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ABSTRACT

Many small molecules, such as antibiotics used in cancer
chemotherapy, are believed to execute their therapeutic action through
binding to the DNA template and impeding the progress of transcription
and replication. While it is possible by spectroscopic means to
determine the overall affinities and stoichiometries of these small
molecule/DNA interactions, the exact locations and sizes of these sites
of interaction are not known. The analogous question of protein:DNA
binding specificities has been answered through the use of DNase I
footprinting. This technique combines DNase I cleavage of protein-—
protected DNA fragments and Maxam—Gilbert sequence determination
methods, relying on the relatively low specificity of DNase I in a
partial digestion and the ability of DNA-bound proteins to prevent
phosphodiester bond hydrolysis between the base pairs they cover.

Reported within is a direct technique, MPE.Fe(II) footprinting,
which allows the determination of the preferred binding sites of several
small molecules on heterogeneous double helical DNAs. Methidiumpropyl-
EDTA [MPE], in the presence of ferrous ion and oxygen efficiently
creates single-strand breaks in double helical DNA and with
significantly lower sequence specificity than DNase I. Utilizing
MPE.Fe(II) as a small synthetic scissor one is capable of footprinting
the preferred locations and binding site sizes of small molecules bound
on native DNA.

The small molecules actinomycin D, chromomycin A3, distamycin A,
echinomycin, mithramycin, netropsin, and olivomycin have been shown to

demonstrate sequence specific MPE.Fe(II) cleavage inhibition, thus



allowing a determination of their preferred binding sites and site
sizes. Actinomycin D was found to have a minimum site size of 3 base
pairs and an absolute guanine requirement in its binding site.
Distamycin A and netropsin demonstrated equivalent binding
specificities, preferring contiguous A+T rich regions of 5 base pairs in
length. Chromomycin A3, mithramycin, and olivomycin all shared similar
binding specificities, demonstrating typically 3 base pair binding site
sizes and preferring a 5'-GC-3' sequence within. Echinomycin protected
a minimum of 4 base pairs; nearly all sites containing a central
5'-0G-3' sequence with 5'-COGG-3' being favored. All footprints
demonstrated an opposite strand asymmetry with overprotection on the 3'
end. From a collection of their preferred binding sites, binding
models for these small molecules have been derived.

MPE-Fe (II) footprinting has been compared with DNase I
footprinting in their ability to determine the binding specificities of
both small molecules and proteins. While DNase I exhibits a slightly
greater sensitivity, MPE-Fe(II) footprinting provided greater resolving
capacity and importantly more precisely defined the binding locations
and sizes of small molecule:DNA complexes. Both methods provided
similar information in the case of a sequence-specific DNA binding
protein, lac repressor. Investigations were also undertaken to study
the effects of altered DNA conformation (Z-form DNA; binding
cooperativity of different small molecules) on the interactions of small

molecules with native DNA.
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INTRODUCTION
Interactions of Small Molecules with Nucleic Acids

Many naturally occurring small molecules having molecular
weights ranging from 100 to 2000 grams per mole, are antibiotics which
interfere with the synthesis of nucleic acids in yvivo and have found
uses in antiviral and cancer chemotherapies.l=4 A subset of these
molecules interferes with nucleic acid synthesis by forming reversible
complexes with a double-stranded DNA template. These drug:DNA complexes
serve as impediments to alterations in the DNA structure, alterations
which are necessary for the processes of transcription® and
replication.6  Another subset of these molecules interferes with these
processes by causing permanent structural alterations in the DNA such as
strand breakage, base removal, or formation of crosslinks. Examples of

both types of molecules and their modes of action are shown in Figure 1.

Sterordal diamines Actinomycin Streptomigrin

Chromomycin Baunomycin Bleomycin :"m:‘rds
Mithramycin Echinomycin  Netropsin Adriamycin

Hedamycin Triostin Drstamycn Chloroquine

Kanchanomycin s Acridines  Anthramycin Miracil D

<< Novobrocin
Aphudicolin
Arylhydrazino-
pynmidines

U]
\
/ / NUCLEOTIDES
Streptolydigin
Rifampicin of-Amanitin
Streptovancin

Base analogues  Azasermne
Nucleoside antibiohcs  Methotrexate

Figure 1
Sites of template interference by antibiotics and drugs. Shown
is a segment of DNA on which initiation of transcription (left),
transcription (center), and replication are depicted. T in the
transcribing complex; R in the replicating complex. Class of molecules
which affect the template capability of DNA are listed in the upper half
of the figure (reproduced from Gale, et al.l).



Two general classes of interaