the 3' side) base
pairs on opposite strands of the DNA double helix, and 3) favorable van der Waals contacts
between pyrrole C3H atoms and adenine C2H atoms. Dickerson and coworkers also
proposed that steric clashes between pyrrole C3H atoms and guanine N2 amino groups
prevent oligo(N-methylpyrrolecarboxamide)s from penetrating into the minor groove and
forming strong van der Waals contacts and hydrogen-bonds at sites containing G:C base
pairs. Interactions of Netropsin and Distamycin A with oligonucleotides have also been
analyzed by NMR spectroscopy!5:16 and thermodynamic studies.!”

A technique for the study of DNA:DNA binding molecule interactions, which
complements diffraction, spectroscopic, and calorimetric techniques, is known as DNA
affinity cleaving. The power of this method derives from the coupling of a DNA binding
event to a DNA cleaving event, since DNA cleavage may be conveniently determined to
nucleotide resolution by gel electrophoresis. The most widely recognized and used DNA
affinity cleaving agents are the Type II restriction endonuclease enzymes, which bind and

cleave specific DNA sequences 4-8 base pairs in length. The antitumor antibiotic
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Bleomycin A2 (Blm, Figure 1.4) is an example of a naturally occurring DNA affinity
cleaving small molecule. In the presence of ferrous ions and dioxygen (or ferric ions,
dioxygen, and a reducing agent), Blm mediates oxidative DNA cleavage at 5'-GC-3' and
5'-GT-3' sites.18 DNA affinity cleaving has been adapted to the study of synthetic DNA
binding molecules in the Dervan laboratories.19-21 The approach taken has been to
synthetically attach the iron-chelating functionality EDTA to the DNA binding molecule
(small molecule, oligonucleotide, protein) of interest (Figure 1.5). In the presence of
dioxygen and a reducing agent such as dithiothreitol or ascorbic acid, the EDTA:Fe moiety
catalytically produces reactive species (perhaps hydroxyl radical) capable of oxidatively
cleaving the sugar-phosphate backbone of DNA in regions proximal to the molecule's DNA
binding sites. Double-strand cleavage of large DNAs (>1000 base pairs) affords fragments
that may be separated by size on agarose gels. Analysis of the electrophoretic mobilities of
the cleavage fragments relative to the mobilities of fragments of known molecular weight
allows DNA binding/cleaving sites to be mapped within +20 base pairs. Densitometric
analysis of band intensities allows determination of relative DNA binding/cleaving
efficiencies by various molecules at their binding/cleaving sites. End-labeled DNA
restriction fragments, which contain these cleavage loci, are then prepared and cleaved.
Products of DNA restriction fragment cleavage are separated to nucleotide resolution by
denaturing polyacrylamide gel electrophoresis and visualized by autoradiography.
Densitometric analysis of band intensities and positions relative to chemical sequencing
ladders affords quantitative information about DNA binding affinity, binding site sizes,
sequence-specificity, groove location, binding orientations, and the effects that reaction
conditions have on these DNA binding properties.

The first DNA binding/cleaving agents synthesized and studied in the Dervan
laboratories are depicted in Figure 1.6. Methidiumpropyl-EDTA (MPE) is a useful reagent
for footprinting DNA binding small molecules, oligonucleotides, and proteins because of

the relatively nonspecific DNA cleavage it produces in the presence of iron, dioxygen, and
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Figure 1.5
DNA Affinity Cleaving. First page: Low-resolution (20 bp) mapping of DNA binding
sites by DNA double-strand cleavage / agarose gel electrophoresis. Second page: High-
resolution (1 bp) analysis of DNA binding sites by DNA single-strand cleavage/

denaturing polyacrylamide gel electrophoresis.
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a reducing agent.22-26 "DNA affinity cleaving" was first used to describe the sequence-
specific DNA binding/cleaving properties of Distamycin-EDTA (DE).27-28 In the presence
of iron, dioxygen, and dithiothreitol, DE produces diffuse cleavage patterns that cover four
to six base pairs flanking its DNA binding sites. The cleavage patterns are pseudo-C32
symmetric and shifted to the 3' side on one DNA strand relative to the other strand. The 3'
shift is consistent with DE:Fe being bound in the minor groove of B DNA, where the
most proximal sugar residues on opposite strands of the DNA double helix are part of
nucleotides shifted two to three positions in the 3' direction on one polynucleotide strand
relative to the other. The pseudo-C2 symmetrical cleavage patterns allow the average
positions of the EDTA:Fe moiety to be determined. From the EDTA:Fe positions,
Distamycin binding sites of five contiguous A:T base pairs have been assigned. Synthetic
DE homologs having four through nine MPC units (bearing five through ten MPC NHss,
respectively) were found to bind to specific sites of six through eleven contiguous A:T base
pairs, respectively.29.30 Thus, n MPC NHs afford DNA binding sites of n+1 base pairs.
This n + 1 rule is consistent with the consecutive bifurcated hydrogen-bonding patterns
observed in the cocrystals of Netropsin and Distamycin A with B form oligonucleotides.
The synthesis of oligo(N-methylpyrrolecarboxamide) homologs represents one
approach to achieving greater DNA binding specificity. A more flexible approach to highly
specific DNA binding molecules could be to couple DNA binding subunits of similar or
diverse sequence-specificities into larger, more specific DNA binding structures. Khorlin
and coworkers were the first to synthesize dimers of Netropsin (Figure 1.7), and to point
out that since Netropsin had distinct amino and carboxyl termini, it could be linked in head-
to-head, head-to-tail, or tail-to-tail fashion (defining the carboxyl and amino termini of
Netropsin as head and tail, respectively, in analogy to the depiction of peptide [-sheet
structures).31.32 CD titration and DNAse I footprinting studies of these molecules
indicated that they bound specifically to A:T rich regions of DNA. In some instances the

Bis(Netropsin)s exhibited larger binding sites than observed with Netropsin itself. A series
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of dimeric DNA binding/cleaving molecules designed and synthesized at Caltech are
depicted in Figure 1.8. Schultz and Dervan prepared dimers of Distamycin that were linked
by heptanedicarboxylic acid and equipped with one or two EDTA functions (BED).33
DNA affinity cleavihg experiments with BED:Fe revealed DNA binding sites of five and
eight contiguous A:T base pairs, indicating that binding modes were possible in which one
or both Distamycin subunits of BED contacted DNA. Youngquist and Dervan redesigned
the dicarboxylic acid linker to mimic more closely the length and rigidity of MPC. The
result was Bis(EDTA-Distamycin)-Fumaramide (BEDF), a crescent-shaped tail-to-tail
dimer which was shown by affinity cleaving to bind sites of eight or nine contiguous A:T
base pairs.34 That five base pair binding sites were not observed was consistent with
exclusive simultaneous binding by both Distamycin subunits of BEDF. At this point we
undertook the synthesis and study of tail-to-tail and head-to-tail Netropsin dimers linked by
a series of short chain diacids and amino acids in order to determine the effects that small,
incremental changes in linker length and structure have on DNA binding properties among
a series of structurally analogous molecules.

Results

Design. Figures 1.9 and 1.10 depict the Bis(Netropsin)s prepared for this study.
Bis(Netropsin)s linked in tail-to-tail fashion by oxalic, malonic, succinic, and fumaric acids
are shown in Figure 1.9. Bis(Netropsin)s linked in head-to-tail fashion by glycine, B-
alanine, and y-aminobutanoic acid (Gaba) are shown in Figure 1.10. Head-to-tail
Netropsin dimers are analogs of penta(N-methylpyrrolecarboxamide-EDTA (PSE, Figure
1.6) in which the central MPC residue has been replaced by an amino acid. P5E has been
found to bind specifically to minor groove sites of seven contiguous A:T base pairs with
preference for homopolymeric (A)n:(T)y tracts.29:30 Tail-to-tail Netropsin dimers are
constitutional analogs of PSE in which the central MPC residue has been replaced by a
diacid, and the directionality of one Netropsin subunit has been reversed. Bis(Netropsin)s

were appended with the iron-chelating functionality EDTA at one terminus in order to make
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use of the technique of DNA affinity cleaving to determine their DNA binding properties.
It was expected that the observed DNA binding properties would in part reflect the
interactions of the linkers with the minor groove of DNA. As first approximations,
consecutive bifurcated hydrogen-bonding models for the linkers are depicted in Figure
1.11. These hydrogen-bonding patterns are analogous to those observed in the cocrystals
of Netropsin and Distamycin A with DNA dodecamers,12-14 and derived from DNA
affinity cleaving experiments with DE and homologs.2%-30

Synthesis. N-methyl-4-(N-methyl-4-nitropyrrole-2-carboxamide)-2-carboxylic acid
(O2NP2CO2H), available in six steps from commercially available N-methylpyrrole-2-
carboxylic acid,35 served as a common synthetic intermediate for all Bis(Netropsin)-EDTA
compounds. Amide coupling reactions were carried out in dimethylformamide and were
mediated by either N,N'-dicyclohexylcarbodiimide/1-hydroxybenzotriazole or by N,N'-
carbonyldiimidazole.

The synthesis of tail-to-tail dimers is exemplified by the synthesis of
Bis(Netropsin)-Succinamide-EDTA (BNSE, I-54, Figure 1.12). O;NP2CO3;H was
coupled with 3-dimethylaminopropylamine or mono Boc 1,3-diaminopropane (IV-161) to
afford the terminally differentiated Netropsin analogs I-22 and I'V-129. Reduction of I-
22 and coupling with an excess of succinic acid (or with one equivalent of succinic acid,
mono methyl ester followed by hydrolysis of the ester) produced Netropsin-Succinamic
acid II-78. IV-129 was reduced and coupled with II-78 to afford Boc Bis(Netropsin)-
Succinamide II-62. The terminal amine of II-62 was deprotected and coupled with the
triethyl ester of EDTA.36 The EDTA ester groups were removed by hydrolysis to afford
BNSE. Modifications were made in the synthesis of Bis(Netropsin)-Oxalamide-EDTA.
Reduced I-22 was coupled with ethyl oxalyl chloride in the presence of excess
triethylamine. The resulting crude ester was hydrolyzed without purification to afford
Netropsin-Oxalamic acid, which was elaborated to BNOE following the procedure

described for the conversion of Netropsin-Succinamic acid to BNSE.
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Figure 1.11. Bifurcated hydrogen-bonding models for minor groove recognition of A:T
basepairs by (clockwise, from top left) MPC, glycine, Gaba, malonamide, fumaramide,
succinamide, oxalamide, and B-alanine groups. Circles with two dots represent lone pairs
of electrons on adenine N3 or thymine O2 atoms at the edges of the base pairs on the floor
of the minor groove of the right-handed B DNA helix.
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The synthesis of head-to-tail dimers is exemplified by the synthesis of Bis(Netropsin)-
Gaba-EDTA (BNGabakE, I-230, Figure 1.13). The terminally differentiated Netropsin
subunits employed in these syntheses were I-22 and 1-204. 1-204 was prepared by
coupling reduced O2NP2CO2H with Boc Gaba 1-203. 1-22 was reduced and coupled
with I-203 to afford Boc Netropsin-Gaba 1-208. The terminal amino group of 1-208
was deprotected and coupled with I-204 to produce Boc Bis(Netropsin)-Gaba I-218.
The terminal amino group of I-218 was deprotected and coupled with the triethyl ester of
EDTA. The ester groups were removed by hydrolysis to afford BNGE. Modifications
were made in the synthesis of Bis(Netropsin)-B-Alanine-EDTA (BN-B-AE, I-265,
Figure 1.14). Reduced I-22 was coupled with cyanoacetic acid to afford a Netropsin
nitrile intermediate. The nitrile group was reduced to produce Netropsin-3-Alanine (I-
257), which was elaborated to BN-B-AE following the procedure described for the
conversion of Netropsin-Gaba to BNGE.

DNA Affinity Cleaving. DNA affinity cleaving by PSE and Bis(Netropsin)-EDTA
compounds was examined under conditions determined to be optimal for DNA
binding/cleaving by oligo(N-methylpyrrolecarboxamide)-EDTA compounds.37 1:1
complexes of PSE or Bis(Netropsin)-EDTA compound and iron were allowed to
equilibrate with the DNA substrate and calf thymus carrier DNA for one hour at 37°C in
pH 7.9 Tris/sodium acetate buffer before DNA cleavage was initiated by the addition of
dithiothreitol solution. DNA cleavage was allowed to proceed for two hours at 37°C
before the DNA cleavage products were separated by gel electrophoresis and the DNA
cleavage patterns visualized by autoradiography.

An autoradiograph of the double-strand cleavage patterns produced by PSE:Fe and
Bis(Netropsin) Diacid-EDTA:Fe compounds on pBR322 plasmid DNA is shown in Figure
1.15. The DNA substrate (4367 base pairs in length) had been linearized with restriction
endonuclease Sty I and labeled separately on each of its unique 3' ends with 32P. The

DNA cleavage patterns were separated by agarose gel electrophoresis. PSE:Fe produced
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25

Figure 1.15
Autoradiograph of DNA double-strand cleavage patterns produced by PSE:Fe and
Bis(Netropsin) Diacid-EDTA:Fe compounds on Sty I linearized, 3'-32P end-labeled
pBR322 plasmid DNA in the presence of dioxygen and dithiothreitol. Cleavage patterns

were resolved by electrophoresis on a 1% agarose gel. Lanes 2,4,6,8,10 contain DNA

labeled at one end with a-32P dATP, while lanes 3,5,7,9,11 contain DNA labeled at the
other end with o-32P TTP. Lanes 1 and 12, molecular weight markers consisting of
pBR322 restriction fragments 4363, 3371, 2994, 2368, 1998, 1768, 1372, 995, and 666
bp in length; lanes 2 and 3, PSE:Fe at 1.0 uM concentration; lanes 4 and 5, BNME:Fe at
1.0 uM concentration; lanes 6 and 7, BNSE:Fe at 0.10 uM concentration; lanes 8 and 9,
BNFE:Fe at 0.50 uM concentration; lanes 10 and 11, BNOE:Fe at 4.0 uM

concentration.
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four intense cleavage loci. BNME:Fe, BNSE:Fe, and BNFE:Fe also produced these
cleavage loci, but with these molecules the relative intensities of the four bands were more
variable than with PSE:Fe. BNOE:Fe produced a significantly different cleavage
pattern. One of the intense cleavage loci observed with PSE:Fe, BNME:Fe, BNSE:Fe,
and BNFE:Fe was not observed with BNOE:Fe, and BNOE:Fe produced a number of
significant unique cleavage bands. The unique cleavage pattern produced by BNOE:Fe
indicates a reduction and change of its binding specificity relative to the other molecules.
An autoradiograph of double-strand cleavage patterns produced by PSE:Fe and
Bis(Netropsin) Amino acid-EDTA:Fe compounds is shown in Figure 1.16. The four
cleavage loci of approximately equal intensity produced by PSE:Fe were also produced by
BNGE:Fe and BN-B-AE:Fe. BNGabaE:Fe also produced these cleavage loci, but
with this compound the relative intensities of the cleavage bands were more variable.
Electrophoretic mobilities of DNA cleavage bands were determined by
densitometric analysis of the autoradiographs shown in Figures 1.15 and 1.16. Positions
of pBR322 plasmid DNA double-strand cleavage by these molecules were determined from
the electrophoretic mobilities of the observed DNA cleavage bands and a linear control plot
of electrophoretic mobilities of molecular weight marker bands versus the logarithm of the
molecular weights (in base pairs) of the marker bands.3%8 Histograms of DNA double-
strand cleavage by PSE:Fe and the Bis(Netropsin)-EDTA:Fe compounds are shown in
Figures 1.17 and 1.18. The cleavage loci observed with these compounds map to regions
of pBR322 rich in A:T base pairs. The cleavage locus observed near pBR322 position
3100 is consistent with DNA binding/cleaving at two closely spaced seven base pair
homopolymer A:T sequences, 5'-TTTTTTT-3" (centered at position 3079), and 5'-
AAAAAAA-3 (centered at position 3111). On some gels, DNA cleavage at these two sites
has been resolved. The cleavage locus near position 3250 maps to the longest contiguous
stretch of A:T base pairs (15) found on pBR322, 5'-TTTTAAATTAAAAAT-3' (centered at

position 3236). The cleavage locus near position 4250 maps to the nine base pair sequence
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Figure 1.16
Autoradiograph of DNA double-strand cleavage patterns produced by P5E:Fe and
Bis(Netropsin) Amino Acid-EDTA:Fe compounds on Sty I linearized, 3'-32P end-labeled
pBR322 plasmid DNA in the presence of dioxygen and dithiothreitol. Cleavage patterns
were resolved by electrophoresis on a 1% agarose gel. Lanes 2,4,6,8 contain DNA labeled
at one end with a-32P dATP, while lanes 3,5,7,9 contain DNA labeled at the other end
with a-32P TTP. Lanes 1 and 10, molecular weight markers consisting of pBR322
restriction fragments 4363, 3371, 2994, 2368, 1998, 1768, 1372, 995, and 666 bp in
length; lanes 2 and 3, PSE:Fe at 0.50 UM concentration; lanes 4 and 5, BNGE:Fe at 4.0
KM concentration; lanes 6 and 7, BNB-AE:Fe at 0.05 uM concentration; lanes 8 and 9,

BNGabaE:Fe at 4.0 uM concentration.
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Figure 1.17. Histograms of DNA double-strand cleavage produced by PSE:Fe and Bis(Netropsin)
Diacid-EDTA:Fe compounds on Sty I linearized pBR322 plasmid DNA in the presence of dioxygen
and dithiothreitol. Lengths of arrows correspond to the relative amounts of cleavage, determined by
optical densitometry, at the various cleavage loci. Positions of cleavage were determined by analyzing
the measured electrophoretic mobilities of DNA cleavage fragments relative to a standard curve
derived from the measured electrophoretic mobilities of marker fragments of known molecular
weights.
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Figure 1.18. Histograms of DNA double-strand cleavage produced by PSE:Fe and Bis(Netropsin) Amino
Acid-EDTA:Fe compounds on Sty I linearized pBR322 plasmid DNA in the presence ofdioxygen and di-
thiothreitol. Lengths of arrows correspond to the relative amounts of cleavage, determined by densito-
metry, at the various cleavage loci. Positions of cleavage were determined by analyzing the measured
electrophoretic mobilities of DNA cleavage fragments relative to a standard curve derived from the mea-
sured electrophoretic mobilities of marker fragments of known molecular weights.
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5'-TTTATTTTT-3' (centered at position 4237). The cleavage locus near position 4300
maps to the ten base pair sequence 5'-TATTTTTATA-3' (centered at position 4325), and
may also reflect cleavage at the neighboring eight base pair sequence 5'-ATAATAAT-3'
(centered at position 4303). Notable minor cleavage loci observed with these molecules
map to the sequences 5-AATAATATT-3' (centered at position 4173) and 5-TTAAATT-3'
(centered at position 59).

The amounts of DNA cleavage produced at each site by each compound were also
determined by densitometry, and are depicted in the histograms. Given these data, the
relative DNA binding/cleaving efficiencies (E) of these compounds may be considered as
the ratio of DNA cleavage produced by one molecule (per unit concentration) to the
cleavage produced by a second (control) molecule (per unit concentration). While the exact
relationship between relative DNA binding/cleaving efficiencies and ratios of equilibrium
binding constants is not known, it is assumed that Ere] values indicate trends in relative
binding affinities. For overall cleavage of pBR322 by P5E:Fe and Bis(Netropsin)-
EDTA:Fe compounds, E.e] decreases in the order BN-B-AE:Fe > BNSE:Fe >
BNFE:Fe > PSE:Fe > BNME:Fe > BNGE:Fe = BNGabaE:Fe = BNOE:Fe.

Two of the major DNA binding/cleaving loci identified by double-strand cleavage
analysis were examined at nucleotide resolution. For these experiments, 517 base pair Eco
RI/Rsa I restriction fragments from pBR322 were prepared with 32P at either the 3'- or 5'
Eco RI end. These fragments contained the major cleavage loci centered at or near pBR322
positions 4237 and 4325. DNA cleavage products were separated by denaturing
polyacrylamide gel electrophoresis. Autoradiographs of the DNA cleavage patterns
produced by PSE:Fe and Bis(Netropsin) Diacid-EDTA:Fe compounds on these restriction
fragments are shown in Figures 1.19 and 1.20. An autoradiograph of the DNA cleavage
patterns produced by PSE:Fe and Bis(Netropsin) Amino acid-EDTA:Fe compounds is

shown in Figure 1.21.
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Figure 1.19
Autoradiograph of DNA cleavage patterns produced by PSE:Fe and Bis(Netropsin)
Diacid-EDTA:Fe compounds on 3'- and 5'-32P end-labeled 517 bp restriction fragments
(Eco RI/Rsa I) from plasmid pBR322 DNA, in the presence of dioxygen and dithiothreitol.
Cleavage patterns were resolved by electrophoresis on a 1:20 cross-linked 8%
polyacrylamide, 50% urea denaturing gel. Lanes 1-14 were with 3' end-labeled DNA,
while lanes 15-28 were with 5' end-labeled DNA. Lanes 1 and 28, uncleaved DNA; lanes

2 and 27, Maxam-Gilbert chemical sequencing G reactions; lanes 3-5 and 15-17, PSE:Fe
at 0.50, 1.0, and 2.0 UM concentrations; lanes 6-8 and 18-20, BNME:Fe at 1.0, 2.0,

and 5.0 uM concentrations; lanes 9-11 and 21-23, BNSE:Fe at 0.50, 1.0, and 2.0 uM
concentrations; lanes 12-14 and 24-26, BNFE:Fe at 0.50, 1.0, and 2.5 uM

concentrations.
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Figure 1.20
Autoradiograph of DNA cleavage patterns produced by PSE:Fe and BNOE:Fe on 3'-
and 5'-32P end-labeled 517 bp restriction fragments (Eco RI/Rsa I) from plasmid pBR322
DNA, in the presence of dioxygen and dithiothreitol. Cleavage patterns were resolved by
electrophoresis on a 1:20 cross-linked 8% polyacrylamide, 50% urea denaturing gel.
Lanes 1-8 were with 3' end-labeled DNA, while lanes 9-16 were with 5' end-labeled DNA.
Lanes 1 and 16, uncleaved DNA; lanes 2 and 15, Maxam-Gilbert chemical sequencing G
reactions; lanes 3-5 and 9-11, PSE:Fe at 0.50, 1.0, and 2.0 pM concentrations; lanes 6-8

and 12-14, BNOE:Fe at 1.0, 20, and 50 uM concentrations.
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Figure 1.21
Autoradiograph of DNA cleavage patterns produced by PSE:Fe and Bis(Netropsin)
Amino Acid-EDTA:Fe compounds on 3'- and 5'-32P end-labeled 517 bp restriction
fragments (Eco RI/Rsa I) from plasmid pBR322 DNA, in the presence of dioxygen and
dithiothreitol. Cleavage patterns were resolved by electrophoresis on a 1:20 cross-linked
8% polyacrylamide, 50% urea denaturing gel. Lanes 1-14 were with 3' end-labeled DNA,
while lanes 15-28 were with 5' end-labeled DNA. Lanes 1 and 28, uncleaved DNA; lanes
2 and 27, Maxam-Gilbert chemical sequencing G reactions; lanes 3-5 and 15-17, PSE:Fe
at 0.50, 1.0, and 2.0 uM concentrations; lanes 6-8 and 18-20, BNGE:Fe at 2.0, 10, and
20 UM concentrations; lanes 9-11 and 21-23, BNB-AE:Fe at 0.25, 0.50, and 2.0 uM
concentrations; lanes 12-14 and 24-26, BNGabaE:Fe at 2.0, 10, and 20 pM

concentrations.
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Several observations may be made from inspection of these autoradiographs. First,
except for BNOE:Fe, the Bis(Netropsin)-EDTA:Fe compounds produced DNA cleavage
in the same general regions as PSE:Fe. BNOE:Fe produced specific cleavage in these
and other unique regions. In addition, BNOE:Fe produced a significant amount of
nonspecific background cleavage. Second, except for BNOE:Fe, these molecules
produced strong cleavage at two sites on the 517 base pair restriction fragment (at the
bottom and in the upper middle parts of the autoradiographs), and weak or moderate
cleavage at two additional sites (in the lower middle and in the upper parts of the
autoradiographs). Third, PSE:Fe, BNGE:Fe, BN-B—-AE:Fe, and BNGabaE:Fe
(which have non-C2 symmetrical DNA binding subunits) exhibit more pronounced DNA
binding/cleaving orientation preferences than the Bis(Netropsin) Diacid-EDTA:Fe
compounds (which have C2 symmetrical DNA binding subunits). Fourth, the
Bis(Netropsin)-EDTA:Fe compounds exhibit lower site selectivity than PSE:Fe: They
produce significantly more cleavage at the lower middle and upper sites (relative to the
cleavage they produce at the bottom and upper middle sites) than does PSE:Fe.

The DNA cleavage patterns on these and other autoradiographs were quantified by
densitometry and converted to histogram form (Figures 1.22 and 1.23). Equilibrium minor
groove binding sites for these molecules, assigned on the basis of their 3'-shifted, pseudo-
C> symmetrical cleavage patterns,?8 are indicated as boxes in the histograms. For PSE:Fe
and the Bis(Netropsin)-EDTA:Fe compounds except BNOE:Fe, the DNA binding site
observed at the bottom of the autoradiographs (Site A) is 5'-ATTTTTA-3". This sequence
lies within the ten base pair A:T sequence centered at pBR322 position 4325 and was
mapped by DNA double-strand affinity cleaving analysis. In the lower middle of the
autoradiographs (Site B), PSE:Fe binds to the sequence 5-ATAATAA-3', while
BNME:Fe, BNSE:Fe, BNFE:Fe, and BNGE:Fe bind to the sequence 5'-TAATAAT-
3'. In this region and in regions further up the autoradiograph shown in Figure 1.21,

BNGabakE:Fe produced complex patterns of cleavage. These patterns are indicative of
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P5E:Fe
vy ill* YYY  YYYY
32, 5' ~CGCCTRTTTTTAL AGGTTAATGTCAT GGTT CCCCTATTTGT
3 ' -GCGGATAAAAATATCCAATTACAGTACITATTATTACCAA GGGGATAAACAAR
VYT 1111 YV FYVS
BNOE:Fe
vy YYY  YYYY  vYYYY vYYYy

3295'—CGCCTATTTTTATAGGTTAATGTCATGATAATLATGGTT CCCCTATTTGTTTATTTTTCTAA-3'
3'-GCGGATAAAAATATCCAATTACAGTACTATTATTACCAA GGGGATAAACAAATAAAAAGATT-5'

A4 AMAA  AAAL AAAMAA FYYVY
BNME:Fe
viviy ﬂuv vy v vty v‘”‘ v,uh
32,5 -CGCC - AGGTTAATGTCATGATAATAATIGGTT CCCCTATTTGTTIATTTTTCTAA-3'
3 ' -GCGGAIAAAAATRTCCAATTACAGTACTATTATTACCAA GGGGAT TAAAAAGATT-5 '

A.'ITA *ﬂ Iy Apps ape A4pa ATTTA

BNSE:Fe
v*l*v AAAA; LALA iy v@”‘ t”rh
32 5" ~CGCCTRTTTTTATAGGTTAATGTCATGATAATAATEGTT CCCCTATTTGTTIATTTTTETAA-3"
3'-GC AAAAATRTCCAATTACAGTACTRATTATTACCAA GGGGAT TAAAAAGATT-5 '

ATT'A Mps VYV Y VY i ATUA

BNFE:Fe

dl% vhby iy iy WYY vitiy
32P5'—CGCCT"TTTTT--AGGTTAATGTCATG AATAATGGTT CCCCTATTTGTTTATTTTTLCTAA-3'
3'=-GC ATAAAAATATCCAATTACAGTACTATTATTACCAA GGGGAT. TAAAAAGATT-5"'
M'IT‘ yn* App Ap4s Agpas ATTTA

Figure 1.22. Histograms of DNA cleavage produced by PSE:Fe and Bis(Netropsin)
Diacid-EDTA:Fe compounds on the 517 bp DNA restriction fragment (Eco RI/Rsa I) from
plasmid pBR322 DNA. Lengths of arrows correspond to the relative amounts of cleavage
that result in removal of the indicated base. DNA minor groove binding sites (boxed) were
assigned from the observed cleavage patterns and the model described by Taylor, Schultz,
and Dervan (Reference 28).
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P5E:Fe
Yy *lli Y vvYYy vYYyy lui
325, 5' ~CGCCTATTTTTA! A.GGTTMTG‘I‘CAT GGTT CCCCTATTTGTT CTAA-3'
3'-GCGGATAAAAATATCCAATTACAGTACTATTATTACCAA GGGGATZ AATAAARDR TT-5"

Adpa fnT YV Ada TYVYY ATITA

BNGE:Fe

i"“* vY¥¥Y  wevy vy l >
32, 5'-ceee AGGTTMTGTCAT AATAATIGGTT CCCCTATTTGTT CTAA-3"
3= : ATCCAATTACAGTACTATTATTACCAA GGGGAT A AGATT-5
Adpa fITT IYYYRRVYVY f]If

BN-B-AE:Fe
Yy *ll* YYY vy Yy dhi
32, 5'-CGCC - AGGTTAATGTCATGA[AATAATEGTT CCCCTATTTGTT CTAA-3'
3'-GCGGATAAAAATATCCAATTACAGTACTATTATTANCAA GGGGATAR NATAAAAAGATT-5 '

‘*fQ fTIT s42 YV Y YV VY ATITA

BNGabaE:Fe
v u#v vivvev Vvvvy vYYvey 1“&
32, 5' -CGCC = AGGTTAATGTCATGATAATAATGGTT CCCCTATTTGTTTATTTTTCTAA-3'
3' —-GCGGATAAAAATATCCAATTACAGTACTATTATTACCAA GGGGATAAACAAATAAAAAGATT-5'
VYV qTITA M4 4 M YR YYYV VY fﬁf

Figure 1.23. Histograms of DNA cleavage produced by PSE:Fe and Bis(Netropsin) Amino
Acid-EDTA:Fe compounds on the 517 bp DNA restriction fragment (Eco RI/Rsa I) from
plasmid pBR322 DNA. Lengths of arrows correspond to the relative amounts of cleavage
that result in removal of the indicated base. DNA minor groove binding sites (boxed) were
assigned from the observed cleavage patterns and the model described by Taylor, Schultz,
and Dervan (Reference 28).
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competitive monomeric and dimeric binding modes for BNGabaE:Fe in which one or
both Netropsin subunits are in contact with DNA. Thus, Gaba does not enforce dimeric
binding by flanking Netropsin subunits. At the strong binding site in the upper middle of
the autoradiographs (Site C), PSE:Fe, BNME:Fe, BNSE:Fe, BNFE:Fe, BNGE:Fe,
and BN-B-AE:Fe bind to the seven base pair sequence 5'-TATTTTT-3'. This binding
site lies within the nine base pair A:T sequence centered at pBR322 position 4237 and was
mapped by DNA double-strand affinity cleaving analysis.

Densitometric analysis of cleavage intensities produced by these molecules allowed
values of binding orientation preferences and relative DNA binding/cleaving efficiencies to
be calculated for these molecules at Sites A, B, and C. These data are collected in the
following tables. The estimated error in the calculated values is ¥20%. Orientation
preferences were calculated by dividing the total amount of cleavage observed on the lower
side (towards the bottom of the autoradiograph) of a binding site by the total amount of
cleavage observed on the higher side of that binding site. For the Bis(Netropsin) Diacid-
EDTA compounds, orientation preferences ranged from 1.1 to 2.5. For the Bis(Netropsin)
Amino acid-EDTA compounds, orientation preferences ranged from 2.2 to 6.3. E;g
values were calculated by dividing the total amount of cleavage produced by a given
compound at Sites A, B, or C by the total amount of cleavage produced by PSE:Fe at Site

Orientation Preference

PSE:Fe 1:4.4 § B 5 14557
BNME:Fe 1.5:1 1:1.6 1511
BNSE:Fe 1.7 if.0 1:1.1
BNFE:Fe 1.5%1 1:1.3 1:1.2
BNGE:Fe 1:4.0 5.8:1 1:6.3
BN-B-AE:Fe 1:2.2 1.9:1 1:4.2

BNGabaE:Fe 187 000 smaes sewes
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Relative DNA Binding/Cleaving Efficiency (Ere])

P5E:Fe 1.0 0.18 0.97
BNME:Fe 1.0 0.36 0.66
BNSE:Fe 1.51 0.70 1.52
BNFE:Fe 0.86 0.14 0.84
BNGE:Fe 0.15 0.07 0.22
BN-B-AE:Fe 3.3 0.70 39

BNGabaE:Fe 0.10 e —

A, and then correcting for the differences in concentrations of compounds employed. At
the strongest binding sites, Sites A and C, Ey¢) decreased in the order BN-B-AE:Fe >
PSE:Fe, BNME:Fe, BNSE:Fe, BNFE:Fe > BNGE:Fe, BNGabaE:Fe >
BNOE:Fe. The reduced site selectivity of Bis(Netropsin)-EDTA:Fe compounds relative
to PSE:Fe is reflected in DNA binding/cleaving efficiencies at Site B, where Erg|
decreases in the order BN-B-AE:Fe > BNME:Fe, BNSE:Fe > BNFE:Fe, PSE:Fe >
BNGE:Fe.

Discussion

Straightforward procedures have been developed for the synthesis of
Bis(Netropsin)-EDTA compounds linked in tail-to-tail fashion by diacids and in head-to-tail
fashion by amino acids. Each synthesis required sixteen or seventeen convergent synthetic
steps from commercially available starting materials. The use of the advanced intermediate
03NP2CO3H shortened the syntheses to ten or eleven steps. The limitations to these
methods would seem to be the availability and chemical stability of the diacid or amino acid

linker synthons (see Chapters Two and Three).
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The major conclusion to be drawn from the DNA affinity cleaving data is that
except for BNOE:Fe, the Bis(Netropsin)-EDTA:Fe compounds bind preferentially to the
same A:T rich sites with significant homopolymer character preferred by P5SE:Fe.
However, these data also show that small differences in linker structure can have
significant effects on DNA binding/cleaving properties. The lengths and natures of the
linkers have significant effects on the relative DNA binding/cleaving efficiencies of
Bis(Netropsin)-EDTA:Fe compounds. Given that the Netropsin:dodecamer and
Distamycin A:dodecamer structures indicate that MPC is approximately 20% too large for
B DNA (in terms of isohelical spacing of amide NHs and lone pair electrons from adenine
N3 and thymine O2 atoms),!2-14.39 Bis(Netropsin)s linked by residues that are somewhat
smaller or more flexible than MPC might bind more strongly to DNA than P5SE because of
their ability to optimize hydrogen-bond donor-acceptor interactions. The data support this
hypothesis. B-Alanine is more flexible and slightly smaller than MPC in terms of the
distance between amide NHs at the ends of the linker. BN-B-AE:Fe produces specific
DNA cleavage more efficiently than the other Bis(Netropsin)-EDTA:Fe compounds or
PSE:Fe. Preliminary results from quantitative affinity cleaving (QAC) experiments40
indicate that BN-B-AE:Fe binds to Sites A, B, and C with affinity constants in the range
1-5 X 107 M-1. The results with BN-B-AE:Fe are interesting in that they differ from
results reported by Dasgupta, Parrack, and Sasisekharan.4l These workers found that
analogs of Distamycin A in which the central or C-terminal N-methylpyrrolecarboxamide
residue was replaced by B-alanine bound more weakly than Distamycin A to the alternating
DNA copolymer (AT)n:(AT)n. The discrepancy between these findings and the results
presented in this Chapter may be due to the context in which the B-alanine moiety was
studied (P3 analogs versus P5 analogs). Malonamide is also slightly smaller and more
flexible than MPC. BNME:Fe binds and cleaves DNA with efficiency comparable to
PSE:Fe. Succinamide and fumaramide approximate MPC in size, and are more flexible.

BNSE:Fe and BNFE:Fe produce specific DNA cleavage as efficiently as PSE:Fe.




45

The reduced DNA binding/cleaving efficiency of BNGabaE:Fe and its propensity
to bind in monomeric fashion are understandable in terms of the properties of its linker.
Gaba is slightly larger and much more flexible than MPC. The length of Gaba exacerbates
hydrogen-bond donor:acceptor mis-registration in the DNA minor groove. The
conformation of Gaba that most closely mimics the contour of MPC is severely distorted
from the expected all-frans ground state conformation. The flexibility of Gaba may then
allow one Netropsin subunit to swing away from the DNA into solution. This action
would relieve distortion of the Gaba linker and allow water to form hydrogen-bonds with
the amide NHs and the adenine N3 and thymine O2 lone pair electrons, which are stronger
than the out-of-register hydrogen-bonds that would be formed between the amide NHs and
the DNA bases.

Glycine and oxalamide are much smaller than MPC, and rather rigid. BNGE:Fe
and BNOE:Fe are much less efficient than PSE:Fe at producing sequence-specific DNA
cleavage. The reduced DNA binding/cleaving efficiency and specificity observed with
BNOE:Fe may be interpreted in terms of the conformational properties of the linker.
Oxalamide should prefer the s-trans conformation rather than the s-cis conformation shown
in Figure 1.11. Models indicated that s-rrans oxalamide disrupts the crescent shape of
BNOE and directs one carboxamide oxygen atom towards the floor of the DNA minor
groove. The lone pair electrons on this oxygen atom should interact with the N2 amino
group of guanine in preference to the lone pair electrons from adenine N3 or thymine O2
atoms, thereby decreasing the affinity of BNOE:Fe for sites containing only A:T base
pairs while increasing its affinity for sites containing G:C base pairs.42

As the DNA binding subunits of Bis(Netropsin) Diacid compounds are C3
symmetric, these subunits are not by themselves capable of binding with orientation
preference at any DNA site. Thus, the orientation preferences observed with
Bis(Netropsin) Diacid-EDTA:Fe compounds must reflect unequal interactions of their

unsymmetrical ends with the DNA sequences that flank the DNA binding sites. Such
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effects appear to be small, since binding orientation preferences for these molecules range
from 1.1 to 2.5. Binding orientation preferences are more pronounced for PSE:Fe and the
Bis(Netropsin) Amino acid-EDTA:Fe compounds, ranging from 2.2 to 6.3. These values
reflect a combination of unequal end-group interactions as well as unsymmetrical
interactions between non-C2 symmetrical (nonpalindromic) DNA binding sequences and
the non-C2 symmetrical DNA binding subunits of PSE:Fe and the Bis(Netropsin) Amino
acid-EDTA:Fe compounds. At Sites A and B, PSE:Fe and the head-to-tail dimers prefer
an orientation opposite to that preferred by the tail-to-tail dimers. Thus, the unsymmetrical
nature of the DNA binding subunits of PSE:Fe and Bis(Netropsin) Amino acid-EDTA:Fe
compounds is a greater determinant of binding orientation preference than is the
unsymmetrical nature of the ends of these molecules.

The greatest DNA binding orientation preferences are observed at sites of highest
binding affinity--sites with significant homopolymer A:T content. A model for pronounced
DNA binding orientation preference by oligo(N-methylpyrrolecarboxamide)s (and, by
analogy, head-to-tail Netropsin dimers) is presented in Figure 1.24. The hallmark of this
model is the optimization of hydrogen-bonding interactions between amide NHs and lone
pair electrons on thymine O2 atoms. Models indicate that the amide NHs of oligo(N-
methylpyrrolecarboxamide)s are skewed towards the amino terminus of these peptides. If
the oligo(N-methylpyrrolecarboxamide) is oriented in the minor groove with its amino
terminus at the 3' end of a run of T, the most colinear hydrogen-bonds between the amide
NHs and thymine O2 atoms are formed, since this orientation juxtaposes the directionality
of the amide NHs and the 5' propeller twist of the thymine bases.3:12-14 This orientation is
the one observed experimentally and also favorably opposes the macrodipole of the
oligo(N-methylpyrrolecarboxamide) with the macrodipole of the collection of O2 atoms on
the propeller-twisted thymine bases.43 Support for the notion that oligo(N-
methylpyrrolecarboxamide)s prefer to interact with thymine O2 rather than adenine N3

atoms comes from the Netropsin:dodecamer and Distamycin A:dodecamer crystal structures
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Figure 1.24. Proposed model for the pronounced binding orientation preferences
observed with the minor groove complexation of oligo(N-methylpyrrolecarboxamide)s
and Bis(Netropsin) Amino Acid compounds to homopolymeric (dA)n:(dT)n DNA sites.
The straight arrows indicate the 3'-to-5' direction of base propeller twist in the minor
groove. The curved arrow indicates the skew of oligo(V-methylpyrrolecarboxamide)
NHs toward the amino terminus of the peptide. Dashed lines indicate hydrogen bonds
between amide NHs and adenine N3 atoms. Stippled lines indicate hydrogen bonds
between amide NHs and thymine O2 atoms.
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In these structures, the carboxamide nitrogen to thymine oxygen distances are shorter than
the carboxamide nitrogen to adenine nitrogen distances (2.68, 2.56, 3.2, 3.3, and 2.9 A
versus 3.28, 3.45, 3.3, 3.2, and 3.1A).12-14 '

At Sites A an C, PSE:Fe, BNME:Fe, BNSE:Fe, BNFE:Fe, BNGE:Fe, and
BN-B-AE:Fe exhibit the same binding sequences of seven contiguous A:T base pairs.
These results are consistent with the n + 1 rule for molecules with six amide NHs in their
DNA binding subunits.33:34 At Site B, PSE:Fe, BNME:Fe, BNSE:Fe, BNFE:Fe,
BNGE:Fe, and BN-B-AE:Fe also bind to seven base pair A:T sequences, but PSE:Fe
binds to a sequence that is shifted by one base pair relative to the other molecules. The
reasons for this shift are unclear, and might be attributable to the inherent precision limit
associated with binding site assignment based on DNA affinity cleaving data.
Alternatively, it might be that the more flexible Bis(Netropsin)-EDTA:Fe compounds are
able to reorganize and engage in stronger interactions at the slightly different site.

The strong and specific cleavage observed with BN-B-AE:Fe suggested that -
alanine would be a good candidate for use in the preparation of larger and more specific
DNA binding molecules. Accordingly, Youngquist and Dervan designed and synthesized a
trimer of tetra(N-methylpyrrolecarboxamide) subunits linked by two B-alanine residues
((P4)3-(B-A)2-E, Figure 1.25).44 MPE:Fe footprinting and DNA affinity cleaving
analyses indicated that this molecule, which contains 15 amide NHs in the DNA binding
domain, bound specifically to a sequence of sixteen contiguous A:T base pairs on a 205
base pair restriction fragment from SV-CAT plasmid DNA. However, this molecule
produced double-strand cleavage of the linearized SV-CAT plasmid (5045 base pairs) with
specificity no greater than P4E:Fe, indicating that DNA binding modes in addition to the
trimeric interaction were possible. Perhaps a pentameric assembly of P2 Netropsin
subunits linked by four B-alanine residues would exhibit greater specificity for pentameric
binding, since the interaction of single Netropsin subunits with DNA is weaker than the

interaction of single P4 subunits with DNA.
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CHAPTER TWO: STEREOCHEMICAL REGULATION OF SEQUENCE
SPECIFIC DNA BINDING/CLEAVING BY CHIRAL BIS(NETROPSIN)S

Introduction

Double-stranded DNA is a chiral polymer composed of interwound, antiparallel
polynucleotide strands in which the nucleotide monomer subunits contain D-2'-deoxyribose
residues. In addition to the chiral sugar residues, double-stranded DNA also possesses
conformation-dependent helicity. To date, three distinct canonical conformations of
double-helical DNA have been identified and characterized by x-ray diffraction.12 A DNA
and B DNA are right-handed double-helical forms, while Z DNA is a left-handed double-
helical form. Because of its chiral nature, double-helical DNA interacts with different
stereoisomeric forms of a given chiral DNA binding molecule to produce diastereomeric
complexes. Several chiral DNA binding small molecules are shown in Figures 1.4 and
2.1-2.4. These molecules range from having one stereogenic center (Tris(1,10-
phenanthroline)metal complexes),3-8 two stereogenic centers (CC-1065),9-10 four
stereogenic centers (Benzo[a]pyrene and Benzo[c]phenanthrene dihydrodiol epoxides),!1
six stereogenic centers (Daunomycin),12-14 eight stereogenic centers (Triostin A),15 ten
stereogenic centers (Actinomycin D and Neocarzinostatin),16:17 to more than ten
stereogenic centers (Chromomycin A3, Calicheamicin !, Esperamicin A1, and Bleomycin
A2).18-22 The dependence of DNA binding properties on DNA binding molecule
stereochemistry has been studied at various levels of detail for some molecules.

Barton and coworkers have studied the interactions of chiral octahedral metal
complexes with double-helical DNA, and certain complexes have been developed as probes
of DNA topology. For example, right-handed A enantiomers of tris(1,10-phenanthroline)-
or tris(4,7-diphenyl-1,10-phenanthroline) complexes with metals bind more strongly to
right-handed B DNA than the corresponding left-handed A enantiomers.3 A and A
enantiomers bind equally well to left-handed Z DNA. The observed enantiospecific

binding is consistent with a model, derived from photophysical4> and other studies, in
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which one ligand from the metal complex intercalates between DNA base pairs from the
DNA major groove. When bound to B DNA in this fashion, the nonintercalated
phenanthroline ligands of right-handed A complexes are oriented favorably along the major
groove, while the nonintercalated ligands of left-handed A complexes clash with the
phosphate-sugar backbone. The major groove of Z DNA is wider and shallower than the
major groove of B DNA, and does not interact strongly with the nonintercalated ligands
from bound A or A enantiomers. Thus, enantiomeric tris(phenanthroline)metal complexes
are not strongly discriminated upon intercalation into Z DNA.

In related studies, Barton and Mei have shown that both enantiomers of
tris(3,4,7,8-tetramethyl-1,10-phenanthroline)ruthenium(II) bind to A DNA but not to B
DNA or Z DNA, and that the left-handed A isomer binds more strongly than the right-
handed A enantiomer.6 These complexes bind to the surface or grooves of A DNA rather
than by intercalation. In light of the results for these complexes, and for the tris(1,10-
phenanthroline)- and tris(4,7-diphenyl-1,10-phenanthroline) complexes, it has been
proposed that intercalative DNA binding is favored for metal complexes of the same
handedness as the DNA template, while groove or surface binding is favored for
complexes of handedness opposite or complementary to the DNA template.3 Finally,
Barton and coworkers have found that complexes of Ru(Il), Co(III), and Rh(III) produce
DNA photocleavage, and may be used to map metal complex binding sites by DNA affinity
cleaving.7-8

Hurley and coworkers used the DNA binding/alkylating specificity of CC-1065 to
predict the absolute stereochemistry of the natural product.9-10 CC-1065 binds in the
minor groove of B DNA with specificity for the five base pair sequences 5'-PuNTTA-3'
and 5'-AAAAA-3' and alkylates the N3 atom of the C-terminal adenine in these sequences.
By examining models, Hurley et al. concluded that only the C3b(R), C4a(S) configuration
of CC-1065 could be accommodated in the minor groove in the observed binding/alkylating

orientation.
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Reardon et al. have studied the sequence specificity of DNA alkylation by
stereoisomers of Benzo[a]pyrene and Benzo[c]phenanthrene dihydrodiol epoxides.!1 They
found that enantiomers and diastereomers of these carcinogens produce subtly different
patterns of DNA alkylation.

TANDEM (an analog of Triostin A) binds specifically to sequences of A:T base
pairs with affinity constants of approximately 107.23 Fox, Olsen, and Waring showed that
inversion at one or both D-serine residues of TANDEM has "disastrous" effects on DNA
binding affinity.24  Binding constants for D-Ser, L-Ser TANDEM or L-Ser, L-Ser
TANDEM were lower by at least three orders of magnitude. Crystal structures of Triostin
A and an analog, Echinomycin, complexed to oligonucleotides show that these antibiotics
bind specifically to DNA through intercalation of both quinoxaline chromophores between
DNA base pairs, and through contacts between cyclic depsipeptides and the DNA minor
groove. Inversion at either or both D-serine residues would cause drastic disruptions of
intercalation and depsipeptide:minor groove interactions.

The effects of epimerization at various stereogenic centers of Daunomycin or the
related anthracycline antibiotic Adriamycin have been examined.!2-14 Daunomycin and
Adriamycin have the 1'(R), 3'(S), 4'(S), 5'(S), 7(S), 9(S) absolute configuration and bind
to B DNA with affinity constants in the range 1-5 X 106 M-1.12 Most notably,
epimerization at C-7 (where the sugar residue joins the tetracyclic chromophore) or at the
anomeric C-1' center drastically reduces DNA binding affinity, and appears to change the
mode by which these molecules interact with DNA.12.13 The molecular structure of a
Daunomycin:DNA cocrystal shows that the planar chromophore of the antibiotic
intercalates lengthwise between DNA base pairs, while the amino sugar moiety is bound
snugly in the DNA minor groove.l4 Inverting the stereochemistry at the anomeric center of
the sugar or at the center where the sugar joins the tetracyclic chromophore would change
the manner in which the amino sugar residue could interact with the minor groove,

consistent with the experimental results.
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Figure 2.1. Chiral DNA binding molecules. Top Left: A-Tris(1,10-phenanthroline)-
Metal complex. Top Right: A-Tris(1,10-phenanthroline)Metal complex. Center:

CC-1065. Bottom Left: Benzo[a]pyrene dihydrodiol epoxide. Bottom Right: Benzo-
[c]phenanthrene dihyrodiol epoxide.
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Figure 2.2. Chiral DNA binding molecules. Top: Daunomycin. Center:
Chromomycin A3.
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Figure 2.3. Chiral DNA binding molecules. Top: Triostin A. Center: Actinomycin D.
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Results

Design. In order to provide new insight into enantiospecific DNA complexation, we
undertook the design, synthesis, and characterization of a series of related chiral DNA
minor groove binding/cleaving small molecules. Figures 2.5-2.11 depict the molecules
prepared for this study. The majority of these compounds are derivatives of
Bis(Netropsin)-Succinamide-EDTA (BNSE, described in Chapter One) in which one
dimethylamino substituent or one or two hydroxyl substituents have been added to the
succinamide linker (Figure 2.5). Figures 2.6-2.9 show Netropsin dimers linked in tail-to-
tail fashion by (§,5)-, (R,R)-, and (RS,SR)-tartaric acids (Figure 2.6), the acetonides of
(S,9)-, (R,R)-, and (RS,SR)-tartaric acids (Figure 2.7), (§)- and (R)-malic acids (Figure
2.8), and (S)- and (R)-N,N-dimethylaminoaspartic acids (Figure 2.9). Figure 2.10 depicts
the structures of three molecules in which an N-methylpyrrolecarboxamide (P1) subunit
and a tri(N-methylpyrrolecarboxamide) (P3) subunit are linked in tail-to-tail fashion by
succinic acid, (S,S)-tartaric acid, and (R,R)-tartaric acid. These molecules are
constitutional isomers of BNSE, BN-(S,S)-Tar-E, and BN-(R,R)-Tar-E,
respectively. While P1-Linker-P3-EDTA compounds bear C2 symmetrical linkers, their
DNA binding subunits are not, as a whole, C2 symmetric. Figure 2.11 depicts the
structures of head-to-tail Netropsin dimers linked by (S)-alanine and (R)-alanine. BN-
(S)-AE and BN-(R)-AE are methyl-substituted analogs of Bis(Netropsin)-Glycine-
EDTA (BNGE, described in Chapter One). The iron-chelating functionality EDTA was
appended to one terminus of each molecule in this series in order to determine DNA
binding properties by DNA affinity cleaving.25 While the Fe:EDTA moieties of these
molecules are themselves stereogenic, we anticipated that this feature would not mask
enantiospecific binding effects arising from the chiral linkers because the Fe:EDTA subunit

is the same for each molecule and is not believed to be intimately associated with the DNA.
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Figure 2.5. Design of chiral DNA binding/cleaving molecules:
Substituted Bis(Netropsin)-Succinamide-EDTA:Fe compounds.
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Figure 2.6. Bis(Netropsin)-Tartaramide-EDTA:Fe compounds. Left:
Bis(Netropsin)-(RS,SR)-Tartaramide-EDTA:Fe (BN-(RS,SR)-Tar-E:Fe).
Center: Bis(Netropsin)-(S,S5)-Tartaramide-EDTA:Fe (BN-(S,S)-Tar-E:Fe).
Right: Bis(Netropsin)-(R,R)-Tartaramide-EDTA:Fe (BN-(R,R)-Tar-E:Fe).
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Figure 2.7. Bis(Netropsin)-Tartaramide Acetonide-EDTA:Fe compounds.
Left: Bis(Netropsin)-(RS,SR)-Tartaramide Acetonide-EDTA:Fe
(BN-(RS,SR)-TarAc-E:Fe). Center: Bis(Netropsin)-(S,S)-Tartaramide
Acetonide-EDTA:Fe (BN-(S,S5)-TarAc-E:Fe). Right: Bis(Netropsin)-
(R,R)-Tartaramide Acetonide-EDTA:Fe (BN-(R,R)-TarAc-E:Fe).
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Figure 2.8. Bis(Netropsin)-Malicamide-EDTA:Fe compounds. Left:
Bis(Netropsin)-2-(S)-Malicamide-EDTA:Fe (BN-2-(S)-Mal-E:Fe).
Right: Bis(Netropsin)-2-(R)-Malicamide-EDTA:Fe (BN-2-(R)-Mal-E:Fe).
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Figure 2.9. Bis(Netropsin)-Dimethylaminoaspartamide-EDTA:Fe compounds. Left:
Bis(Netropsin)-3-(S)-Dimethylaminoaspartamide-EDTA:Fe (BN-3-(S)-DMAsp-E:Fe).
Center: Bis(Netropsin)-2-(S)-Dimethylaminoaspartamide-EDTA:Fe (BN-2-(S)-
DMAsp-E:Fe). Right: Bis(Netropsin)-2-(R)-Dimethylaminoaspartamide-EDTA :Fe
(BN-2-(R)-DMAsp-E:Fe).
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Figure 2.10. Pl-Linker-P3-EDTA:Fe compounds. Left: P1-(S,5)-
Tartaramide-P3-EDTA:Fe (P1-(S,5)-Tar-P3-E:Fe). Center: Pl-
(R,R)-Tartaramide-P3-EDTA:Fe (P1-(R,R)-Tar-P3-E:Fe). Right:
P1-Succinamide-P3-EDTA:Fe (P1-S-Tar-P3-E:Fe).
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Figure 2.11. Left: Bis(Netropsin)-(R)-Alanine-EDTA:Fe (BN-(R)-AE:Fe).
Right: Bis(Netropsin)-(S)-Alanine-EDTA:Fe (BN-(S)-AE:Fe).
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Synthesis. The synthesis of Bis(Netropsin)s linked by chiral diacids is exemplified by
the synthesis of Bis(Netropsin)-(R,R)-Tartaramide-EDTA (BN-(R,R)-Tar-E, I1-143,
Figure 2.12), which followed the general procedure developed for the synthesis of
Bis(Netropsin) Diacid-EDTA compounds ( Chapter One, Figure 1.12). I-22 was reduced,
coupled with an excess of (R,R)-tartaric acid to afford Netropsin-(R,R)-Tartaramic acid I-
108. IV-129 was reduced and coupled with I-108 to afford Boc Bis(Netropsin)-(R,R)-
Tartaramide I-119. The terminal amino group of I-119 was deprotected and coupled with
the triethyl ester of EDTA. The EDTA ester groups were removed by hydrolysis to afford
BN-(R,R)-Tar-E. For the synthesis of BN-Tartaramide acetonide-EDTA compounds,
BN-2-(S)-DMAsp-E and BN-3-(S5)-DMAsp-E, reduced 1-22 was coupled with one
equivalent of a mono ester linker synthon to afford Netropsin esters, which were
hydrolyzed and elaborated following the procedure described for the conversion of
Netropsin-(R,R)-Tartaramic acid to BN-(R,R)-Tar-E. The chiral linker synthons
employed in these syntheses are shown in Figure 2.13,26-28
The synthesis of P1-Linker-P3-EDTA compounds is exemplified by the synthesis
of P1-Succinamide-P3-EDTA (P1-S-P3-E, I-264, Figure 2.14). O3NP1CO3zH was
coupled with 3-dimethylaminopropylamine to afford I-200. O2NP3CO2H was coupled
with IV-161 to afford 1-209. Reduction of 1-200 and coupling with an excess of
succinic acid produced P1-Succinamic acid I-254. I-209 was reduced and coupled with
1-254 to afford Boc P1-Succinamide-P3 1-256. The terminal amino group of 1-256 was
deprotected and coupled with the triethyl ester of EDTA. The EDTA ester groups were
removed by hydrolysis to afford P1-S-P3-E.
The head-to-tail dimers BN-(S)-AE and BN-(R)-AE were synthesized
following the general procedure described for the synthesis of Bis(Netropsin) Amino acid-

EDTA compounds (Chapter One, Figure 1.13).
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Figure 2.12. Scheme for the synthesis of BN-(R,R)-Tar-E. Reaction
conditions: a, DCC, HOBT, DMF; b, H, (1 atm), Pd/C, DMF,; ¢, H, (3 atm),
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Figure 2.13. Linker synthons used to prepare chiral, substituted Bis(Netropsin)-
Succinamide-EDTA compounds and P1-Linker-P3-EDTA compounds.
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Figure 2.14. Scheme for the synthesis of P1-S-P3-E. Reaction conditions: a, DCC,
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e, EDTA(OEt);, CDI, DMF; f, LiOH, MeOH, H,0.
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Polarimetry was used to assess the optical activity of the chiral molecules. Specific
rotation values, measured at room temperature in 10% concentrated aqueous

ammonia/ethanol solution, are collected in the following table.

Compound [a]p? -
BN-(R,R)-Tar-E +7.7 0.33
BN-(S,S)-Tar-E -17.9 0.33
BN-(R,R)-TarAc-E -19.7 0.36
BN-(S,5)-TarAc-E +15.6 0.38
BN-2-(R)-Mal-E +11.4 0.30
BN-2-(S)-Mal-E -14.8 0.29
BN-2-(R)-DMAsp-E -0.9 0.22
BN-2-(S)-DMAsp-E -1.0 0.20
BN-3-(S)-DMAsp-E 0.0 0.22
P1-(R,R)-Tar-P3-E +32.9 0.35
P1-(S,S)-Tar-P3-E -31.1 0.31
BN-(R)-AE +73.2 0.31
BN-(S)-AE -72.3 0.29

Several observations may be made from this data. First, the Bis(Netropsin)-
Dimethylaminoaspartamide-EDTA compounds exhibit little or no optical activity at the
sodium D line (589 nm). These molecules do not exhibit optical activity at other
wavelengths, and must therefore be considered as racemic mixtures BN-2-DMAsp-E and
BN-3-DMAsp-E. Second, BN-(R,R)-Tar-E and BN-(§,S)-Tar-E exhibit optical
activity of opposite sign but not of equal magnitude. Thus, some amount of racemization
appears to have occurred during the synthesis and/or storage of these compounds. It was
determined by optical rotation and NMR shift reagent studies that the starting (R,R)- and
(S,5)-tartaric acids were of > 99% enantiomeric purity. In addition, the specific rotations

of the penultimate EDTA triethyl ester intermediates to BN-(R,R)-Tar-E and BN-
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(S,S)-Tar-E were found to be equal in magnitude and opposite in sign, indicating that
racemization occurred during or after hydrolysis of the ester groups. Given the measured
specific rotations, the enantiomeric purity of BN-(R,R)-Tar-E must not exceed 43%
[(7.7/17.9)100]. Finally, enantiomers of Bis(Netropsin)-Tartaramide acetonide-EDTA
compounds, Bis(Netropsin)-Malicamide-EDTA compounds, Pl1-Linker-P3-EDTA
compounds, and Bis(Netropsin)-Alanine-EDTA compounds exhibit optical activities of
opposite sign and approximately equal magnitude (£15%), suggesting that these pairs of
enantiomers have undergone little or no racemization, or have been racemized to nearly the
same extent.

DNA Affinity Cleaving. DNA affinty cleaving studies with PSE, BNSE, P1-S-P3-
E, and the chiral molecules were carried out under conditions determined to be optimal for
DNA binding/cleaving by oligo(N-methylpyrrolecarboxamide)-EDTA compounds.2® DNA
double-strand cleavage by these molecules was examined on Sty I-linearized, 3'-32P end-
labeled pBR322 plasmid DNA. DNA cleavage products were separated by agarose gel
electrophoresis and visualized by autoradiography.

Figure 2.15 shows an autoradiograph of DNA double-strand cleavage patterns
produced by PSE:Fe, BNSE:Fe, and the Bis(Netropsin)-Tartaramide-EDTA:Fe
compounds. Here it can be seen that the Bis(Netropsin)-Tartaramide-EDTA:Fe compounds
produce the same intense cleavage loci produced by PSE:Fe and BNSE:Fe. The relative
cleavage intensities produced by BN-(S,S)-Tar-E:Fe, BN-(R,R)-Tar-E:Fe, and
BN-(RS,SR)-Tar-E:Fe at these major cleavage loci match the relative intensities
produced by BNSE:Fe more closely than the relative intensities produced by PSE:Fe.
Bis(Netropsin)-Tartaramide-EDTA:Fe compounds also produce significant cleavage at
additional sites observed only weakly or not at all with PSE:Fe or BNSE:Fe. Finally,
the chiral molecules produced more nonspecific (background) cleavage than PSE:Fe or

BNSE:Fe. Background cleavage is most apparent with BN-(R,R)-Tar-E:Fe.
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Figure 2.15
Autoradiograph of DNA double-strand cleavage patterns produced by PSE:Fe,
BNSE:Fe, and Bis(Netropsin)-Tartaramide-EDTA:Fe compounds on Sty I-linearized, 3'-
32p end-labeled pBR322 plasmid DNA in the presence of dioxygen and dithiothreitol.
Cleavage patterns were resolved by electrophoresis on a 1% agarose gel. Lanes 2,4,6,8,10
contain DNA labeled at one end with a-32P dATP, while lanes 3,5,7,9,11 contain DNA
labeled at the other end with a-32P TTP. Lanes 1 and 12, molecular weight markers
consisting of pBR322 restriction fragments 4363, 3371, 2994, 2368, 1998, 1768, 1372,
995, and 666 bp in length; lanes 2 and 3, PSE:Fe at 0.50 UM concentration; lanes 4 and 5,
BNSE:Fe at 0.10 puM concentration; lanes 6 and 7, BN-(S,S)-Tar-E:Fe at 4.0 uM
concentration; lanes 8 and 9, BN-(R,R)-Tar-E:Fe at 20 pM concentration; lanes 10 and

11, BN-(RS,SR)-Tar-E:Fe at 8.0 uM concentration.
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Figure 2.16 shows an autoradiograph of DNA double-strand cleavage patterns
produced by P5SE:Fe, BNSE:Fe, and the Bis(Netropsin)-Malicamide-EDTA:Fe
compounds. Here it can be seen that the cleavage patterns produced by BN-2-(5)-Mal-
E:Fe and BN-2-(R)-Mal-E:Fe are nearly identical to the cleavage patterns produced by
BNSE:Fe.

Figure 2.17 shows an autoradiograph of DNA double-strand cleavage patterns
produced by PSE:Fe, BNSE:Fe, and the Bis(Netropsin)-Dimethylaminoaspartamide-
EDTA:Fe compounds. It is assumed that lanes 6, 7, 8, and 9 each contain a racemic
mixture of BN-2-(S)-DMAsp-E:Fe and BN-2-(R)-DMAsp-E:Fe at 2.0 pM total
concentration, and that lanes 10 and 11 contain a racemic mixture of BN-3-(S)-DMAsp-
E:Fe and BN-3-(R)-DMAsp-E:Fe at 2.0 uM total concentration. The lane headings in
Figure 2.17 indicate the stereochemistry that the Bis(Netropsin)-Dimethylamino-
aspartamide-EDTA compounds would have had in the absence of racemization. The
variations in cleavage intensity in lanes 6-9 indicate the extent to which DNA
binding/cleaving is reproducible in these experiments. The cleavage intensities at the four
major cleavage loci observed with the BN-2-DMAsp-E:Fe and BN-3-DMAsp-E:Fe
are nearly equal, as observed with PSE:Fe rather than BNSE:Fe.

Figure 2.18 shows an autoradiograph of the DNA double-strand cleavage patterns
produced by PSE:Fe, BNSE:Fe, and the P1-Linker-P3-EDTA:Fe compounds. Here it
can be seen that P1-S-P3-EDTA:Fe, P1-(S,5)-Tar-P3-EDTA:Fe, and P1-(R,R)-
Tar-P3-EDTA:Fe produce cleavage patterns similar to those produced by BNSE:Fe.

Bis(Netropsin)-Tartaramide Acetonide-EDTA:Fe compounds and Bis(Netropsin)-
Alanine-EDTA:Fe compounds did not produce significant DNA double-strand cleavage,

even at 100 uM concentrations.
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Figure 2.16
Autoradiograph of DNA double-strand cleavage patterns produced by PSE:Fe,
BNSE:Fe, and Bis(Netropsin)-Malicamide-EDTA:Fe compounds on Sty I-linearized, 3'-
32p end-labeled pBR322 plasmid DNA in the presence of dioxygen and dithiothreitol.
Cleavage patterns were resolved by electrophoresis on a 1% agarose gel. Lanes 2,4,6,8
contain DNA labeled at one end with a-32P dATP, while lanes 3,5,7,9 contain DNA
labeled at the other end with a-32P TTP. Lanes 1 and 10, molecular weight markers
consisting of pBR322 restriction fragments 4363, 3371, 2994, 2368, 1998, 1768, 1372,
995, and 666 bp in length; lanes 2 and 3, PSE:Fe at 0.50 uM concentration; lanes 4 and 5,
BNSE:Fe at 0.10 uM concentration; lanes 6 and 7, BN-2-(5)-Mal-E:Fe at 0.50 uM

concentration; lanes 8 and 9, BN-2-(R)-Mal-E:Fe at 1.0 uM concentration.
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Figure 2.17
Autoradiograph of DNA double-strand cleavage patterns produced by PSE:Fe,
BNSE:Fe,_ and Bis(Netropsin)-Dimethylaminoaspartamide-EDTA:Fe compounds on Sty
I-linearized, 3'-32P end-labeled pBR322 plasmid DNA in the presence of dioxygen and
dithiothreitol. Cleavage patterns were resolved by electrophoresis on a 1% agarose gel.
Lanes 2,4,6,8,10 contain DNA labeled at one end with a-32P dATP, while lanes
3,5,7.9,11 contain DNA labeled at the other end with a-32P TTP. Lanes 1 and 12,
molecular weight markers consisting of pBR322 restriction fragments 4363, 3371, 2994,
2368, 1998, 1768, 1372, 995, and 666 bp in length; lanes 2 and 3, PSE:Fe at 0.50 uM
concentration; lanes 4 and 5, BNSE:Fe at 0.10 LM concentration; lanes 6 and 7, racemic
BN-2-DMAsp-E:Fe at 2.0 uM concentration; lanes 8 and 9, racemic BN-2-DMAsp-
E:Fe at 2.0 uM concentration; lanes 10 and 11, racemic BN-3-DMAsp-E:Fe at 2.0 uM

concentration.
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Figure 2.18
Autoradiograph of DNA double-strand cleavage patterns produced by P5E:Fe,
BNSE:Fe, and Pl-Linker-P3-EDTA:Fe compounds on Sty I-linearized, 3'-32P end-
labeled pBR322 plasmid DNA in the presence of dioxygen and dithiothreitol. Cleavage

patterns were resolved by electrophoresis on a 1% agarose gel. Lanes 2,4,6,8,10 contain

DNA labeled at one end with a-32P dATP, while lanes 3,5,7,9,11 contain DNA labeled at
the other end with a-32P TTP. Lanes 1 and 12, molecular weight markers consisting of
pBR322 restriction fragments 4363, 3371, 2994, 2368, 1998, 1768, 1372, 995, and 666
bp in length; lanes 2 and 3, PSE:Fe at 0.50 uM concentration; lanes 4 and 5, BNSE:Fe
at 0.10 uM concentration; lanes 6 and 7, P1-S-P3-E:Fe at 0.10 uM concentration; lanes
8 and 9, P1-(S,S)-Tar-P3-E:Fe at 4.0 uM concentration; lanes 10 and 11, P1-(R,R)-

Tar-P3-E:Fe at 8.0 uM concentration.
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Densitometric analysis of the autoradiographs shown in Figures 2.15-2.18 allowed
formulation of the histograms shown in Figures 2.19-2.22. Positions of pBR322 DNA
cleavage were determined from the electrophoretic mobilities of the cleavage bands
produced by these molecules and the bands in the molecular weight marker lanes. The
cleavage loci observed with these molecules map to A:T rich regions of pBR322. The two
closely spaced cleavage loci near position 3100 map to two closely spaced seven base pair
homopolymer A:T sequences, 5'-TTTTTTT-3' (centered at position 3079), and 5'-
AAAAAAA-3' (centered at position 3111). The cleavage locus near position 3250 maps to
the longest contiguous stretch of A:T base pairs (15) found on pBR322, 5'-
TTTTAAATTAAAAAT-3' (centered at position 3236). The cleavage locus near position
4250 maps to the nine base pair sequence 5'-TTTTTATTT-3' (centered at position 4237).
The cleavage locus near position 4300 maps to the ten base pair sequence 5'-
ATATTTTTAT-3' (centered at position 4325), and may also reflect cleavage at the
neighboring eight base pair sequence 5-ATAATAAT-3' (centered at position 4303).
Minor cleavage loci map to the sequences 5'-TTAAATT-3' (centered at position 59), 5'-
ATTTTTC-3' (centered at position 1752), 5'-AAAAAAC-3' (centered at position 1932),
5'-GTAAAAA-3' (centered at position 2513), 5" ATTTATAGCAATAAA-3' (centered at
position 3465), 5-TATTAATT-3' (centered at position 3540), 5'-TTTAAAA-3' (centered
at position 3945), and 5'-AATATTATT-3' (centered at position 4173).

From the intensities of cleavage observed on the autoradiographs and the
concentrations required to achieve these cleavage intensities, overall DNA binding/cleaving
efficiencies (Ere values) for these molecules decrease in the order BNSE:Fe, P1-S-P3-
E:Fe > BN-2-(S)-Mal-E:Fe > P5SE:Fe > BN-2-(R)-Mal-E:Fe, BN-3-DM Asp-
E:Fe > BN-2-DMAsp-E:Fe > BN-(S5,5)-Tar-E:Fe > P1-(S,5)-Tar-E:Fe > BN-
(RS,SR)-Tar-E:Fe, P1-(R,R)-P3-E:Fe > BN-(R,R)-Tar-E:Fe > BN-(R,R)-
TarAc-E:Fe, BN-(S,S)-TarAc-E:Fe, BN-(RS,SR)-TarAc-E:Fe, BN-(S)-
AE:Fe, BN-(R)-AE:Fe.
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Figure 2.19. Histogram of DNA double-strand cleavage produced by PSE:Fe, BNSE:Fe, and
Bis(Netropsin)-Tartaramide-EDTA:Fe compounds on Sty I-linearized pBR322 plasmid DNA in the presence
of dioxygen and dithiothreitol. Lengths of arrows correspond to the relative amounts of cleavage,
determined by optical densitometry, at the various cleavage loci. Positions of cleavage were determined by
analyzing the measured electrophoretic mobilities of DNA cleavage fragments relative to a standard curve
derived from the measured electrophoretic mobilities of marker fragments of known molecular weights.
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Figure 2.20. Histogram of DNA double-strand cleavage produced by PSE:Fe, BNSE:Fe, and
Bis(Netropsin)-Malicamide-EDTA:Fe compounds on Sty I-linearized pBR322 plasmid DNA in the presence
of dioxygen and dithiothreitol. Lengths of arrows correspond to the relative amounts of cleavage,
determined by optical densitometry, at the various cleavage loci. Positions of cleavage were determined by
analyzing the measured electrophoretic mobilities of DNA cleavage fragments relative to a standard curve
derived from the measured electrophoretic mobilities of marker fragments of known molecular weights.
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Figure 2.21. Histogram of DNA double-strand cleavage produced by PSE:Fe, BNSE:Fe, and
Bis(Netropsin)-Dimethylaminoaspartamide-EDTA:Fe compounds on Sty I-linearized pBR322 plasmid
DNA in the presence of dioxygen and dithiothreitol. Lengths of arrows correspond to the relative amounts
of cleavage, determined by optical densitometry, at the various cleavage loci. Positions of cleavage were
determined by analyzing the measured electrophoretic mobilities of DNA cleavage fragments relative to a
standard curve derived from the measured electrophoretic mobilities of marker fragments of known
molecular weights.
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Figure 2.22. Histogram of DNA double-strand cleavage produced by PSE:Fe, BNSE:Fe, and
P1-Linker-P3-EDTA:Fe compounds on Sty I-linearized pBR322 plasmid DNA in the presence of dioxygen
and dithiothreitol. Lengths of arrows correspond to the relative amounts of cleavage, determined by optical
densitometry, at the various cleavage loci. Positions of cleavage were determined by analyzing the measured
electrophoretic mobilities of DNA cleavage fragments relative to a standard curve derived from the measured
electrophoretic mobilities of marker fragments of known molecular weights.
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Two of the major double-strand cleavage loci produced by these molecules were
examined at nucleotide resolution. For these studies, 517 base pair Eco RI/Rsa I restriction
fragments from pBR322 were prepared with 32P at either the 3'- or 5' Eco RI end. DNA
binding/cleaving of these fragments, which contain the major cleavage loci centered at or
near pBR322 positions 4237 and 4325, was carried out under standard, optimal
conditions.2® DNA cleavage products were separated by denaturing polyacrylamide gel
electrophoresis and visualized by autoradiography.

An autoradiograph of the cleavage patterns produced by PSE:Fe, BNSE:Fe, and
the Bis(Netropsin)-Tartaramide-EDTA:Fe compounds on the 517 base pair restriction
fragments is shown in Figure 2.23. Here it can be seen that the BN-(S,S)-Tar-E:Fe,
BN-(R,R)-Tar-E:Fe, and BN-(RS,SR)-Tar-E:Fe produce specific cleavage in the
same general regions as PSE:Fe and BNSE:Fe. However, the chiral Bis(Netropsin)-
EDTA:Fe compounds exhibit lower site selectivities than PSE:Fe and BNSE:Fe.
PSE:Fe and BNSE:Fe produce intense cleavage at sites near the bottom (Site A) and
upper middle (Site C) parts of the autoradiograph, and weaker cleavage at sites in the lower
middle (Site B) and upper (Site E) parts of the autoradiograph, BN-(S,5)-Tar-E:Fe,
BN-(R,R)-Tar-E:Fe, and BN-(RS,SR)-Tar-E:Fe produce uniform intensities of
cleavage at Sites A, B, C, and E. Bis(Netropsin)-Tartaramide-EDTA:Fe compounds
produce significant background cleavage and complex cleavage patterns in the regions of
Sites C and E. These patterns indicate multiple, overlapping binding sites for these
molecules in these regions. The Bis(Netropsin)-Tartaramide-EDTA:Fe compounds exhibit
small binding orientation preferences, similar to BNSE:Fe.

An autoradiograph of the cleavage patterns produced by PSE:Fe, BNSE:Fe, and
the Bis(Netropsin)-Malicamide-EDTA:Fe compounds on the 517 base pair restriction
fragments is shown in Figure 2.24. Here it can be seen that BN-2-(S)-Mal-E:Fe and
BN-2-(R)-Mal-E:Fe produce specific cleavage at Sites A, B, C and E, and exhibit site

selectivities and orientation preferences similar to BNSE:Fe. BN-2-(R)-Mal-E:Fe




89

produces a somewhat more complex cleavage pattern in the region of Site C, indicative of
multiple overlapping binding sites in this region for this molecule.

An autoradiograph of the cleavage patterns produced by PSE:Fe, BNSE:Fe, and
the Bis(Netropsin)-Dimethylaminoaspartamide-EDTA:Fe compounds on the 517 base pair
restriction fragments is shown in Figure 2.25. The lane labels indicate the configurations
that these materials would have had in the absence of racemization. Here it can be seen that
BN-2-DMAsp-E:Fe and BN-3-DMAsp-E:Fe produce specific cleavage at Sites A, B,
C, and E, and exhibit site selectivities and orientation preferences similar to BNSE:Fe.

An autoradiograph of the cleavage patterns produced by PSE:Fe, BNSE:Fe, and
the P1-Linker-P3-EDTA:Fe compounds on the 517 base pair restriction fragments is
shown in Figure 2.26. Here it can be seen that P1-S-P3-EDTA:Fe, P1-(S,S)-Tar-
P3-EDTA:Fe, and P1-(R,R)-Tar-P3-EDTA:Fe produce specific DNA cleavage in
the same general regions as PSE:Fe and BNSE:Fe, but with some significant differences
in orientation preferences and site selectivities. The P1-Linker-P3-EDTA:Fe compounds
exhibit very strong binding orientation preferences at Site A. P1-S-P3-E:Fe and P1-
(S,5)-Tar-P3-E:Fe produce strong cleavage at a binding site (Site D) in the upper
middle part of the autoradiograph, which is different from Site C preferred by BNSE:Fe.
P1-(R,R)-Tar-P3-E:Fe produces significant background cleavage and complex patterns
of cleavage in the regions of Sites B, C, and E, which are consistent with multiple
overlapping binding sites in these regions for this molecule.

The DNA cleavage patterns on these autoradiographs were analyzed by
densitometry and converted to histogram form (Figures 2.27-2.30). Equilibrium minor
groove binding sites for these molecules, assigned on the basis of their 3'-shifted, pseudo-
C> symmetrical cleavage patterns,25 are indicated as boxes in the histograms. All of the
molecules that exhibit sequence-specific DNA binding/cleaving behavior bind to the seven
base pair sequence 5-ATTTTTA-3" at Site A. This sequence lies within the ten base pair
A:T sequence centered at pBR322 position 4325 and mapped by DNA double-strand
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Figure 2.23
Autoradiograph of DNA cleavage patterns produced by PSE:Fe, BNSE:Fe, and
Bis(Netropsin)-Tartaramide-EDTA:Fe compounds on 3'- and 5'-32P end-labeled 517 bp
restriction fragments (Eco RI/Rsa I) from plasmid pBR322 DNA, in the presence of
dioxygen and dithiothreitol. Cleavage patterns were resolved by electrophoresis on a 1:20
cross-linked 8% polyacrylamide, 50% urea denaturing gel. Lanes 1-12 were with 3' end-
labeled DNA, while lanes 13-24 were with 5' end-labeled DNA. Lanes 1 and 24,
uncleaved DNA; lanes 2 and 23, Maxam-Gilbert chemical sequencing G reactions; lanes
3,4 and 13,14, PSE:Fe at 0.50 and 1.0 pM concentrations; lanes 5,6 and 15,16,
BNSE:Fe at 0.50 and 1.0 uM concentrations; lanes 7,8 and 17,18, BN-(S,S)-Tar-
E:Fe at 1.0, and 10 uM concentrations; lanes 9,10 and 19,20, BN-(R,R)-Tar-E:Fe at
1.0 and 50 uM concentrations; lanes 11,12 and 21,22, BN-(RS,SR)-Tar-E:Fe at 1.0

and 20 puM concentrations.
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Figure 2.24
Autoradiograph of DNA cleavage patterns produced by PSE:Fe, BNSE:Fe, and
Bis(Netropsin)-Malicamide-EDTA:Fe compounds on 3'- and 5'-32P end-labeled 517 bp
restriction fragments (Eco RI/Rsa I) from plasmid pBR322 DNA, in the presence of
dioxygen and dithiothreitol. Cleavage patterns were resolved by electrophoresis on a 1:20
cross-linked 8% polyacrylamide, 50% urea denaturing gel. Lanes 1-10 were with 3' end-
labeled DNA, while lanes 11-20 were with 5' end-labeled DNA. Lanes 1 and 20,
uncleaved DNA; lanes 2 and 19, Maxam-Gilbert chemical sequencing G reactions; lanes
3,4 and 11,12, PSE:Fe at 0.50 and 1.0 uM concentrations; lanes 5,6 and 13,14,
BNSE:Fe at 0.50 and 1.0 uM concentrations; lanes 7,8 and 15,16, BN-2-(S)-Mal-
E:Fe at 0.50 and 1.0 uM concentrations; lanes 9,10 and 17,18, BN-2-(R)-Mal-E:Fe at

1.0 and 2.0 uM concentrations.
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Figure 2.25
Autoradiograph of DNA cleavage patterns produced by PSE:Fe, BNSE:Fe, and
Bis(Netropsin)-Dimethylaminoaspartamide-EDTA:Fe compounds on 3'- and 5'-32P end-
labeled 517 bp restriction fragments (Eco RI/Rsa I) from plasmid pBR322 DNA, in the
presence of dioxygen and dithiothreitol. Cleavage patterns were resolved by
electrophoresis on a 1:20 cross-linked 8% polyacrylamide, 50% urea denaturing gel.
Lanes 1-12 were with 3' end-labeled DNA, while lanes 13-24 were with 5' end-labeled
DNA. Lanes 1 and 24, uncleaved DNA; lanes 2 and 23, Maxam-Gilbert chemical
sequencing G reactions; lanes 3,4 and 13,14, PSE:Fe at 0.50 and 1.0 pM concentrations;
lanes 5,6 and 15,16, BNSE:Fe at 0.50 and 1.0 uM concentrations; lanes 7,8 and 17,18,
BN-2-DMAsp-E:Fe at 1.0 and 15 uM concentrations; lanes 9,10 and 19,20, BN-2-
DMAsp-E:Fe at 1.0 and 20 uM concentrations; lanes 11,12 and 21,22, BN-3-DMAsp-

E:Fe at 1.0 and 10 pM concentrations.
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Figure 2.26

Autoradiograph of DNA cleavage patterns produced by PSE:Fe, BNSE:Fe, and P1-
Linker-P3-EDTA:Fe compounds on 3'- and 5'-32P end-labeled 517 bp restriction
fragments (Eco RI/Rsa I) from plasmid pBR322 DNA, in the presence of dioxygen and
dithiothreitol. Cleavage patterns were resolved by electrophoresis on a 1:20 cross-linked
8% polyacrylamide, 50% urea denaturing gel. Lanes 1-12 were with 3' end-labeled DNA,
while lanes 13-24 were with 5' end-labeled DNA. Lanes 1 and 24, uncleaved DNA; lanes
2 and 23, Maxam-Gilbert chemical sequencing G reactions; lanes 3,4 and 13,14, PSE:Fe
at 0.50 and 1.0 uM concentrations; lanes 5,6 and 15,16, BNSE:Fe at 0.50 and 1.0 puM
concentrations; lanes 7,8 and 17,18, P1-S-P3-E:Fe at 0.5 and 1.0 puM concentrations;
lanes 9,10 and 19,20, P1-(S,S)-Tar-P3-E:Fe at 1.0 and 10 uM concentrations; lanes
11,12 and 21,22, P1-(R,R)-Tar-P3-E:Fe at 1.0 and 20 puM concentrations.
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Figure 2.27. Histograms of DNA cleavage produced by PSE:Fe, BNSE:Fe, and
Bis(Netropsin)-Tartaramide-EDTA:Fe compounds on the 517 bp DNA restriction
fragment (Eco RI/Rsa I) from plasmid pBR322 DNA. Lengths of arrows correspond to
the relative amounts of cleavage that result in removal of the indicated base. DNA minor
groove binding sites (boxed) were assigned from the observed cleavage patterns and the
model described by Taylor, Schultz, and Dervan (Reference 25).
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Figure 2.28. Histograms of DNA cleavage produced by PSE:Fe, BNSE:Fe, and
Bis(Netropsin) Malicamide-EDTA:Fe compounds on the 517 bp DNA restriction fragment
(Eco RI/Rsa I) from plasmid pBR322 DNA. Lengths of arrows correspond to the relative
amounts of cleavage that result in removal of the indicated base. DNA minor groove
binding sites (boxed) were assigned from the observed cleavage patterns and the model
described by Taylor, Schultz, and Dervan (Reference 25).
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Figure 2.29. Histograms of DNA cleavage produced by PSE:Fe, BNSE:Fe, and
Bis(Netropsin)-Dimethylaminoaspartamide-EDTA :Fe compounds on the 517 bp DNA
restriction fragment (Eco RI/Rsa I) from plasmid pBR322 DNA. Lengths of arrows
correspond to the relative amounts of cleavage that result in removal of the indicated base.
DNA minor groove binding sites (boxed) were assigned from the observed cleavage
patterns and the model described by Taylor, Schultz, and Dervan (Reference 25).
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Figure 2.30. Histograms of DNA cleavage produced by PSE:Fe, BNSE:Fe, and
P1-Linker-P3-EDTA:Fe compounds on the 517 bp DNA restriction fragment (Eco RI/Rsa
I) from plasmid pBR322 DNA. Lengths of arrows correspond to the relative amounts of
cleavage that result in removal of the indicated base. DNA minor groove binding sites
(boxed) were assigned from the observed cleavage patterns and the model described by

Taylor, Schultz, and Dervan (Reference 28).
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affinity cleaving analysis. At Site B, PSE:Fe binds to the sequence 5'-ATAATAA-3',
while BNSE:Fe, BN-(S,S)-Tar-E:Fe, BN-(R,R)-Tar-E:Fe, BN-(RS,SR)-Tar-
E:Fe, BN-2-(S)-Mal-E:Fe, BN-2-(R)-Mal-E:Fe, BN-.Z-DMAsp-E:Fe, BN-3-
DMAsp-E:Fe, and P1-S-P3-E:Fe bind to a sequence shifted by one base pair, 5'-
TAATAAT-3". P1-(S,S)-Tar-P3-E:Fe appears to bind to the eight base pair sequence
5'-TAATAATG-3' in this region. At Site C, all of the molecules that exhibit sequence-
specific DNA binding/cleaving behavior bind to the seven base pair sequence 5'-
TATTTTT-3". This binding site lies within the nine base pair A:T sequence centered at
pBR322 position 4237 and mapped by DNA double-strand affinity cleaving analysis.
P5SE:Fe produces very little cleavage at Site D, but BNSE:Fe, P1-S-P3-E:Fe, and the
active DNA binding/cleaving chiral molecules all appear to bind to the seven base pair
sequence 5'-ATTTGTT-3', which overlaps with the Site C binding sequence.
Densitometric analysis of the cleavage intensities produced by these molecules
allowed values of binding orientation preferences and relative DNA binding/cleaving
efficiencies to be calculated for these molecules at Sites A, B, C. These data are collected
in the following tables. Estimated values of Erej at Site D are also included. Because of
overlap with Site C, orientation preference values were not calculated at Site D. It is
predicted that these values are reproducible to £20%. Orientation preferences were
calculated by dividing the total amount of cleavage observed on the lower side (towards the
bottom of the autoradiograph) of a binding site by the total amount of cleavage observed on
the higher side of that binding site. For BNSE:Fe and the chiral Bis(Netropsin)-EDTA:Fe
compounds, orientation preferences ranged from 1:1 to 2.7:1. For the P1-Linker-P3-
EDTA :Fe compounds, binding orientation preferences were pronounced at Site A, where
they were approximately 10:1. At the other sites orientation preferences for these
molecules ranged from 1.1:1 to 2.4:1. Eye) values were calculated by dividing the total
amount of cleavage produced by a given compound at Sites A, B, C, and D by the total

amount of cleavage produced by PSE:Fe at Site A, then correcting for differences in the
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Orientation Preference
P5E:Fe 1:4.4 1.7:1 1:5.7
BNSE:Fe | oy 58 | 1:2.0 ) E3|
BN-(S,S)-Tar-E:Fe 1.7:1 1:2.1 1.1:1
BN-(R,R)-Tar-E:Fe 1.2:1 1:1.7 1319 |
BN-(RS,SR)-Tar-E:Fe 1.5:1 1:1.9 Tz1
BN-2-(S5)-Mal-E:Fe 2.6:1 1:2.7 1.9:1
BN-2-(R)-Mal-E:Fe 1.8:1 1:2.3 1:1
BN-2-DMAsp-E:Fe 1.6:1 1:1.6 1:1.2
BN-3-DMAsp-E:Fe 1.6:1 1:1.6 L1
P1-S-P3-E:Fe 9.7:1 1:1.6 5 19 |
P1-(S,S)-Tar-P3-E:Fe 13.7:1 1:24 2:3:1

P1-(R,R)-Tar-P3-E:Fe 85:1  ceeeee e

Relative DNA Binding/Cleaving Efficiency (Ere})

P5E:Fe 1.0 0.18 097 e
BNSE:Fe 1.5 0.70 1.5 0.31
BN-(S,S)-Tar-E:Fe 0.04 0.03 0.03 0.01
BN-(R,R)-Tar-E:Fe 0.003 0.002 0.004 0.002
BN-(RS,SR)-Tar-E:Fe 0.02 0.01 0.01 0.006
BN-2-(S)-Mal-E:Fe 0.70 0.37 0.65 0.19
BN-2-(R)-Mal-E:Fe 0.30 0.14 0.29 0.16
BN-2-DMAsp-E:Fe 0.05 0.02 0.03 0.01
BN-3-DMAsp-E:Fe 0.11 0.04 0.07 0.02
P1-S-P3-E:Fe 1.7 0.56 1.09 1.6
P1-(S,S)-Tar-P3-E:Fe 0.04 0.04 0.02 0.04

P1-(R,R)-Tar-P3-E:Fe 0.03 —— e
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concentration of the compounds. At Site A, Ere] values range from 1.7 to 0.003 and
decrease in the order BNSE:Fe, P1-S-P3-E:Fe > PSE:Fe > BN-2-(S)-Mal-E:Fe >
BN-2-(R)-Mal-E:Fe > BN-3-DMAsp-E:Fe > BN-2-DMAsp-E:Fe, BN-(S,S)-
Tar-E:Fe, P1-(S,5)-Tar-E:Fe > BN-(RS,SR)-Tar-E:Fe, P1-(R,R)-P3-E:Fe >
BN-(R,R)-Tar-E:Fe > BN-(R,R)-TarAc-E:Fe, BN-(S,S)-TarAc-E:Fe, BN-
(RS,SR)-TarAc-E:Fe, BN-(S)-AE:Fe, BN-(R)-AE:Fe. At Site B, Ee1 values
range from 0.70 to 0.002 and decrease in the order BNSE:Fe, P1-S-P3-E:Fe > BN-2-
(S)-Mal-E:Fe > PS5E:Fe, BN-2-(R)-Mal-E:Fe > BN-3-DMAsp-E:Fe, BN -
(s,5)-Tar-E:Fe, P1-(S,S)-Tar-E:Fe > BN-2-DMAsp-E:Fe > BN-(RS,SR)-
Tar-E:Fe > BN-(R,R)-Tar-E:Fe > BN-(R,R)-TarAc-E:Fe, BN-(S,5)-TarAc-
E:Fe, BN-(RS,SR)-TarAc-E:Fe, BN-(S)-AE:Fe, BN-(R)-AE:Fe. At Site C,
Ere) values range from 1.5 to 0.004 and decrease in the order BNSE:Fe > P1-S-P3-
E:Fe, PSE:Fe > BN-2-(5)-Mal-E:Fe > BN-2-(R)-Mal-E:Fe > BN-3-DMAsp-
E:Fe > BN-2-DMAsp-E:Fe, BN-(S,5)-Tar-E:Fe, P1-(5,5)-Tar-E:Fe > BN-
(RS,SR)-Tar-E:Fe > BN-(R,R)-Tar-E:Fe > BN-(R,R)-TarAc-E:Fe, BN-
(S,S)-TarAc-E:Fe, BN-(RS,SR)-TarAc-E:Fe, BN-(S)-AE:Fe, BN-(R)-
AE:Fe. At Site D, Ey¢ values range from 1.6 to 0.002 and decrease in the order P1-S-
P3-E:Fe > BNSE:Fe > BN-2-(S)-Mal-E:Fe > BN-2-(R)-Mal-E:Fe > P1-(S5,5)-
Tar-E:Fe > BN-3-DMAsp-E:Fe, BN-2-DMAsp-E:Fe, BN-(S,S)-Tar-E:Fe >
BN-(RS,SR)-Tar-E:Fe > BN-(R,R)-Tar-E:Fe > BN-(R,R)-TarAc-E:Fe, BN-
(§,S)-TarAc-E:Fe, BN-(RS,SR)-TarAc-E:Fe, BN-(S)-AE:Fe, BN-(R)-
AE:Fe.

Discussion
Chiral dimers of Netropsin linked in tail-to-tail or head-to-tail fashion by chiral
diacids or amino acids have been synthesized by extension of the general procedures

described in Chapter One. However, the implementation of these procedures led to partial
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racemization of BN-(R,R)-Tar-E and BN-(S,S)-Tar-E, and complete racemization of
Bis(Netropsin)-Dimethylaminoaspartamide-EDTA compounds. Racemization of BN-
(R,R)-Tar-E or BN-(S,5)-Tar-E might be avoided by hydrolysis of the penultimate
EDTA triester intermediates under milder conditions. The step(s) at which racemization
occurred during the preparation of Bis(Netropsin)-dimethylaminoaspartamide-EDTA
compounds was (were) not determined. Racemization by these compounds may be related
to the propensity of aspartyl residues in peptides to racemize.30

Several patterns emerge from the DNA binding/cleaving properties of these
molecules. First, Bis(Netropsin)-Succinamide-EDTA:Fe derivatives substituted with one
hydroxyl substituent bind and cleave DNA more efficiently than derivatives substituted
with one dimethylamino substituent, which bind and cleave DNA more efficiently than
derivatives substituted with two hydroxyl substituents, which in turn bind and cleave DNA
more efficiently than acetonide-substituted derivatives, which do not exhibit DNA
binding/cleaving activity. Neither enantiomer of Bis(Netropsin)-Alanine-EDTA:Fe exhibits
DNA binding/cleaving activity, while Bis(Netropsin)-Glycine-EDTA does bind and cleave
DNA. Thus, progressively increasing the steric bulk of Bis(Netropsin)s by progressively
increasing the size or number of substituents on their linkers leads to progressive decreases
in their DNA binding/cleaving efficiency. Second, Bis(Netropsin)-Malicamide-EDTA :Fe
compounds exhibit somewhat higher orientation preferences than either the Bis(Netropsin)-
Tartaramide-EDTA:Fe compounds or Bis(Netropsin)-Dimethylaminoaspartamide-EDTA :Fe
compounds. Thus, increasing the steric bulk of Bis(Netropsin)s by increasing the number
or size of substituents on their linkers leads to a decrease in DNA binding orientation
preference. Third, BNSE:Fe and P1-S-P3-E:Fe exhibit somewhat greater site
selectivity than the Bis(Netropsin)-Malicamide-EDTA:Fe compounds, which exhibit greater
site selectivity than the Bis(Netropsin)-Tartaramide-EDTA:Fe or P1-Tartaramide-P3-

EDTA:Fe compounds. Thus, increasing the steric bulk of Bis(Netropsin)s or P1-Linker-
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P3-EDTA:Fe compounds by increasing the number of hydroxyl substituents on their
linkers leads to decreases in observed site selectivity.

To summarize, DNA binding/cleaving efficiency, DNA binding orientation
preference, and DNA binding site selectivity are all inversely related to the steric bulk of
these molecules. These inverse relationships are consistent with a model in which
substituents on succinamide or glycine linkers clash with a narrow minor groove. Support
for this model comes from crystal structures of d(CGCGAATTCGCG)3 and its complex
with Netropsin, which show that the minor groove of the DNA dodecamer is forced open
by 0.5-2.0 A upon binding of the antibiotic.31:32 Appending substituents of increasing
steric bulk onto a Bis(Netropsin) framework would be expected to increase unfavorable
steric interactions progressively, thereby decreasing the ability of the molecules to penetrate
deeply within the minor groove and form hydrogen-bonds, dipolar interactions, and van
der Waals contacts, which determine binding affinity, sequence specificity, and orientation
preference.

The strong binding orientation preferences observed with P1-Linker-P3-EDTA:Fe
compounds at Site A are consistent with the observed preference of oligo(N-
methylpyrrolecarboxamide)s to bind with their N-termini at the 3' end of a run of Ts
(Chapter One, Figure 1.24).29

In terms of enantiospecificity, the data clearly indicate that for Bis(Netropsin)-
Succinamide-EDTA or P1-Succinamide-P3-EDTA derivatives bearing hydroxyl
substituents, molecules of (S)- or (S,S) configuration bind and cleave DNA more
efficiently than their enantiomeric counterparts of (R)- or (R,R) configuration. The
difference is the most pronounced for BN-(S,S)-Tar-E versus BN-(R,R)-Tar-E.
Considering that some degree of racemization has probably occurred during the preparation
of these two molecules, the observed level of binding enantiospecificity represents only a
lower boundary to the extent to which the pure (S5,S5)- and (R,R)- enantiomers are

discriminated upon binding in the minor groove of B DNA.
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Crystal structures of malic and tartaric acid derivatives reveal that (S)- or (S.5)-
enantiomers are twisted in a right-handed sense, while (R)- or (R,R)-enantiomers are
twisted in a left-handed sense (Figure 2.31).33-36 NMR and VCD studies suggest that the
solid-state conformations of malic and tartaric acid derivatives that give rise to their
handedness are also the ground state conformations in nonpolar and aqueous
solutions.37-38 In light of these results, and the findings that Netropsin and Distamycin A
assume right-handed helical structures when bound in the minor groove of B DNA,31.32 j;
seems reasonable that Bis(Netropsin)s and P1-Linker-P3 compounds linked by (S)-malic
acid or (§,5)-tartaric acid would better match the right-handed twist of B DNA than the left-
handed twist of Bis(Netropsin)s or P1-Linker-P3 compounds linked by (R)-malic acid or
(R,R)-tartaric acid. Overall, these results indicate that similar helical screw sense
recognition is preferred to opposite or complementary helical screw sense recognition for
the binding of small molecules in the minor groove of B DNA.3% This principle has
recently been formulated in different terms based on modelling studies of the interactions of
various small molecules with the DNA minor groove.40

Crystal structures of several protein:DNA complexes have shown that DNA binding
sequence specificity is mediated by contacts formed by right-handed o-helices in the major
groove of B DNA.41-44  Similar interactions are predicted for the sequence-specific
recognition of DNA by proteins of the "leucine zipper" family.45:46 Hence, it appears that
similar helical screw sense recognition is a general motif for DNA:groove binding ligand
interactions. This finding is seemingly at odds with the suggestion by Barton3 that
intercalative binding by octahedral metal complexes is favored by what has been defined in
this chapter as similar helical screw sense recognition, while surface or groove binding by
these complexes is favored by opposite or complementary helical screw sense recognition.3
Realizing that it is the groove bound parts of intercalated tris(1,10-phenanthroline) metal
complexes that determine binding enantiospecificity, the results for the major groove

intercalating/groove binding complexes are in fact consistent with the principle of similiar
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Figure 2.31
CPK models of (R,R)- and (S,S)-tartaramide showing the inherent left-handed twist of the
(R,R)-enantiomer and the inherent right-handed twist of the (S,5)-enantiomer. Top: Two

views of (R,R)-tartaramide. Bottom: Two views of (S,5)-tartaramide.
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helical screw sense recognition for groove bound DNA ligands. The structural details of
DNA surface and/or groove binding modes for tris(1,10-phanthroline) metal complexes
must be elucidated before Barton's suggestion that these interactions are favored by

opposite or complementary helical screw sense recognition can be fully evaluated.
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CHAPTER THREE: METAL-REGULATED DNA BINDING/CLEAVING
MOLECULES

Introduction

Environmental signals such as temperature, the presence of specific organic
molecules, or the presence of specific inorganic ions can exert remarkable effects on gene
expression at the level of DNA transcription.] DNA transcription factor or repressor
proteins can be the primary receptors of environmental signals, which induce changes in
the sequence-specific DNA binding properties of the receptor proteins, leading to altered
levels of transcription of specific genes.2-? Three distinct forms of metalloregulatory
protein:DNA interactions have been described.5-? Neilands and coworkers have studied
the mechanism by which siderophore-mediated iron assimilation in microbes is regulated.
They identified, cloned, purified, and characterized the ferric uptake regulation (fur)
protein. In the presence of manganous or ferrous ions, fur binds as a dimer within
promoter regions for genes involved in iron uptake and represses transcription of these
genes.® The fur protein may be considered to be positively metalloregulated in that metals
increase its ability to bind to DNA. Preliminary results from Hamer and coworkers indicate
that a protein binding in control regions for yeast metallothionein genes may be negatively
metalloregulated in that its DNA footprints are lost upon incubation with cupric ions.”
Walsh, Summers, and others have studied the molecular basis of mercuric ion resistance in
prokaryotes.10.11 O'Halloran and Walsh identified, cloned, purified, and characterized the
merR protein, which regulates transcription of the mer operon involved in mercuric ion
detoxification.8 Through detailed studies of DNA binding, transcriptional repression, and
transcriptional activation by merR, O'Halloran and coworkers have recently described the
novel mode by which merR regulates DNA transcription.? In the absence of mercuric ions,

merR binds as a dimer within promoter -35 to -10 sequences and represses transcription by
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blocking the binding of RNA polymerase. Upon binding a single mercuric ion, the merR
dimer undergoes a conformational change that slightly decreases its intrinsic DNA binding
affinity but allows it to bind synergistically with RNA polymerase and form an open
transcription complex at the promoter. Metal ions also have effects on the DNA binding
activities of some naturally occurring small molecules. The aureolic acid antibiotics (such
as Chromomycin A3, Figure 2.2) require divalent cations in order to bind to DNA.12.13
The antitumor antibiotic Bleomycin (Figure 1.4) binds to DNA in the absence of metal
ions, but metal ions such as Fe2+ are required for DNA cleavage by Bleomycin.14

In light of metalloregulatory DNA binding phenomena found in natural systems,
and given our experience with DNA binding/cleaving molecules regulated by intrinsic
structural and stereochemical features (see Chapters One and Two), we became interested
in the regulation of synthetic DNA binding molecules by extrinsic factors. This chapter
describes the design, synthesis, and characterization of metal-regulated DNA

binding/cleaving molecules.

Part 1: Positive Metalloregulation in the Sequence-Specific Binding of a

Synthetic Small Molecule to DNA.

Results

Design. Metalloregulated DNA binding involves multiple equilibria, some of which are
illustrated in Figure 3.1. In order to design a metalloregulated DNA binding molecule, one
must design a proper balance among these and other equilibria. To simplify this task, our
approach was to combine DNA binding subunits of known sequence specificity with metal-
binding subunits of known metallospecificity. The result was a series of homologous
Bis(Netropsin)s linked in tail-to-tail fashion by tetra-, penta-, or hexaether tethers (Figure
3.2). The Netropsin subunits are analogs of the naturally occurring antibiotic Netropsin,

which binds to sites of four contiguous A:T base pairs in the minor groove of B DNA. The
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Figure 3.1. Some of the multiple equilibria associated with the metalloregulated
binding of a molecule to DNA. K;: Binding of the molecule (connected black ovals)
to DNA. K,: Binding of a metal ion (M™) to the molecule. Kj: Binding of a metal
ion to the molecule:DNA complex. K,: binding of the molecule:metal ion complex to
DNA.
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Figure 3.2.Design of metalloregulated DNA binding/cleaving small molecules
containing Netropsin subunits, podand subunits, and EDTA:Fe subunits. n =0,
Bis(Netropsin)-3,6,9,12-Tetraoxatetradecanediamide-EDTA:Fe (BNO4E:Fe);
n = 1, Bis(Netropsin)-3,6,9,12,15-Pentaoxaheptadecanediamide-EDTA :Fe
(BNOSE:Fe); n = 2, Bis(Netropsin)-3,6,9,12,15,18-Hexaoxaeicosanediamide-
EDTA:Fe (BNOGE:Fe).
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polyether tethers are multidentate acyclic neutral ligands for metal cations (podands),!5
ring-opened forms of the crown ethers. The iron-chelating functionality EDTA was
appended to one terminus of these molecules in order to determine their DNA binding
properties by the technique of DNA affinity cleaving in the absence and presence of metal
cations.16 We anticipated that there would be energetic benefits to filling the podands with
specific metal cations, especially as part of a small molecule:metal cation:DNA ternary
complex.

Synthesis. The synthesis of Bis(Netropsin)-EDTA compounds linked by polyether
diacids is exemplified by the synthesis of BNOSE (I1I-164, Figure 3.3). This scheme is
similar to the general procedure described in Chapter One for the synthesis of
Bis(Netropsin) Diacid-EDTA compounds. The requisite linkers were prepared by
condensation of the appropriate glycol with two equivalents of ethyl diazoacetate, followed
by mono-hydrolysis. Thus, tetraethylene glycol afforded pentaether diacid, mono-ester II-
117. 1-22 was reduced and coupled with one equivalent of II-117 to produce an
intermediate ester, which was hydrolyzed to afford Netropsin-3,6,9,12,15-
pentaoxaheptadecanamic acid II-121. IV-129 was reduced and coupled with II-121 to
afford Bis(Netropsin)-3,6,9,12,15-pentaoxaheptadecanediamide II-126. The terminal
amino group of II-126 was deprotected and coupled with the triethyl ester of EDTA. The
EDTA ester groups were removed by hydrolysis to afford BNOSE.

DNA Affinity Cleaving. DNA affinity cleaving studies with the Bis(Netropsin)
Polyether-EDTA compounds were carried out under conditions determined to be optimal
for DNA binding/cleaving by oligo(N-methylpyrrolecarboxamide)-EDTA compounds.17
Figure 3.4 shows an autoradiograph of DNA double-strand cleavage patterns produced by
these molecules on Sty I-linearized, 3'-32P end-labeled pBR322 plasmid DNA. DNA
cleavage products were separated by agarose gel electrophoresis and visualized by
autoradiography. Bis(Netropsin) Polyether-EDTA:Fe compounds exhibit relatively weak
DNA binding/cleaving, with DNA binding/cleaving efficiency (Ere]) decreasing in the
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Figure 3.3. Scheme for the synthesis of BNOSE. Reaction conditions: a, DCC,
HOBT, DMF; b, N,CHCO,Et (2.5 equiv.), Rhy(OAc), (0.01 equiv.), Et,O; ¢, LiOH
(1.0 equiv.), MeOH, H,0; d, H, (1 atm), Pd/C, DMF; e, LiOH (excess), MeOH, H,O;
f, H, (3 atm), Pd/C, DMF; g, TFA, CH,Cl,; h, EDTA(OELt);, CDI, DMF.
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Figure 3.4
Autoradiograph of DNA double-strand cleavage patterns produced by Bis(Netropsin)
Polyether-EDTA:Fe compounds on Sty I-linearized, 3'-32P dATP end-labeled pBR322
plasmid DNA in the presence of dioxygen and dithiothreitol. Cleavage patterns were
resolved by electrophoresis on a 1% agarose gel. Lanes 1 and 11, molecular weight
markers consisting of pBR322 restriction fragments 4363, 3371, 2994, 2368, 1998, 1768,
1372, 995, and 666 bp in length; lanes 2-4, BNO4E:Fe at 5.0, 20, and 50 uM
concentrations; lanes 5-7, BNOSE:Fe at 5.0, 20, and 50 uM concentrations; lanes 8-10,

BNOGE:Fe at 5.0, 20, and 50 uM concentrations.
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order BNO4E:Fe > BNOSE:Fe >BNOG6E:Fe. For comparison, 0.10 uM
Bis(Netropsin)-Succinamide-EDTA:Fe (BNSE:Fe, Chapters One and Two) produces
cleavage comparable to that observed with 50 puM BNO4E:Fe. Similar experiments
carried out with BNO4E:Fe and BNOG6E:Fe in the presence of 1 mM Li*, Na*, K+,
Rb+, Cs+, Mg2+, Ca2+, Sr2+, Ba2+, NHy*, Ni2+, Hg2+, Cd2+, Ag* (Figure 3.5, Panels
A and O), TI*, TI3+, Co2+, Cu2+, Zn2+, Fe2+, Fe3+, Pb2+, In3+, Au3+, Lu3+, Ho3+,
Eu3+, Bi3+, La3+, Ce3+, or Ce#* (not shown) indicate that the DNA binding properties of
these molecules are not significantly affected by these cations at 1 mM concentration.
Similar experiments performed with BNOSE:Fe in the presence of most of these cations
also afforded no changes in DNA binding properties. However, addition of 1 mM
strontium or, more effectively, barium cations produces strongly enhanced DNA
binding/cleaving by BNOSE:Fe (Figure 3.5, Panel B).

That strontium or barium did not enhance DNA binding/cleaving by BNO4E:Fe
or BNOGE:Fe suggests that these metals do not enhance DNA binding/cleaving by
Netropsin derivatives in general. To determine the effects that various cations have on
DNA affinity cleaving by a small molecule that does not have a polyether ionophore, an
extensive series of control experiments was carried out with penta(N -
methylpyrrolecarboxamide)-EDTA:Fe (P5SE:Fe, Figure 1.6).17 The cations studied are
indicated in Figure 3.6. Autoradiographs of DNA double-strand cleavage patterns
produced by the Fe(II) or Fe(III) chelates of PSE in the presence of dioxygen and
dithiothreitol (DTT) or ascorbic acid (ASC) reductants, and with cations at 0.1 or 1 mM
concentrations, are shown in Figures 3.7-3.15. Cations have one or more of several
different effects on DNA affinity cleaving by PSE:Fe. Some cations have little, if any,
effect on affinity cleaving (£), while other cations lead to reduced (R), little (L), or no (N)
cleavage by PSE:Fe. Some cations cause changes in the mobility of the DNA (M), or
changes in the cleavage patterns produced by PSE:Fe (C). Some cations cause the DNA

to precipitate (P), while a few cations promote complete degradation of the DNA under
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Figure 3.5
Autoradiographs of DNA double-strand cleavage patterns produced by Bis(Netropsin)
Polyether-EDTA:Fe compounds on Sty I-linearized, 3'-32P dATP end-labeled pBR322
plasmid DNA in the presence of dioxygen and dithiothreitol, and in the absence and
presence of added cations. Cleavage patterns were resolved on 1% agarose gels. Panel A,
BNOJ4E:Fe at 5.0 UM concentration. Panel B, BNOSE:Fe at 5.0 UM concentration.
Panel C, BNOGE:Fe at 5.0 uM concentration. Lanes 1 and 12, molecular weight markers
consisting of pBR322 restriction fragments 4363, 3371, 2994, 2368, 1998, 1768, 1372,
995, and 666 bp in length; lanes 2 and 13, DNA double-strand cleavage in the absence of
added cations; lanes 3-11 and 14-19, DNA double-strand cleavage in the presence of 1 mM
concentrations of LiOAc, NaOAc, KOAc, RbOAc, CsOAc, Mg(OAc)2, Ca(OAc),
Sr(NO3)2, Ba(OAc)2, NH4OAc, Ni(OAc)z, Hg(OAc)z, Cd(OAc)2, AgOAc, and

Ba(OAc)3, respectively.
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Figure 3.6
Periodic Table. Elements shown in bold type have been surveyed for their effects at 0.1

and 1.0 mM concentrations on DNA affinity cleaving by PSE:Fe at 0.75 uM

concentration.
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Figures 3.7-3.15

Autoradiographs of DNA double-strand cleavage patterns produced by PSE:Fe(II) or
PSE:Fe(III) on Sty I-linearized, 3'-32P dATP end-labeled pBR322 plasmid DNA in the
presence of dioxygen and dithiothreitol or ascorbic acid, and in the absence and presence of
cations. Cleavage patterns were resolved on 1% agarose gels. PSE:Fe concentration was
0.75 puM. Figures 3.7-3.11 were with 1.0 mM added cations. Figures 3.12-3.15 were
with 0.1 mM added cations. Panels A, cleavage by PSE:Fe(II) using dithiothreitol
reductant. Panels B, cleavage by PSE:Fe(II) using ascorbic acid reductant. Panels C,
cleavage by PSE:Fe(III) using dithiothreitol reductant. Panels D, cleavage by
PSE:Fe(IIl) using ascorbic acid reductant. Lanes 1, molecular weight markers consisting
of pBR322 restriction fragments 4363, 3371, 2994, 2368, 1998, 1768, 1372, 995, and
666 bp in length; lanes 2, cleavage by PSE:Fe in the absence of added cations. Figure
3.7, lanes 3-12, cleavage by PSE:Fe in the presence of 1 mM NH40OAc, LiOAc, NaOAc,
KOAc, CsOAc, Mg(OAc)2, Ca(OAc)z, St(NO3)2, and Ba(OAc),, respectively. Figure
3.8, lanes 3-11, cleavage by PSE:Fe in the presence of 1 mM Sc(NO3)3, La(OAc)3,
Lu(OAc)3, Ho(OAc)3, Eu(OAc)3, Nd(NO3)3, UO2S04, (NH4)2Ce(NO3)g, and
Ce(NO3)3, respectively. Figure 3.9, panels A-C, lanes 3-9, cleavage by PSE:Fe in the
presence of 1 mM VO(acac)z, CrCls, MnSO4, Mn(OAc)3, (NHg)2Fe(S04)2,
(NH4)Fe(SO4)2, and RuCls, respectively. Panel D, cleavage by PSE:Fe in the presence
of 1 mM VO(acac)z, CrClz, MnSO4, (NH4)2Fe(S04)2, (NH4)Fe(SO4)2, RuCl3, and
Mn(OACc)3, respectively. Figure 3.10, lanes 3-9, cleavage by PSE:Fe in the presence of
1 mM Co(OAc)2, Rh(NO3)3, IrCl3, Ni(OAc)2, K2PdCls, K2PtCls, and HpPtClg,
respectively. Figure 3.11, lanes 3-13, cleavage by PSE:Fe in the presence of 1 mM
Cu(OAc)2, AgNO3, AuCls, Zn(OAc)2, Cd(OAc)2, Hg(OAc)2, AI(NO3)3, GaBr3, InCl3,
T12S04, and Pb(OAc)3, respectively. Figure 3.12, lanes 3-11, cleavage by PSE:Fe in
the presence of 0.1 mM Sc(NO3)3, La(OAc)3, Lu(OAc)3, Ho(OAc)3, Eu(OAc)3,
Nd(NO3)3, UO2504, (NH4)2Ce(NO3)g, and Ce(NO3)3, respectively. Figure 3.13,
lanes 3-9, cleavage by P5E:Fe in the presence of 0.1 mM VO(acac)z, CrCl3, MnSOy4,
Mn(OAc)3, (NHyg)2Fe(SQO4)2, (NH4)Fe(SO4)2, and RuCls, respectively. Figure 3.14,
lanes 3-9, cleavage by PSE:Fe in the presence of 0.1 mM Co(OAc)2, Rh(NO3)3, IrCl3,
Ni(OAc)2, K2PdCl4, K2PtCly, and HaPtClg, respectively. Figure 3.15, lanes 3-13,
cleavage by PSE:Fe in the presence of 0.1 mM Cu(OAc)2, AgNO3, AuCl3, Zn(OAc)2,
Cd(OAc)2, Hg(OAc);z, AI(NO3)3, GaBr3, InCl3, TI2SO4, and Pb(OAc)z, respectively.
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particular conditions (D). The effects observed for the individual cations under particular
conditions of cation concentration, reductant employed, and initial PSE:Fe oxidation state
are summarized in Tables 3.1 and 3.2. These data provide a basis against which to judge
metalloregulatory effects. Most relevant to the results with BNOSE:Fe, the alkali and
alkaline earth cations, including strontium and barium, have little or no effect on DNA
affinity cleaving by PSE:Fe when present at 1 mM concentration. Additional experiments
indicated that these metal ions have little effect even at 100 mM concentration. In contrast,
28 of 34 transition, post-transition, lanthanide, and actinide metals assayed produce effects
(N,L,P,D,M) at 1 mM concentrations that would interfere with the study of DNA binding
phenomena by DNA affinity cleaving in the presence of these cations at this concentration.
Among these 34 cations, Cr3+, Hg2+, TI*, Pd2+, Pt2+, and Pt#+ have little effect () or
less serious effects (R,C) on affinity cleaving. DNA affinity cleaving studies could be
carried out in the presence of these metals at 1 mM concentration. The majority of these
cations (23 of 34) have at most minor effects on DNA affinity cleaving when present at 0.1
mM concentration. UQ2+, Ce3+, Ced+, Cu2+, Au3+, Zn2+, Cd2+, Pb2+, Co2+, Ir3+,
Ni2+, and Ru3+ can exert serious effects on DNA affinity cleaving even at 0.1 mM
concentration. The ability of a given cation to influence DNA affinity cleaving will depend
on the mode and strength of its interactions with EDTA, the DNA phosphate-sugar
backbone, the DNA nucleotide bases, the reductant, and the DNA binding small molecule.
The initial oxidation state of iron added to PSE has no significant effect on the ability of
P5SE:Fe to bind and cleave DNA in the presence of additional cations. This result is
consistent with the known fast aerobic oxidation of EDTA :Fe(II) to EDTA:Fe(III),18 which
should produce PSE:Fe(III) within seconds of mixing PSE and an Fe(II) salt. The
affinity of a given cation for EDTA and its ability to inhibit DNA affinity cleaving are not
strongly correlated. For example, Hg2* and Pd2+ have little effect on DNA affinity
cleaving at 1 mM concentration, yet they have greater affinity for EDTA than VOZ2* or

Zn2*, which strongly inhibit DNA affinity cleaving at 1 mM concentraton. The choice of
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Table 3.1

Effects of metals at 1.0 mM concentration on DNA affinity cleaving by PSE:Fe at 0.75
HM concentration using dithiothreitol or ascorbic acid reductants. Legend: %, cleavage at
least 50% that observed in the absence of metal; R, cleavage reduced to 20-50% that
observed in the absence of metal; L, little cleavage prduced (less than 20% that observed in
the absence of metal); N, no specific cleavage observed; C, cleavage pattern changed
relative to that observed in the absence of metal; D, promotes DNA decomposition; P,
precipitates DNA; M, causes altered mobility of DNA. 2Taken from Handbook of
Chemistry and Physics, 61st Ed.; Weast, R.C, Ed.; CRC Press: Boca Raton, Florida,
1980-1981. bTaken from Stability Constants of Metal-Ion Complexes; Sillen, A.G.;
Martell, A.E., Eds.; Chemical Society, London: London, 1964, Stability Constants of
Meral-Ion Complexes, Supplement #1; Sillen, A.G.; Martell, A.E., Eds.; Chemical
Society, London: London, 1977. Stability Constants of Metal-Ion Complexes-Part B,
Organic Ligands; Perrin, D.D., Ed.; Pergamon Press: Oxford, 1978. ¢Taken from Izatt,
R.M.; Bradshaw, J.S.; Nielsen, S.A.; Lamb, J.D.; Christensen, J.J.; Sen, D. Chem. Rev.
1985, 85, 271-339.
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Cation  Ionic log K log K FedI) Fe(dI) Fe(ll) Fe(Il)
(1 mM) Radius(A)® (EDTA)® (18-C-6)° DIT Asc DIT Asc
NH4t 1.43 1.2 + + + +
Lit 0.68 2.8 0.0 - + - +
Na+t 0.97 1.7 0.8 + + - +
Kt 1.33 0.6 2.1 + + + +
Rbt 1.47 0.6 1.6 + + + +
Cst 1.67 0.2 1.0 + + + +
Mg2+  0.66 8.7 + + + -
Ca2+ 0.99 10.8 0.5 + - + -
Sr2+ 1.12 8.6 2.8 + - + +
Ba2* 1.34 7.8 3.9 + + + +
Sc3+ 0.73 23.1 M M M M
La3+ 1.02 15.5 LM #M LM M
Lu3+ 0.85 19.5 LM M LM M
Ho3+ 089 18 LM M LM M
Eu3+ 0.95 17.4 L/M D LM +M
Nd3+ 1.00 16.6 LM RM LM M
U2+ L L L L
Ce3+ 1.03 16 P RM P +M
Ced+ 0.92 24 N RM N +M
Cu2+  0.72 18.8 - D - D
Agt 1.26 7.3 1.6 - D + 4D
Aud*t 085 N L N L
Zn2+ 0.74 16.5 R N R N
Ccd2+ 0.97 16.5 0.5 - N + N
Hg2*  1.10 22 2.4 + R/C + R/C
A3+ 0.51 16 P P P P
Ga3* 062 20.3 P P P P
In3+ 0.81 25.0 R M R M
TI* 1.47 6 2.3 R + + R
Pb2+ 1.20 17 43 R N L N
Co2+  0.72 16.3 N N N N
Rh3+  0.68 P P P P
I3+ L 1 L L
Ni2+ 0.69 18.6 L R L R
pd2+ 0.80 18.5 R R R +
P2t 080 + ! i +
pré+ 0.65 R + R +
vOo2+ 18 N N N N
Cr3+ 0.63 13 R + R +
Mn2+  0.80 14 N L N L
Mn3* 066 15-27 . + L +
Fe2+ 0.74 14.3 P P P P
Fe3+ 0.64 25.1 P + P P
Ru3+ L R R i
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Table 3.2

Effects of metals at 0.10 mM concentration on DNA affinity cleaving by PSE:Fe at 0.75
UM concentration using dithiothreitol or ascorbic acid reductants. Legend: *, cleavage at
least 50% that observed in the absence of metal; R, cleavage reduced to 20-50% that
observed in the absence of metal; L, little cleavage produced (less than 20% that observed
in the absence of metal); N, no specific cleavage observed; C, cleavage pattern changed
relative to that observed in the absence of metal; D, completely decomposes DNA; P,
precipitates DNA; M, causes altered mobility of DNA. 23Taken from Handbook of
Chemistry and Physics, 61st Ed.; Weast, R.C, Ed.; CRC Press: Boca Raton, Florida,
1980-1981. bTaken from Stability Constants of Metal-Ion Complexes; Sillen, A.G.;
Martell, A.E., Eds.; Chemical Society, London: London, 1964, Stability Constants of
Meztal-Ion Complexes, Supplement #1; Sillen, A.G.; Martell, A.E., Eds.; Chemical
Society, London: London, 1977. Stability Constants of Metal-Ion Complexes-Part B,
Organic Ligands; Perrin, D.D., Ed.; Pergamon Press: Oxford, 1978. Taken from Izatt,
R.M.; Bradshaw, J.S.; Nielsen, S.A.; Lamb, J.D.; Christensen, J.J.; Sen, D. Chem. Rev.
19885, 85, 271-339.
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Cation  Ionic log K log K Fe(Il) Fe(Il) Fe(Ill) Fe(II)
(1mM) Radius(A)® (EDTA)® (18-C-6)° DIT Asc DIT Asc

NH4t 143 1.2 + + + -
Lit 0.68 2.8 0.0 + B + +
Nat 0.97 1.7 0.8 + - + +
K+ 1.33 0.6 9.1 + = + -
Rbt 1.47 0.6 1.6 + + + +
Cst 1.67 0.2 1.0 + + + +
Mg2+  0.66 8.7 + + + +
Ca2+ 0.99 10.8 0.5 + + - =
Sr2+ 1.12 8.6 2.8 + + - -
BaZ+ 1.34 7.8 3.9 - + - =
Sc3+ 0.73 23.1 R - - -
La3+ 1.02 15.5 % - - -
Lu3+ 0.85 19.5 R - + +
Ho3+  0.89 18 R - R -
Eu3+ 0.95 17.4 + + + +
Nd3+ 1.00 16.6 + + B -
U052+ N N N N
Ce3+ 1.03 16 L + L +
Ced+ 092 24 L + L +
Cu2+ 0.72 18.8 + D + D
Ag; 1.26 13 1.6 +  #/C + #/C
Aud* 085 + L - L
Zn2+ 0.74 16.5 R N - N
caz+ 0.97 16.5 0.5 + N + N
Hg2* 110 22 2.4 + /C +  3/C
A3+ 0.51 16 + + B +
Ga3+ 0.62 20.3 = + ks +
In3+ 0.81 25.0 - + - .
i g 1.47 6 2.3 o o e o b +
Pb2+ 1.20 17 4.3 - N . N
Co2+ 072 16.3 i N R N
R1313+ 0.68 - + R -
Ir3+ R L R
NiZ+ 0.69 18.6 L R L R
pd2+ 0.80 18.5 - - + +
pi2+ 0.80 + - + +
pré+ 0.65 + + - -
vOo2+ 18 + - + +
Cr3+ 0.63 13 + + + -
Mn2+  0.80 14 - - + +
Mn3*+ 066 15-27 + + - +
Fel+ 0.74 14.3 + + - -
Fe3+ 0.64 25.1 + + + +
Ru3+ L R R R
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reductant influences the effect a given metal cation has on DNA affinity cleaving. Strong
cleavage inhibition by the lanthanide cations is observed in the presence of DTT reductant,
but the use of ASC reductant results in reduced inhibition. Cleavage inhibition by Zn2+,
Pb2+, and Cd?2+ is alleviated when DTT reductant is employed in place of ASC. These
results are consistent with the preference for "hard:hard" (lanthanide cation:ASC) and
"soft:soft" (post-transition metal cation:DTT) complexation. Reductants (used in at least
fivefold excess over metal cations) may sequester metal cations, making them unavailable
to inhibit the cleavage reaction or promote a metalloregulatory phenomenon.

In the absence of added cations, Bis(Netropsin) Polyether-EDTA:Fe compounds
produce the most notable DNA double-strand cleavage in two regions of pBR322. In the
presence of strontium or barium cations, BNOSE:Fe produces DNA double-strand
cleavage in the same regions, but with greater intensity. The observed cleavage bands were
mapped to the pBR322 sequence by comparing the electrophoretic mobilities of the
cleavage bands and the DNA bands in the molecular weight marker lanes. A histogram of
DNA double-strand cleavage produced by BNOSE:Fe in the absence and presence of
barium is shown in Figure 3.16. The cleavage band observed near position 3200 and the
cluster of bands observed near the "ends" of the pBR322 map to A:T rich regions of the
plasmid.

These regions of DNA cleavage were examined at nucleotide resolution. 517 base
pair Eco RI/Rsa I restriction fragments from pBR322 were prepared with 32P at either the
3'- or 5' Eco RI end. Cleavage of these fragments, which contain the cleavage loci
clustered near pBR322 position 4300, was carried out under standard conditions in the
absence and presence of cations. DNA cleavage products were separated by denaturing
polyacrylamide gel electrophoresis and visualized by autoradiography. An autoradiograph
of the cleavage patterns produced on the 5'-32P end-labeled 517 base pair restriction
fragment by BNOSE:Fe in the absence of cations, in the presence of various cations at 1

mM concentration, and in the presence of a range of concentrations of barium (20 uM to
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0 1000 2000 3000 4000 4363

Figure 3.16. Histograms of DNA double-strand cleavage produced by BNOSE:Fe
on Sty I-linearized pBR322 plasmid DNA in the absence and presence of barium
cations. Lengths of arrows correspond to the relative amounts of cleavage,
determined by optical densitometry, at the various cleavage loci. Positions of
cleavage were determined by analyzing the measured electrophoretic mobilities of
DNA cleavage fragments relative to a standard curve derived from the measured
electrophoretic mohilities of marker fragments of known molecular weights. Top:
Histogram of DNA double-strand cleavage by BNOSE:Fe at 5.0 uM concentration
in the absence of added barium cations. Bottom: Histogram of DNA double-strand
cleavage by BNOSE:Fe at 5.0 uM concentration in the presence of barium cations
at 5.0 mM concentration.
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100 mM) is shown in Figure 3.17. The positive metalloregulation of BNO5SE:Fe by
strontium and barium observed by DNA double-strand affinity cleaving analysis is also
observed on this sequencing gel, which reports DNA single-strand breaks. Figure 3.18
shows a plot of relative cleavage prodﬁccd by BNOSE:Fe (determined by densitometry of
the lower part of the autoradiograph shown in Figure 3.17) versus the logarithm of the
millimolar barium concentration reveals that one equivalent of barium enhances DNA
cleavage by BNOSE:Fe, and that cleavage efficiency increases with barium concentration
up to 10 mM. Barium concentrations greater than 10 mM decrease the cleavage efficiency
of BNOSE:Fe. Half-maximal cleavage by 5.0 uM BNOSE:Fe occurs with
approximately 1 mM barium.

An autoradiograph of the cleavage patterns produced by the Bis(Netropsin)
Polyether-EDTA:Fe compounds on the 517 base pair restriction fragments in the absence
and presence of barium cations is shown in Figure 3.19. Most striking, the cleavage
pattern produced by BNOSE:Fe in the presence of barium is not only stronger than, but
also different from the pattern produced in the absence of barium. The DNA cleavage
patterns produced on this autoradiograph by BNOSE:Fe in the absence and presence of
barium were analyzed by densitometry and converted to histogram form (Figure 3.20).
The equilibrium DNA minor groove binding sites for BNO5SE:Fe and BNOSE:Fe:Ba2+
(boxes in Figure 3.20) were assigned on the basis of the observed 3'-shifted, pseudo-C3
symmetric DNA cleavage patterns,!6 and were confirmed by MPE:Fe footprinting19-23 of
the redox-inactive complex BNOSE:In(III) in the absence and presence of barium. In
the absence of added cations, BNO4E:Fe, BNOSE:Fe, and BNOGE:Fe produce weak
cleavage flanking the eight base pair sequence 5'-ATTTTTAT-3' in the lower part of the

autoradiograph, and within and flanking the sequence 5'-

TATTTGTTTATTTTTCTAAATACATTCAAATA-3' in the upper middle part of the
autoradiograph. In the presence of barium, BNOSE:Fe produces much stronger cleavage

flanking two well-resolved binding sites in the lower part of the autoradiograph, 5'-




145

Figure 3.17
Autoradiograph of DNA cleavage patterns produced by BNOSE:Fe on a 5-32P end-
labeled 517 bp restriction fragment (Eco RI/Rsa I) from pBR322 plasmid DNA, in the
presence of dioxygen and dithiothreitol, and in the absence and presence of metal cations.
Cleavage patterns were resolved by electrophoresis on a 1:20 cross-linked 8%
polyacrylamide, 45% urea denaturing gel. Lane 1, uncleaved DNA; lane 2, Maxam-Gilbert
chemical sequencing G reaction; lanes 3-13, BNOSE:Fe at 20 uM concentration in the
presence of 1 mM concentrations of NaOAc, KOAc, Mg(OAc)2, Ca(OAc)z, Sr(NO3)3,
Ba(OAc)z, NH4OAc, AgOAc, Ni(OAc),, Cd(OAc)s, and Hg(OAc),, respectively; lane 14,
uncleaved DNA incubated with 1 mM Ba(OAc); and dithiothreitol; lane 15, BNOSE:Fe at
20 UM concentration in the absence of added cations; lanes 16-24, BNOSE:Fe at 20 uM
concentration in the presence of Ba(OAc); at 0.02, 0.05, 0.10, 0.50, 1.0, 5.0, 10, 50, and

100 mM concentrations, respectively.
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Figure 3.18. Plot of relative cleavage efficiency by BNOSE:Fe versus log(millimolar
barium concentration). Cleavage was determined densitometrically at the lower cleavage
site observed on the autoradiograph in Figure 3.17.
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Figure 3.19

Autoradiograph of DNA cleavage patterns produced by Bis(Netropsin) Polyether-EDTA:Fe
compounds on 3'- and 5'-32p end-labeled 517 bp restriction fragments (Eco RI/Rsa I) from
pBR322 plasmid DNA, in the presence of dioxygen and dithiothreitol, and in the absence
and presence of added barium cations. Cleavage patterns were resolved by electrophoresis
on a 1:20 cross-linked 8% polyacrylamide, 45% urea denaturing gel. Lanes 1-14 were
with 3' end-labeled DNA. Lanes 15-28 were with 5' end-labeled DNA. Lanes 1 and 28,
uncleaved DNA; lanes 2 and 27, Maxam-Gilbert chemical sequencing G reactions; lanes 3-
6 and 15-18 contained BNO4E:Fe; lanes 7-10 and 19-22 contained BNOSE:Fe; lanes
11-14 and 23-26 contained BNOG6E:Fe. Odd-numbered lanes 3-25 contained 10 uM
Bis(Netropsin) Polyether-EDTA:Fe compound. Even-numbered lanes 4-26 contained 20
LM  Bis(Netropsin) Polyether-EDTA:Fe compound. Lanes
3,4,7,8,11,12,15,16,19,20,23, and 24 contained no added -cations. Lanes
5,6,9,10,13,14,17,18,21,22,25, and 26 contained 5.0 mM Ba(OAc)3.
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Figure 3.20. Histograms of DNA cleavage produced by BNOSE:Fe on the 517 bp
DNA restriction fragment (Eco RI/Rsa I) from plasmid pBR322 DNA in the absence and
presence of added barium cations. Lengths of arrows correspond to the relative amounts of
cleavage, determined by optical densitometry, which result in removal of the indicated
base. Sequence positions of cleavage were determined by comparing the electrophoretic
mobilites of DNA cleavage fragments to bands in Maxam-Gilbert chemical sequencing
lanes. DNA minor groove binding sites (boxed) were assigned from the observed cleavage
patterns and the model described by Taylor, Schultz, and Dervan (Reference 16). Top:
Histogram of DNA cleavage by BNOSE:Fe at 20 uM concentration in the absence of
added barium. Bottom: Histogram of DNA cleavage by BNOSE:Fe at 20 uM
concentration in the presence of barium at 5.0 mM concentration.
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TATAGGTTAA-3', and 5'-AATA-3". The cleavage pattern is more complex in the upper
middle part of the autoradiograph, indicating the presence of multiple metalloregulated
binding sites for BNOSE:Fe:Ba2+ in this region. Several sites appear to consist of four
contiguous A:T base pairs adjacent to a single G:C base pair.

To examine DNA cleavage produced by the Bis(Netropsin) Polyether-EDTA :Fe
compounds at the cleavage locus near pBR322 position 3200, a 169 base pair Dde I
restriction fragment was prepared with 32P on one 3' end. This restriction fragment
contains the longest contiguous stretch of A:T base pairs (15) found on pBR322. An
autoradiograph of the cleavage patterns produced on this restriction fragment by
BNO4E:Fe, BNOSE:Fe, and BNOGE:Fe, in the absence and presence of barium
cations, is shown in Figure 3.21. The observed cleavage patterns were analyzed by
densitometry. Histograms of DNA cleavage produced by BNOSE:Fe in the absence and
presence of barium are shown in Figure 3.22. In the absence of added cations,
BNOSE:Fe and the other Bis(Netropsin) Polyether-EDTA:Fe compounds produce weak
DNA binding/cleaving within and flanking the stretch of 15 contiguous A:T base pairs. In
the presence of barium, cleavage by BNOSE:Fe in this region is somewhat enhanced, but
cleavage is more strongly enhanced within the sequence 5'-GTATATATGAGTAAAC-3'.
The cleavage pattern observed in this region is consistent with multiple overlapping binding
sites of four contiguous A:T base pairs adjacent to a G:C base pair.

The observation of binding sites containing only four A:T base pairs suggests that
barium may induce BNOSE:Fe to bind in a monomeric mode in which only one of its
Netropsin subunits intimately contacts DNA. In order to examine metalloregulated
monomeric binding in greater detail, we designed and synthesized dimethylaminopropane-
3,6,9,12,15-pentaoxaheptadecanediamide-Netropsin-EDTA (OSNE, IV-159) and the
homolog dimethylaminopropane-3,6,9,12,15-pentaoxaheptadecanediamide-P5-EDTA
(OSPSE, IV-167, Figure 3.23). To produce these molecules, IV-129 (Figure 3.3) or

the homologous Boc P5 Nitro compound, was reduced and coupled with dimethylamino-
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Figure 3.21

Autoradiograph of DNA cleavage patterns produced by Bis(Netropsin) Polyether-EDTA:Fe
compounds on a 3'-32P-end-labeled 169 bp Dde I restriction fragment from plasmid
pBR322 DNA, in the presence of dioxygen and dithiothreitol, and in the absence and
presence of barium cations. Cleavage patterns were resolved by electrophoresis on a 1:20
cross-linked 8% polyacrylamide, 45% urea denaturing gel. Lane 1, uncleaved DNA; lane
2, uncleaved DNA incubated with 5.0 mM Ba(OAc), and dithiothreitol; lane 3, Maxam-
Gilbert chemical sequencing G reaction; lanes 4-7 contained BNO4E:Fe; lanes 8-11
contained BNOSE:Fe; lanes 12-15 contained BNO6E:Fe. Even-numbered lanes 4-14
contained 10 uM Bis(Netropsin) Polyether-EDTA:Fe compound. Odd-numbered lanes 5-
15 contained 20 uM Bis(Netropsin) Polyether-EDTA:Fe compound. Lanes 4,5,8,9,12,
and 13 contained no added cations. Lanes 6,7,10,11,14, and 15 contained 5.0 mM
Ba(OAc)z.



@
2
o
B
L)
N
I
+
w 3G

153

BNO4E:Fe BNOS5E:Fe BNOGE:Fe
- -+ o+ = =+ o+ - -+ o+
1 2 4 5 6 7 8 9 10 11 12 13 14 15

T e
§ L]

'
4
)
¥
L]
]

]
1

I
i



154

32p5 - CCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTG
PJ‘-GGATCTA??IliT‘i‘TTlATTf‘i"i’TCTTCAAAATTTIGTTAGAITTC‘TATATICTCI‘I‘TTGIlCCAGAC
32p5- CCTAGATCCTTTTAAATTAA GAAGTTT CAATCTA A

PJ'-GGA'I‘CTA AAAATTTAATT CTTCAAA GTTAGAT r g%%:# I}.gg:g:g

Figure 3.22. Histograms of DNA cleavage produced by BNOSE:Fe on the 169 bp
Dde I DNA restriction fragment from plasmid pBR322 DNA in the absence and presence of
added barium cations. Lengths of arrows correspond to the relative amounts of cleavage,
determined by optical densitometry, which result in removal of the indicated base.
Sequence positions of cleavage were determined by comparing the electrophoretic
mobilities of DNA cleavage fragments to bands in Maxam-Gilbert chemical sequencing
lanes. DNA minor groove binding sites (boxed) were assigned from the observed cleavage
patterns and the model described by Taylor, Schultz, and Dervan (Reference 16). Top:
Histogram of DNA cleavage by BNOSE:Fe at 20 uM concentration in the absence of
added barium. Bottom: Histogram of DNA cleavage by BNOSE:Fe at 20 uM

concentraton in the presence of barium at 5.0 mM concentration.
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pentaoxaheptadecanediamide-P5-EDTA:Fe (O5SPSE:Fe).
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propane-3,6,9,12,15-pentaoxaheptadecanamic acid (IV-145, Figure 3.24). The terminal
amino groups of the resulting compounds were deprotected and coupled with the triethyl
ester of EDTA. The EDTA ester groups were removed by hydrolysis to afford OSNE and
OSPSE. IV-145 was produced from IV-124 (an intermediate in the synthesis of
BNOSE) and dimethylaminopropylamine as depicted in Figure 3.24. Also depicted in
Figure 3.24 is the synthesis of Bis(dimethylaminopropane)-3,6,9,12,15-
pentaoxaheptadecandiamide II-238. II-238 was prepared to determine whether such a
molecule could act as a "barium binding finger," a small molecule analog of DNA binding
proteins that interact with DNA through a "zinc finger" motif.24

DNA binding properties of OSNE:Fe and O5SP5E:Fe were determined by
double-strand cleavage of Sty I-linearized, 3'-32P end-labeled pBR322. O5NE:Fe does
not produce specific DNA cleavage, even at 100 pM concentration in the absence or
presence of 5 mM barium or strontium cations. OSPSE:Fe exhibits cleavage efficiency
and specificity similar to PSE:Fe. However, neither the cleavage efficiency nor the
cleavage specificity of O5SPSE:Fe is affected by the addition of strontium or barium
cations. Finally, MPE:Fe footprinting failed to detect significant DNA binding for II-

238 in the absence or the presence of barium cations.

Discussion

The synthesis of three Bis(Netropsin)-EDTA compounds linked in tail-to-tail
fashion by homologous polyether diacids has been accomplished by direct extension of the
method described in Chapter One for the preparation of Bis(Netropsin) Diacid-EDTA
compounds.

Addition of strontium or barium cations converts BNOSE:Fe from a species that
exhibits little DNA binding/cleaving activity to an efficient, sequence-specific DNA
binding/cleaving agent. In light of experiments in which strontium and barium do not

enhance DNA binding/cleaving by BNO4E:Fe, BNOGE:Fe, or P5E:Fe, the results
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with BNOSE:Fe demonstrate positive metalloregulation in the sequence-specific binding
of a designed, synthetic molecule to DNA. The effect is metal ion specific, occurring only
with the heavier alkaline earth dications strontium and barium. Barium is more effective
than strontium in activating BNOSE:Fe, a result that parallels the order of their binding
affinities for 18-crown-6 in water (log K = 3.9 for Ba2+, 2.8 for Sr2+).25 As strontium
and barium are known to bind more strongly to 18-crown-6 in water than virtually any
other cations (Tables 3.1 and 3.2),25 the observed metallospecificity suggests that when
complexed in the minor groove of B DNA, BNOSE forms an ionophore similar to 18-
crown-6. Why certain cations such as mercury(Il) or lead(II) have reasonable affinity for
18-crown-6 in water yet do not appear to activate BNOSE:Fe may be due to the
propensity of these metals to disrupt DNA affinity cleaving. Alternatively, these "soft"
metals may prefer to interact with "soft" donor sites on the heterocyclic DNA bases rather
than with the "hard" oxygen donors on the linker or on the phosphate groups of the DNA
backbone.26

The metalloregulatory effect is also strongly dependent on the structure of the
podand. BNO4E and BNOGE, having one fewer or one more ethylene glycol unit than
BNOSE, respectively, do not exhibit significant metalloregulation. CPK models indicate
that when the podands of these molecules are arranged in crown ether fashion around a
metal cation, the crescent shape assumed by BNOSE is most complementary to the helical
twist of B DNA.

The different DNA binding sequences exhibited by BNOSE:Fe in the absence
versus the presence of strontium or barium are as striking as the increase in DNA binding
affinity. While Netropsin and Netropsin-like molecules prefer homopolymeric A:T
sequences, BNOSE:Fe:M2+ (M2+ = Sr2+ or Ba2+) binds to the ten base pair site 5'-
TATAGGTTAA-3'in preference to the adjacent ten base pair site 5“TATTTTTATA-3" on
the 517 base pair restriction fragment. On the 169 base pair restriction fragment,

BNOSE:Fe:M2+ prefers sites within the sequence 5-GTATATATGAGTAAAC-3' to
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sites within the longest contiguous stretch of A:T base pairs found on pBR322, 5'-
TTTTAAATTAAAAAT-3". The results indicate that complexes of strontium or barium and
the podand subunit of BNOSE prefer to interact with the minor groove of B DNA at sites
containing G:C base pairs rather than A:T base pairs.27-28 We have previously proposed a
model for the positively metalloregulated binding of BNOSE:Fe to the sequence 5'-
TATAGGTTAA-3' (Figure 3.25).29.30 Positive metalloregulation is proposed to arise
from increases in favorable electrostatic and hydrogen-bonding interactions between
BNOSE:Fe:M2+ and the minor groove of B DNA relative to the weak interactions of
BNOSE:Fe and DNA in the absence of barium or strontium. In this model, Netropsin
subunits specific for (A:T)4 flank a barium (or strontium) complex specific for 5'-GG-3'.
The Netropsin subunits form a series of consecutive bifurcated hydrogen bonds between
amide NHs and lone pair electrons from adenine N3 or thymine O2 atoms on the floor of
the minor groove. This pattern of hydrogen-bonding is the same as that observed in the
crystal structures of Netropsin and Distamycin A complexed to DNA dodecamer
oligonucleotides.31-33 The metal cation is heptacoordinated by the podand, contacting the
two carboxamide oxygens from the tether's terminal glycolamide groups in addition to the
five ether oxygens.34 Such a complex may be capped on one or both sides by phosphate
oxygen anions from the nearby DNA backbone, although capping would likely require
significant changes in the local DNA conformation. Models indicate that lone pair electrons
on the carboxamide oxygens anti to the metal may form specific hydrogen bonds to guanine
NHj groups that protrude from the floor of the minor groove, consistent with the observed
binding specificity for BNOSE:Fe:M2+. No direct evidence for these hydrogen bonds
has been obtained, but they are reasonable in light of the fact that carboxamide oxygen
atoms in proteins are often involved in hydrogen bonds with two different hydrogen
atoms.35 Steric effects/shape recognition may also contribute to the observed preference of
BNOSE:Fe:M2+ for sites containing G:C base pairs. The minor groove of B DNA is

significantly wider in regions containing G:C base pairs than in regions containing only
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Figure 3.25. Proposed model for the metalloregulated minor groove binding of
BNOSE:Fe to the ten base pair sequence 5'-TATAGGTTAA-3' in the presence of
barium. Circles with two dots represent lone pairs of electrons on adenine N3, thymine
02, guanine N3, or cytosine O2 atoms at the edges of base pairs on the floor of the minor
groove of the right-handed B DNA double helix. Circles with Hs represent guanine N2
amino groups that protrude from the floor of the minor groove.
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A:T base pairs.33-36.37 The metal:podand subunit of BNOSE:Fe:M2+ is likely to be
more sterically encumbered than the flanking Netropsin subunits, especially if the strontium
or barium cations (which prefer high coordination numbers) bear additional water ligands.
It might be that bulky BNOSE:Fe:M2+ may be most able to penetrate into the minor
groove and form stabilizing electrostatic, dipolar, and van der Waals interactions at sites
containing G:C base pairs adjacent to (A:T)4 sequences.

The DNA affinity cleaving patterns at sequences other than 5'-TATAGGTTAA-3'
indicate that metalloregulated monomeric binding to sites of four contiguous A:T base pairs
adjacent to a G:C base pair constitutes the dominant DNA binding mode for BNOSE:Fe in
the presence of strontium or barium. The negative results obtained for DNA binding by
OS5NE:Fe suggests that metalloregulated monomeric binding is more complex than one-
half of the model presented in Figure 3.25 in which the upper Netropsin subunit has swung
away from the DNA. However, the role of the "unbound" Netropsin subunit during
metalloregulated monomeric binding is not known. The results with OSP5SE:Fe suggest
that the intrinsic binding affinity and specificity of this molecule are too great to be

detectably altered by the binding of strontium or barium.
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Part 2: Negative Metalloregulation in the Sequence-Specific Binding of

Synthetic Molecules to DNA.

Results

Design. In light of the positive metalloregulation of BNOSE:Fe by strontium or barium
cations, we undertook the design of similar molecules in which metallospecificity was
altered by changing the nature of the donor atoms in the linkers. The result was a series of
homologous Bis(Netropsin)s linked in tail-to-tail fashion by di-, tri-, tetra-, or pentaamine
tethers (Figure 3.26). It was expected that the "softer" amino groups of these linkers
would exhibit significant affinity for the"softer" transition and post-transition metals.38
Synthesis. The synthesis of Bis(Netropsin) Polyamine-EDTA compounds is exemplified
by the synthesis of Bis(Netropsin)-3,6,9-triaminoundecanediamide-EDTA (BNN3E, IV-
68, Figure 3.27). This scheme is a direct extension of the general procedure described in
Chapter One for the synthesis of Bis(Netropsin) Diacid-EDTA compounds, and required
the development of a general method for the preparation of protected polyamino diacids.
The requisite polyamine precursors, including diethylenetriamine shown in Figure 3.27,
were commercially available. These were pertosylated and the terminal sulfonamide groups
were N-alkylated with t-butylbromoacetate to afford N-tosyl protected polyamino
dicarboxylic acid diester derivatives. The esters were removed under anhydrous acidic
conditions. Tosyl groups were removed by reduction3? to afford unprotected polyamino
diacid compounds. The amino groups of these sticky materials were then protected with
benzyloxycarbonyl (Z) groups. Starting from diethylenetriamine the result was 3,6,9-tri-
(Z)-aminoundecanedioic acid IV-25. I-22 was reduced and coupled with an excess of
IV-25 to afford Netropsin-3,6,9-tri-(Z)-aminoundecanamic acid IV-39. IV-129 was
reduced and coupled with I1V-39 to afford Boc Bis(Netropsin)-3,6,9-tri-(Z)-
aminoundecanediamide IV-44. The terminal amino group of I'V-44 was deprotected and

coupled with the triethyl ester of EDTA to produce Bis(Netropsin)-3,6,9-tri-(Z)-aminoun-
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Figure 3.26. Bis(Netropsin) Polyamine-EDTA:Fe compounds. n = 0, Bis(Netropsin)-
3,6-Diaminooctanediamide-EDTA:Fe (BNN2E:Fe); n = 1, Bis(Netropsin)-3,6,9-Tri-
aminoundecanediamide-EDTA:Fe (BNN3E:Fe); n = 2, Bis(Netropsin)-3,6,9,12-Tetra-
aminotetradecanediamide-EDTA:Fe (BNN4E:Fe); n = 3, Bis(Netropsin)-3,6,9,12,15-
Pentaaminoheptadedcanediamide-EDTA:Fe (BNNSE:Fe).
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decanediamide-EDTA, triethyl ester. The Z groups of this material were removed under
acidic conditions and EDTA ester groups were removed by hydrolysis under basic
conditions to afford BNN3E.

DNA Affinity Cleaving. An autoradiograph of DNA double-strand cleavage patterns
produced by the Bis(Netropsin) Polyamine-EDTA:Fe compounds on Sty I-linearized, 3'-
32p end-labeled pBR322 plasmid DNA is shown in Figure 3.28. Cleavage reactions were
carried out at pH 7.9 under standard conditions determined to be optimal for DNA
binding/cleaving by oligo(N-methylpyrrolecarboxamide)-EDTA:Fe compounds.!7 DNA
cleavage products were separated by agarose gel electrophoresis and visualized by
autoradiography. In contrast to the Bis(Netropsin) Polyether-EDTA:Fe compounds
described in Part 1 of this chapter, Bis(Netropsin) Polyamine-EDTA :Fe compounds bind
and cleave DNA with high efficiency and specificity. BNN2E:Fe, BNN3E:Fe,
BNN4E:Fe, and BNNSE:Fe bind and cleave DNA with similar efficiency but greater
specificity than PSE:Fe (Chapter One). DNA binding/cleaving efficiency and specificity
increase with the number of linker amino groups among this series of molecules.

Autoradiographs of DNA double-strand cleavage patterns produced by PSE:Fe
and the Bis(Netropsin) Polyamine-EDTA:Fe compounds at a series of pH values between
5.4 and 9.0 are shown in Figure 3.29. These cleavage patterns were quantified by
densitometry and the data displayed in graph format (Figure 3.30). The Bis(Netropsin)
Polyamine-EDTA:Fe compounds produce maximal DNA double-strand cleavage near pH
6, while PSE:Fe produces maximal cleavage near pH 7.5.

The cleavage patterns produced by the Bis(Netropsin) Polyamine-EDTA:Fe
compounds were mapped to pBR322 sequence positions by comparing their electrophoretic
mobilities to those of DNA bands in molecular weight marker lanes. Cleavage position and
intensity data are presented in histogram form in Figure 3.31. Bis(Netropsin) Polyamine-
EDTA:Fe compounds produce cleavage in regions of pBR322 rich in A:T base pairs. The

most intense cleavage locus observed near position 3250 maps to the longest contiguous
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Figure 3.28
Autoradiograph of DNA double-strand cleavage patterns produced by Bis(Netropsin)
Polyamine-EDTA:Fe compounds on Sty I-linearized, 3'-32P end-labeled pBR322 plasmid
DNA in the presence of dioxygen and dithiothreitol. Cleavage patterns were resolved by
electrophoresis on a 1% agarose gel. Lanes 2, 4, 6, 8 contain DNA labeled at one end with
a-32P dATP, while lanes 3, 5, 7, 9 contain DNA labeled at the other end with a-32P TTP.
Lanes 1 and 10, molecular weight markers consisting of pBR322 restriction fragments
4363, 3371, 2994, 2368, 1998, 1768, 1372, 995, and 666 bp in length; lanes 2 and 3,
BNN2E:Fe at 0.50 pM concentration; lanes 4 and 5, BNN3E:Fe at 1.0 uM

concentration; lanes 6 and 7, BNN4E:Fe at 0.25 pM concentration; lanes 8 and 9,

BNNSE:Fe at 0.25 UM concentration.
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Figure 3.29
Autoradiographs of DNA double-strand cleavage patterns produced by PSE:Fe and
Bis(Netropsin) Polyamine-EDTA:Fe compounds on Sty I-linearized, 3'-32P TTP end-
labeled pBR322 plasmid DNA in the presence of dioxygen and dithiothreitol, and at a

series of pH values. Cleavage patterns were resolved by electrophoresis on 1% agarose

gels. Top: 0.75 uM PSE:Fe. Center Left: 1.0 uM BNN2E:F. Center Right: 1.0 uM
BNN3E:Fel.0 pM. Bottom Left: 0.50 uM BNN4E:Fe. Bottom Right: 0.25 uM
BNNSE:Fe. Lanes 1, molecular weight markers consisting of pBR322 restriction
fragments 4363, 3371, 2994, 2368, 1998, 1768, 1372, 995, and 666 bp in length; lanes 2-
9, DNA double-strand cleavage reactions carried out at pH 5.4, 6.0, 6.5, 7.0, 7.5, 8.0,

8.5, and 9.0, respectively.
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Figure 3.30. Graph of relative DNA double-strand cleavage by PSE:Fe and Bis-
(Netropsin) Polyamine-EDTA:Fe compounds in the presence of dioxygen and dithio-
threitol as a function of reaction pH. Data were generated by optical densitometry of
the autoradiographs shown in Figure 3.29 and others. Interpolated curves emphasize
trends in the dataand differences between the pH dependence of DNA cleavage by
P5SE:Fe and the Bis(Netropsin) Polyamine-EDTA:Fe compounds.
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Figure 3.31. Histograms of DNA double-strand cleavage produced by PSE:Fe, BNSE:Fe, and
Bis(Netropsin) Polyamine-EDTA:Fe compounds on Sty I-linearized pBR322 plasmid DNA. Lengths of
arrows correspond to the relative amounts of cleavage, determined by optical densitometry, at the
various cleavage loci. Positions of cleavage were determined by analyzing the measured
electrophoretic mobilities of DNA cleavage fragments relative to a standard curve derived from the
measured electrophoretic mobilities of marker fragments of known molecular weights.
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stretch of A:T base pairs (15) on pBR322, 5'-TTTTAAATTAAAAAT-3' (centered at
position 3236). Other significant cleavage loci map to the nine base pair sequence 5'-
TTTATTTTT-3' (centered at position 4237), and the ten base pair sequence 5'-
TATTTTTATA-3' (centered at position 4325).

The DNA binding/cleaving loci produced by Bis(Netropsin) Polyamine:EDTA:Fe
compounds and Bis(Netropsin)-Succinamide-EDTA:Fe (BNSE:Fe, Chapter One) were
examined at nucleotide resolution. 517 base pair Eco RI/Rsa I restriction fragments from
pBR322 were prepared with 32P at either the 3'- or 5' Eco RI end. These fragments
contain cleavage loci centered at or near pPBR322 positions 4237 and 4325. DNA cleavage
reactions were carried out under standard, optimal conditions at pH 6.0 for the
Bis(Netropsin) Polyamine-EDTA:Fe compounds and pH 7.5 for BNSE:Fe. An
autoradiograph of the DNA cleavage patterns produced by these compounds on these
restriction fragments, resolved by denaturing polyacrylamide gel electrophoresis and
visualized by autoradiography, is shown in Figure 3.32. BNSE:Fe and the
Bis(Netropsin) Polyamine-EDTA:Fe compounds produce significant cleavage in four
regions of the autoradiograph. In the bottom half of the autoradiograph, BNSE:Fe,
BNN2E:Fe, BNN3E:Fe, and BNN4E:Fe produce cleavage flanking two sites, while
BNNSE:Fe produces a delocalized pattern of cleavage flanking, within, and between
these sites. In the top half of the autoradiograph, BNSE:Fe produces strong cleavage
flanking two sites and weaker cleavage flanking several additional sites. The
Bis(Netropsin) Polyamine-EDTA :Fe compounds produce more uniform cleavage at various
sites in this region of the autoradiograph.

The DNA cleavage pattens observed on this autoradiograph were analyzed by
densitometry and converted to histogram form (Figure 3.33). Equilibrium minor groove
binding sites (boxes in Figure 3.33) were assigned on the basis of the observed 3'-shifted
pseudo-C2 symmetric cleavage patterns.!® In the lower part of the autoradiograph,

BNSE:Fe binds to the seven base pair site 5'-ATTTTTA-3". This site lies within the ten
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Figure 3.32
Autoradiograph of DNA cleavage patterns produced by BNSE:Fe and Bis(Netropsin)
Polyamine-EDTA:Fe compounds on 3'- and 5'-32P end-labeled 517 bp restriction
fragments (Eco RI/Rsa I) from pBR322 plasmid DNA, in the presence of dioxygen and
dithiothreitol. Cleavage patterns were resolved on a 1:20 cross-linked 8% polyacrylamide,
45% urea denaturing gel. Odd-numbered lanes contain 3' end-labeled DNA. Even-
numbered lanes contain 5' end-labeled DNA. Lanes 1 and 2, uncleaved DNA; lanes 3 and
4, Maxam-Gilbert chemical sequencing G reactions; lanes 5 and 6, BNSE:Fe at 0.25 uM
concentration; lanes 7 and 8, BNN2E:Fe at 1.0 uM concentration; lanes 9 and 10,
BNN3E:Fe at 2.5 UM concentration; lanes 11 and 12, BNN4E:Fe at 1.0 uM

concentration; lanes 13 and 14, BNNSE:Fe at 0.50 uM concentration.
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Figure 3.33. Histograms of DNA cleavage produced by BNSE:Fe and Bis(Netropsin)
Polyamine-EDTA:Fe compounds on the 517 bp DNA restriction fragment (Eco RI/Rsa I)
from plasmid pBR322 DNA. Lengths of arrows correspond to the relative amounts of
cleavage, determined by optical densitometry, which result in removal of the indicated
base. Sequence positions of cleavage were determined by comparing the electrophoretic
mobilities of DNA cleavage fragments to bands in Maxam-Gilbert chemical sequencing
lanes. DNA minor groove binding sites (boxed) were assigned from the observed
cleavage patterns and the model described by Taylor, Schultz, and Dervan (Reference

16).
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base pair A:T sequence centered at pPBR322 postion 4325 and mapped by double-strand
affinity cleaving analysis. In the lower middle part of the autoradiograph, BNSE:Fe
binds to the seven base pair site 5'-“TAATAAT-3". In the lower part of the autoradiograph,
BNN2E:Fe, BNN3E:Fe, and BNN4E:Fe exhibit the nine base pair binding site 5'-
ATTTTTATA-3'. In the lower middle of the autoradiograph these molecules bind to the
eight base pair binding site 5'-ATAATAAT-3". BNNSE:Fe does not localize to any
particular sequence in this part of the autoradiograph, but rather produces less specific
cleavage throughout this A:T rich region. The major binding site for BNSE:Fe observed
in the upper middle part of this autoradiograph has previously been assigned as the seven
base pair sequence S'-TATTTTT-3" (Chapter One). The DNA cleavage patterns are not
well-resolved in this region of the autoradiograph shown in Figure 3.32. However, by
comparing the partially resolved cleavage patterns produced by BNSE:Fe and the
Bis(Netropsin) Polyamine-EDTA:Fe compounds, the major DNA binding site for
BNN2E:Fe, BNN3E:Fe, and BNN4E:Fe in this region appears to be the nine base
pair sequence 5'-TTTATTTTT-3'. BNNSE:Fe does not localize to a single major
binding site in this region.

To examine the DNA locus at which these molecules produce the most intense
double-strand cleavage, 169 base pair Dde I restriction fragments were prepared with 32P at
either 3' end. These restriction fragments span pBR322 positions 3158 to 3327, and were
cleaved by BNSE:Fe and Bis(Netropsin) Polyamine-EDTA:Fe compounds under
standard, optimal conditions at pH 6.0 for the Bis(Netropsin) Polyamine-EDTA:Fe
compounds and pH 7.5 for BNSE:Fe. DNA cleavage products were separated by
denaturing polyacrylamide gel electrophoresis and visualized by autoradiography. An
autoradiograph of the cleavage patterns produced is shown in Figure 3.34. These
molecules produce multiple cleavage envelopes in the upper middle part of the
autoradiograph. The cleavage patterns were analyzed by densitometry and converted to

histogram form (Figure 3.35). From the cleavage patterns, three closely spaced seven base
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Figure 3.34
Autoradiograph of DNA cleavage patterns produced by BNSE:Fe and Bis(Netropsin)
Polyamine-EDTA:Fe compounds on 3'-32P end-labeled 169 bp Dde I restriction fragments
from pBR322 plasmid DNA in the presence of dioxygen and dithiothreitol. Cleavage
patterns were resolved on a 1:20 cross-linked 8% polyacrylamide, 45% urea denaturing
gel. Lanes 1,3,4,7,9,11,13,15, DNA labeled at one 3' end with 32P dCTP. Lanes
2,5,6,8,10,12,14,16, DNA labeled on the opposite strand at the 3' end with 32P dGTP.
Lanes 1 and 2, uncleaved DNA; lanes 3 and 5, Maxam-Gilbert chemical sequencing G
reactions; lanes 4 and 6, Maxam-Gilbert chemical sequencing G+A reactions; lanes 7 and
8, BNSE:Fe at 0.25 uM concentration; lanes 9 and 10, BNN2E:Fe at 1.0 uM
concentration; lanes 11 and 12, BNN3E:Fe at 2.5 uM concentration; lanes 13 and 14,

BNN4E:Fe at 1.0 uM concentration; lanes 15 and 16, BNNSE:Fe at 0.50 uM

concentration.
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Figure 3.35. Histograms of DNA cleavage produced by BNSE:Fe and Bis(Netropsin)
Polyamine-EDTA:Fe compounds on the 169 bp Dde I restriction fragment from plasmid
pBR322 DNA. Lengths of arrows correspond to the relative amounts of cleavage,
determined by optical densitometry, which result in removal of the indicated base.
Sequence positions of cleavage were determined by comparing the electrophoretic
mobilities of DNA cleavage fragments to bands in Maxam-Gilbert chemical sequencing
lanes. DNA minor groove binding sites (boxed) were assigned from the observed
cleavage patterns and the model described by Taylor, Schultz, and Dervan (Reference
16).
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pair binding sites for BNSE:Fe may be assigned, 5'-TTTTAAA-3', 5-TTAAAAA-3,
and 5'-TTTAAAT-3'. Bis(Netropsin) Polyamine-EDTA:Fe compounds produce more
complex patterns of cleavage in this A:T rich region, making confident assignment of
specific binding sites difficult.

The DNA binding/cleaving properties of the Bis(Netropsin) Polyamine-EDTA:Fe
compounds were not enhanced when cleavage reactions were carried out in the presence of
various main group, transition, lanthanide, or actinide metal cations. However, it was
found that the DNA binding/cleaving efficiencies of these molecules were reduced by
preincubating them with K2PdCly prior to diluting them and adding them to a buffered
solution of DNA substrate and carrier DNA for affinity cleaving reactions. This effect was
not observed with PSE:Fe. Autoradiographs of DNA double-strand cleavage produced by
P5E:Fe and Bis(Netropsin) Polyamine-EDTA:Fe compounds after preincubation in the
absence of palladium, or in the presence of palladium at a range of concentrations, are
shown in Figure 3.36. The cleavage patterns were quantified by densitometry and the data
displayed in graph format (Figure 3.37). DNA cleavage by BNN2E:Fe, BNN3E:Fe,
BNN4E:Fe, and BNNSE:Fe decreases upon preincubation with increasing
concentrations of K2PdCly, but DNA cleavage by PSE:Fe is relatively unaffected upon
preincubation with K7PdCly.

Discussion

The general procedure developed in Chapter One for the preparation of
Bis(Netropsin) Diacid-EDTA compounds has been successfully extended to the synthesis
of Bis(Netropsin)-EDTA compounds linked by a series of homologous polyamino diacids.
In addition, a general procedure for the synthesis of free and protected polyamino diacid
derivatives has been developed.

The iron complexes of Bis(Netropsin) Polyamine-EDTA compounds produce

strong and specific cleavage of B form DNA in regions rich in A:T base pairs. Polyamine
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Figure 3.36
Autoradiographs of DNA double-strand cleavage patterns produced by PSE:Fe(III) and
Bis(Netropsin) Polyamine-EDTA:Fe(III) compounds on Sty I-linearized, 3'-32P end-
labeled pBR322 plasmid DNA, in the presence of dioxygen and ascorbic acid, after pre-
incubation in the absence and presence of palladium(II) cations. Cleavage patterns were
resolved by electrophoresis on 1% agarose gels. Top: PSE:Fe(III) (0.50 uM) with 3'-
32P TTP end-labeled DNA. Center Left: BNN2E:Fe(II) (5.0 uM) with 3'-32p dATP
end-labeled DNA. Center Right: BNN3E:Fe(III) (1.0 uM) with 3'-32P dATP end-
labeled DNA. Bottom Left: BNN4E:Fe(III) (0.25 uM) with 3'-32P TTP end-labeled
DNA. Bottom Right: BNNSE:Fe(III) (0.25 uM) with 3'-32P TTP end-labeled DNA.
Lanes 1, molecular weight markers; lanes 2, DNA double-strand cleavage in the absence of
added cations; lanes 3-10, DNA double-strand cleavage after preincubation with 0.5, 1.0,

2.0, 5.0, 10, 20, 50, 100 equiv. K2PdCly, respectively.
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Figure 3.37. Graph of relative DNA double-strand cleavage by PSE:Fe(III) and
Bis(Netropsin) Polyamine-EDT A:Fe(III) compounds in the presence of dioxygen and
ascorbic acid as a function of equivalents palladium(II) added for pre-incubation. Data
were generated by optical densitometric analysis of the autoradiographs shown in Figure
3.40. Interpolated curves emphasize trends in the data and differences between
PSE:Fe(IIl) and the Bis(Netropsin) Polyamine-EDTA:Fe(III) compounds.
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linkers should be partially protonated in the physiological pH range, increasing the positive
charge on these molecules. In water, ethylenediamine, diethylenetriamine,
triethylenetetraamine, and tetraethylenepentaamine all have at least one pK; value in the
range 6.5 to 9.0.40 This feature would be expected to stabilize complexes of
Bis(Netropsin) Polyamine-EDTA:Fe compounds with the DNA polyanion, and to increase
with the number of amino groups in the linker. That Bis(Netropsin) Polyamine-EDTA:Fe
compounds produce maximal DNA cleavage near pH 6 while PSE:Fe produces maximal
cleavage near pH 7.5 supports the notion that linker protonation is important to the binding
of these molecules to DNA.

It has been calculated that polyamines prefer to bind to B DNA in the minor groove
at A:T rich regions, where thay may form specific hydrogen bonds with adenine N3 and
thymine O2 atoms, as well as interact favorably with a well of negative electrostatic
potential. 4142 However, the conjugate spermidine:EDTA:Fe was found by Youngquist to
produce nonspecific DNA cleavage.l7 The high DNA binding specificity for A:T rich
regions of DNA exhibited by Bis(Netropsin) Polyamine-EDTA:Fe compounds dictate that
at a minimum, partially protonated polyamine linkers do not detract from the intrinsic DNA
binding specificity of a Bis(Netropsin). At a maximum, partially protonated polyamine
linkers may be sequence-specific recognition elements for A:T base pairs in the minor
groove of B DNA. The high-resolution DNA affinity cleaving results with BNN2E:Fe,
BNN3E:Fe, and BNN4E:Fe suggest that the linkers of these molecules can interact with
the minor groove of B DNA at sites containing A:T base pairs in a number of ways which
allow these Bis(Netropsin)s to occupy binding sites of eight or nine contiguous A:T base
pairs. Limiting binding models for this behavior may be envisioned. When bound to sites
of nine A:T base pairs, polyamine linkers may adopt an extended conformation, penetrate
deeply within the minor groove, and form specific hydrogen bonds between
amine/ammonium NHs and adenine N3 and/or thymine O2 atoms. When bound to an eight

base pair A:T site, polyamine linkers may bow away from the floor of the minor groove
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and interact with the phosphate backbone of the DNA. This brings the Netropsin subunits
into closer juxtaposition where each binds to one of two adjacent sites of four contiguous
A:T base pairs. BNNSE:Fe produces the most specific DNA double-strand cleavage
among this series of molecules, yet also exhibits the least propensity to localize to specific
binding sites within sequences of contiguous A:T base pairs. Perhaps the pentaamine
linker of BNNSE:Fe is too long to allow this molecule to bind to sites of ten or fewer
contiguous base pairs, and does not discriminate among different A:T sequences enough to
allow BNN5E:Fe to localize to a major site within the tract of 15 contiguous A:T base
pairs.

Preincubation with increasing concentrations of KoPdCly has little effect on the
ability of PSE:Fe(III) to produce DNA cleavage. Thus, the finding that preincubation of
Bis-(Netropsin) Polyamine-EDTA:Fe(IlI) compounds with increasing concentrations of
K,PdCly progressively reduces their ability to produce DNA cleavage constitutes a negative
metalloregulatory phenomenon. The results are consistent with a model in which
palladium(IT) cations form kinetically inert complexes and/or aggregates with the polyamine
linkers of Bis(Netropsin) Polyamine-EDTA:Fe compounds. These complexes/aggregates
may have steric, electrostatic, and/or hydrogen-bonding properties that reduce their ability

to interact with DNA.
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Part 3: Design and Synthesis of Metalloregulated DNA Binding/Cleaving

Proteins.

Results and Discussion
Design. Given our success in the design and synthesis of both positively and negatively
metalloregulated, sequence-specific DNA binding small molecules, we undertook the
design and synthesis of a metalloregulated DNA binding protein. Our approach was to
incorporate a metal-binding subunit of known metallospecificity within the structure of a
synthetically accessible protein of known DNA binding sequence specificity. The protein
chosen for this study was the C-terminal 52 amino acid fragment (residues 139-190) of the
Hin recombinase from Salmonella. (Figure 3.38). It has been shown that this segment of
Hin recombinase may be prepared by solid-phase protein synthesis (SPPS), and that it
binds to native Hin DNA half-sites for recombination.43 Sequence similarities and
algorithms for the prediction of protein secondary structures from amino acid sequences
suggest that Hin(139-190) bears the conserved "a-helix-B-turn-a-helix" motif found in a
variety of DNA binding proteins,#4:45 as well as an additional N-terminal helix connected
with the helix-turn-helix core by a turn or loop structure,46.47

To introduce a metal-binding subunit within the Hin(139-190) sequence, a
pentaether "ionoturn” was designed to be substituted for two residues of a B-turn. CPK
models indicate that the ionoturn depicted in Figure 3.38 maintains the intramolecular
hydrogen bond and directionality of incoming and outgoing peptide chains found in Type I
or IT B-turns.48
Synthesis. Boc amino acid IV-176 was required for introduction of the ionoturn by
SPPS.49 1V-176 was prepared as outlined in Figure 3.38. Pentaethyleneglycol was
condensed with one equivalent of ethyl diazoacetate to afford hydroxy ester IV-150. IV-

150 was converted to the azide derivative IV-160. The azido group of IV-160 was
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Figure 3.38. Design and synthesis of a peptide ionoturn. Top: Amino acid sequence
for the carboxyl-terminal 52 amino acid residues (positions 139-190) of the Hin Recom-
binase from Salmonella Typhimurium. Underlined regions al, a2, a3 constitute predicted
a-helical segments, while the raised sequences LEKG and GIG constitute predicted B-turn
or loop segments. Center: Design of an amino acid that may form an ionophoric turn
structure (ionoturn) which retains geometric and hydrogen-bonding features found in
peptide B-turns. Bottom: Scheme for the synthesis of the protected ionophoric amino acid
Boc 17-Amino-3,6,9,12,15-Pentaoxaheptadecanoic acid (IV-176, Lower Left). Reaction
conditions: a, N,CH,CO,Et (1.0 equiv.), Rhy(OAc)4 (0.01 equiv.), Et;O; b, TsCl,
CsHsN; ¢, LiN3, DMF, 80°C; d, H, (3 atm), PtO,, [(H3C);C0,C],0, MeOH; e, LiOH
(1.5 equiv.), MeOH, H,O0.
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reduced and protected in situ to afford a Boc amino acid ester, which was hydrolyzed to
afford Boc 18-amino-3,6,9,12,15,17-pentaoxaheptadecanoic acid I'V-176.

Five different Hin(139-190) ionomutant proteins were prepared in which the
ionoturn was incorporated in place of five different dipeptide subunits in predicted turn or
loop regions of the native protein (Figure 3.39). The proteins were synthesized by a
combination of manual and automated SPPS procedures. By quantitative ninhydrin
analysis,>0 IV-176 was found to couple as efficiently as commercially available Boc a-
amino acids.

In order to study the DNA binding properties of these Hin derivatives by DNA
affinity cleaving, in the absence and presence of metal cations, EDTA was appended to the
N-termini of the proteins at the end of SPPS. James Sluka had previously developed
tribenzyl EDTA-Gaba (BEG) as a reagent for the introduction of EDTA into synthetic
peptides. BEG was used to produce EDTA-Gabe-Hin(139-190), a synthetic, sequence-
specific DNA binding/cleaving protein.46:47 We have more recently identified
tricyclohexyl EDTA (TriCyE, Figure 3.40) as a reagent superior to BEG. TriCyE may
be synthesized in large quantities in a single synthetic step. TriCyE is more stable than
BEG and offers more flexibility than BEG with regard to the linker which joins the EDTA
subunit to the peptide chain. TriCyE couples efficiently to resin-bound peptides and is
cleanly deprotected by liquid HF under the normal conditions.51 Hin(139-190) ionomutant
proteins were appended with Boc 4-aminobutanoic acid (Gaba) followed by TriCyE. The
protected resin-bound proteins were deprotected using liquid HF, and purified by semi-
preparative reverse-phase HPLC. Figure 3.41 shows HPLC chromatograms of one of the
synthetic mutant proteins before and after purification. The presence of the ionoturn and
EDTA subunits in each of the five proteins was ascertained by NMR spectroscopy. Figure
3.42 shows the 400 MHz !H NMR spectrum of one protein. In this spectrum of a protein
of MW ~ 6000, the peak near 3.6 ppm diagnostic for the ionoturn and the three peaks near
4 ppm diagnostic for EDTA are clearly visible.
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Figure 3.39. Structures of ionomutant proteins prepared and average per step yields
for the solid-phaseprotein syntheses. The double dash (--) indicates the two amino acid

residues replaced by the ionophoric amino acid shown in Figure 3.38.
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Figure 3.40. Synthesis of EDTA, Tricyclohexyl ester
(TriCyE). Reaction conditions: a, H,SO, (cat.), 115°C.
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Figure 3.41
Analytical reverse-phase HPLC chromatograms of ionomutant 1 protein. Top:
Chromatogram of crude peptide mixture obtained after HF cleavage and deprotection.

Bottom: Chromatogram of material after purification by reverse-phase HPLC.
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Figure 3.42
400 MHz !'H NMR spectrum of ionomutant 5 protein. 1.81 mg of protein, purified by
reverse-phase HPLC, was dissolved in 0.4 mL 10% TFA/Me2S0O-dg for the spectrum.
The peak indicated at 3.6 ppm is diagnostic for the presence of the polyether ionophore.
The peaks indicated near 4 ppm are diagnostic for the EDTA moiety.
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DNA Affinity Cleaving. DNA binding/cleaving by Fe:EDTA-Gaba-Hin(139-
190) ionomutant proteins, in the absence and presence of cations, was examined on Ava II-
linearized, 3'-32P end-labeled pMFB36 plasmid DNA.43 DNA double-strand cleavage
patterns were resolved by agarose gel electrophoresis and visualized by autoradiography.
Under conditions where Fe:EDTA-Gaba-Hin(139-190) produces efficient and specific
DNA double-strand cleavage, Fe:EDTA-Gaba-Hin(139-190) ionomutants produce little or
no DNA cleavage in the absence or presence of various cations, including strontium or
barium, at a range of concentrations. Thus, introduction of the ionoturn at any of five
different locations disrupts the ability of the Hin derivatives to fold properly and/or to
interact specifically with DNA. These effects are not visibly changed by the addition of
metal cations.

Recently, the high-resolution crystal structures of three different helix-turn-helix
protein:oligonucleotide complexes have been reported.52-55 These structures show that
amino acid residues in the turn regions of these proteins (A repressor, trp repressor, 434
repressor) play important roles in positioning the flanking helices for proper interaction
with DNA and may make specific contacts with the DNA operator sequence. Perhaps the
ionoturn does not allow for the proper juxtaposition of the flanking helical sequences to
each other or to the DNA, does not reproduce specific DNA contacts involving the native
turn residues, and/or provides unfavorable steric interactions with the DNA. The
successful introduction of the artificial ionoturn within a synthetic protein sequence
represents a practical advance in the design and synthesis of metalloregulated DNA binding
proteins. Perhaps more sophisticated modelling based on protein:DNA crystal structures
would provide insight into where and in what form ionophoric subunits should be
introduced into protein sequences to render them metal-responsive. The discovery and
development of TriCyE represents an advance in practical methodology for the synthesis

of peptides or proteins bearing the metal-chelating functionality EDTA.
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Part 4: Additional Studies.

Results and Discussion

Design. Two additional Bis(Netropsin)-EDTA compounds tethered by designed
linker/receptors were prepared. Bis(Netropsin)-6,9-dioxa-3,12-dithiatetradecanediamide-
EDTA (BN2S2OE, V-34, Figure 3.43) has a linker with two sulfur atoms and two
oxygen atoms. According to CPK models, the two sulfur atoms are favorably disposed to
chelate a mercuric ion in its preferred linear coordination geometry. Bis(Netropsin)-
dibenzylpiperazine-EDTA (BNDBPE, II1-239, Figure 3.44) bears a linker which might
fold up to form a hydrophobic binding cavity for organic guest molecules.

Synthesis. BN2S20E and BNDBPE were synthesized by direct extension of the
procedure described for the preparation of Bis(Netropsin) Polyether-EDTA compounds in
Part 1 of this chapter (Figure 3.3). Schemes for the synthesis of the required mono ester
linker synthons are shown in Figures 3.43 and 3.44. 6,9-Dioxa-3,12-dithiatetradecandioic
acid, monoethyl ester IV-188 was prepared from triethylene glycol. Triethylene glycol
was converted to dibromide IV-179,56 which was dialkylated with the cesium salt of ethyl
thioglycolate to afford diester IV-183. IV-183 was converted to IV-188 by limited
hydrolysis. Mono-ester III-221 was prepared from ethyl p-tolylacetate. Ethyl p-
tolylacetate was brominated to afford III-200. III-200 was used to alkylate 0.5
equivalents of piperazine to afford diester ITI-203, which was converted to II1-221 by
limited hydrolysis.

DNA Affinity Cleaving. The DNA binding/cleaving properties of these molecules, in
the absence and presence of various possible activating agents, were determined by
cleavage of 32P end-labeled pBR322 restriction fragments. BN2S20E:Fe, in the absence
of added cations, produced double-strand cleavage with specificity similar to and efficiency
somewhat greater than its analog with four oxygens in the linker, BNO4E:Fe, described

in Part 1 of this chapter. When DNA cleavage by BN2S2OE:Fe was carried out in the
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Figure 3.43. Top: Design of a mercury-regulated DNA binding/cleaving small
molecule, Bis(Netropsin)-6,9-Dioxa-3,12-Dithiatetradecanediamide-EDTA:Fe
(BN2S20E:Fe, V-34). Bottom: Scheme for the synthesis of the 6,9-dioxa-
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presence of mercuric ions and ascorbic acid reductant, enhancement of specific cleavage
was observed. However, similar enhancement of cleavage was observed in control
experiments as well. Bis(Netropsin)-Glycine-EDTA:Fe (BNGE:Fe, Chapter One) was
used for the control experiments because it lacked an ionophoric linker, and because it
bound and cleaved DNA with efficiency similar to BN2S2OE:Fe. As enhanced cleavage
was observed when DNA affinity cleaving was carried out with BNGE:Fe, mercuric
ions, and ascorbic acid relative to cleavage observed with BNGE:Fe and ascorbic acid
alone, the results with BN2S2OE:Fe could not be interpreted in terms of positive
metalloregulation. The basis for cleavage enhancement by these molecules in the presence
of mercuric ions and ascorbic acid is not known. BNDBPE:Fe was found to produce
specific cleavage in regions of DNA rich in A:T base pairs. However, neither the
efficiency nor the specificity of DNA binding/cleaving by BNDBPE:Fe was altered by the

addition of a variety of aliphatic or aromatic hydrocarbons, alcohols, or carboxylic acids.
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CHAPTER FOUR: DNA CLEAVAGE MEDIATED BY [SalenMn(III)]*

Introduction

Kochi and coworkers have reported that cationic complexes of manganese(III) and the
tetradentate chelating ligand Salen (Salen = N,N'-ethylenebis(salicylideneaminato) or
substituted derivatives of Salen are efficient catalysts for the synthesis of epoxides from
olefins and the terminal oxidant iodosylbenzene.! They also reported that
[SalenMn(III)]* (MnS) catalyzes the oxidative activation of cyclohexane C-H bonds in
the presence of iodosylbenzene. Based on these observations and results from relative
reactivity and spectroscopic studies, Kochi et al. proposed that a radical-like
[SalenMn(V)O]* species is the active intermediate in olefin epoxidation/C-H activation
reactions. We were prompted to examine the DNA binding/cleaving properties of MnS
based on its positive charge, crescent shape, stability to air and water, and ability to mediate

activation of aliphatic C-H bonds in the presence of terminal oxidants.

Results

Synthesis. MnS was prepared as the acetate salt from SalenH; and manganese(III)
acetate (Figure 4.1). This route differed from the two-step procedure employed by Kochi
et al., which afforded MnS as the hexafluorophosphate salt. [SalenMn(III)]OAc was
obtained as an air-stable, water-soluble brown solid which exhibited the expected elemental
analysis, mass spectrum, UV spectrum, IR spectrum, and magnetic susceptibility. Several
additional Salen complexes of chromium(III), manganese(III), and iron(III) were prepared
for this study (Figure 4.2). The chromium and iron complexes were prepared according to
literature procedures.2-4 The substituted complex [(EtzN)2SalenMn(III)]OAc was
prepared as violet crystals from manganese(IIl) acetate and (EtpN)2SalenH).

DNA Cleavage. The ability of Salen:metal complexes to promote DNA cleavage in the

absence or presence of various additives was screened using Sty I-linearized, 3'-32P end-
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Figure 4.1. Scheme for the synthesis of N,N'-ethylenebis(salicylideneaminato)-
manganese(III) acetate ([SalenMn(III)JOAc, MnS, II-228). Reaction conditions:
a, EtOH, reflux; b, EtOH, CH,;CN.
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Figure 4.2. Additional Salen:Metal complexes tested for DNA binding/cleaving activity.
Top: N,N’-ethylenebis(salicylideneaminato)chromium(III) chloride ([SalenCr(III)]CI).
Middle: N,N’-ethylenebis(4-N",N"-diethylaminosalicylideneaminato)manganese(III)
acetate ([(Et2ZN)2SalenMn(III)]JOAc). Bottom: N,N'-ethylenebis(salicylideneamin-
ato)iron(III) derivatives (X = OAc, [SalenFe(III)JOAc; X = Cl, [SalenFe(III)]Cl,

X = p-0, [SalenFe(III)],0).
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labeled pBR322 plasmid DNA. Salen:metal complexes were incubated under aerobic
conditions in a buffered solution of DNA substrate and carrier DNA for 30 minutes at 37°C
before additives were introduced. The reactions were then incubated for 2 hours at 37°C
before DNA cleavage products were separated by agarose gel electrophoresis and
visualized by autoradiography. No DNA cleavage was observed with [SalenCr(III)]CI,
[SalenFe(III)]X, or [(Et;N)2SalenMn(III)]JOAc complexes (at 10 to 1000 uM
concentrations) in the absence of additives or in the presence of millimolar dithiothreitol,
ascorbic acid, hydrogen peroxide, ascorbic acid/hydrogen peroxide, t-butyl hydroperoxide,
sodium hypochlorite, m-chloroperoxybenzoic acid, peracetic acid, magnesium
monoperoxyphthalate, or iodosylbenzene. MnS also failed to produce DNA cleavage in
the absence of additives or in the presence of dithiothreitol, ascorbic acid, t-butyl
hydroperoxide, or sodium hypochlorite. However, it was found that MnS mediated
strong and specific DNA double-strand cleavage in the presence of hydrogen peroxide,
percarboxylic acids, or iodosylbenzene. Figure 4.3 shows an autoradiograph of DNA
double-strand cleavage produced by MnS at a range of concentrations in the presence of 1
mM hydrogen peroxide. Under these conditions, MnS produces detectable cleavage at 5.0
UM, moderate cleavage at 10 uM, strong cleavage at 20 pM, and overdigestion at 50 uM.

Figure 4.4 shows an autoradiograph of the DNA double-strand cleavage patterns
produced by MnS (20 uM) in the presence of hydrogen peroxide, magnesium
monoperoxyphthalate, and iodosylbenzene at three concentrations. The use of these
different terminal oxidants results in similar patterns of DNA cleavage. Magnesium
monoperoxyphthalate is the superior terminal oxidant--it affords the most efficient cleavage
(at 1 mM concentration) and is more soluble in water than either m-chloroperoxybenzoic
acid or iodosylbenzene.

Figure 4.5 shows an autoradiograph of DNA cleavage produced by MnS (15 uM)
in the presence of magnesium monoperoxyphthalate (2.0 mM) at a series of pH values

between 5.4 and 9.0. These DNA cleavage patterns were quantified by densitometry and
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Figure 4.3
Autoradiograph of DNA double-strand cleavage patterns produced by MnS on Sty I-
linearized, 3'-32P end-labeled pBR322 plasmid DNA in the presence of hydrogen
peroxide. Cleavage patterns were resolved by electrophoresis on a 1% agarose gel. Lanes
2,4,6,8,10 contain DNA labeled at one end with 32P dATP, while lanes 3,5,7,9,11 contain
DNA labeled at the other end with 32P TTP. Hydrogen peroxide concentration was 1.0
mM. Lane 1, molecular weight markers consisting of pBR322 restriction fragments 4363,
3371, 2994, 2368, 1998, 1768, 1372, 995, and 666 bp in length; lanes 2 and 3, uncleaved
DNA; lanes 4 and 5, 6 and 7, 8 and 9, 10 and 11, MnS at 5.0, 10, 20, and 50 pM

concentrations, respectively.
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Figure 4.4

Autoradiograph of DNA double-strand cleavage patterns produced by MnS on Sty I-
linearized, 3'-32P TTP end-labeled pBR322 plasmid DNA in the presence of hydrogen
peroxide (H202), magnesium monoperoxyphthalate (Mg(MPPA)3), or iodosylbenzene
(PhIO) oxidants. Cleavage patterns were resolved by electrophoresis on a 1% agarose gel.
Lane 1, molecular weight markers consisting of pBR322 restriction fragments 4363, 3371,
2994, 2368, 1998, 1768, 1372, 995, and 666 bp in length; lanes 2-4, DNA cleavage by
MnS (20 uM) in the presence of H>O2 at 0.10, 1.0, and 10 mM concentrations; lanes 5-7,
DNA cleavage by MnS (20 M) in the presence of Mg(MPPA); at 0.10, 1.0, and 10 mM
concentrations; lanes 8-10, DNA cleavage by MnS (20 pM) in the presence of PhIO at
0.10, 1.0, and 10 mM concentrations.
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Figure 4.5

Autoradiographs of DNA double-strand cleavage patterns produced by MnS on Sty I-
linearized, 3'-32P TTP end-labeled pBR322 plasmid DNA in the presence of magnesium
monoperoxyphthalate at a series of pH values. Cleavage patterns were resolved by
electrophoresis on a 1% agarose gel. Lane 1, molecular weight markers consisting of
pBR322 restriction fragments 4363, 3371, 2994, 2368, 1998, 1768, 1372, 995, and 666
bp in length; lanes 2-9, DNA double-strand cleavage by MnS (15 mM) and Mg(MPPA ),
(2.0 mM) at pH 5.4, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0, respectively.
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the data displayed in graph form (Figure 4.6). MnS/magnesium monoperoxyphthalate
produces efficient cleavage in the pH range 5.4 to 7.5, but cleavage efficiency decreases
rapidly between pH 7.5 and 9.0, at which point little DNA cleavage is observed.

The specificity of DNA cleavage produced with MnS and several other DNA
binding/cleaving small molecules was examined at low and high resolution. Figures 4.7
and 4.8 show autoradiographs of the DNA double-strand cleavage patterns produced by
MnS (in the presence of hydrogen peroxide or magnesium mononperoxyphthalate),
methidiumpropyl-EDTA:Fe (MPE:Fe, Figure 1.6, in the presence of dithiothreitol),3
Neocarzinostatin (NCZS, Figure 2.3, in the presence of mercaptoethanol),6
Bleomycin:Fe(II) (Blm:Fe, Figure 1.4),7 and Bis(Netropsin)-Succinamide-EDTA:Fe
(BNSE, Figure 1.9, in the presence of dithiothreitol). BNSE:Fe produces the most
specific DNA double-strand cleavage (fewest discrete cleavage bands) among this series of
molecules. MPE:Fe produces the least specific cleavage, yet still affords darker regions
of enhanced binding/cleaving and lighter regions of diminished binding/cleaving. The most
striking observation to be made from these autoradiographs is that the most intense
cleavage loci observed with BNSE:Fe, MnS and NCZS correlate with regions of
diminished cleavage intensity observed with MPE:Fe and Blm:Fe. This can be seen
more clearly in the densitometry traces collected in Figure 4.9, where the tallest "peaks"
produced by BNSE:Fe, MnS, and NCZS align with deepest "valleys" observed with
MPE:Fe and Bim:Fe. Based on the positions of these cleavage loci and lighter regions
relative to the positions of DNA bands in the molecular weight marker lanes, the regions of
alignment were mapped to the pBR322 sequence. The regions of alignment near pBR322
positions 3100, 3250, and 4000-4363 correspond to the most A:T rich segments of the
plasmid.

DNA cleavage by small molecules in these regions was examined at nucleotide
resolution using 32P end-labeled restriction fragments from pBR322. 517 base pair Eco

RI/Rsa I restriction fragments (spanning pBR322 positions 3848-2 and 4361-165,
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Figure 4.6. Graph of relative DNA double-strand cleavage by MnS in the presence of
magnesium monoperoxyphthalate versus reaction pH. Data was generated by optical den-
sitometry of the autoradiograph shown in Figure 4.5. The interpolated curve emphasizes
trends in the data.
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Figure 4.7

Autoradiograph of DNA double-strand cleavage patterns produced by MnS, MPE:Fe,
NCZS, and Blm:Fe(II) on Sty I-linearized, 3'-32P end-labeled pBR322 plasmid DNA.
Cleavage patterns were resolved by electrophoresis on a 1% agarose gel. Lanes 2,4,6,8,10
contain DNA labeled at one end with 32P dATP, while lanes 3,5,7,9,11 contain DNA
labeled at the other end with 32P TTP. Lane 1, molecular weight markers consisting of
pBR322 restriction fragments 4363, 3371, 2994, 2368, 1998, 1768, 1372, 995, and 666
bp in length; lanes 2 and 3, uncleaved DNA; lanes 4 and 5, DNA cleavage by MnS (20
1M) in the presence of hydrogen peroxide (1.0 mM); lanes 6 and 7, DNA cleavage by
MPE:Fe (0.50 pM) in the presence of dithiothreitol (5.0 mM) and dioxygen; lanes 8 and
9, DNA cleavage by NCZS (0.125 units) in the presence of mercaptoethanol (10 mM);
lanes 10 and 11, DNA cleavage by Blm:Fe(II) (0.50 pM) in the presence of dioxygen.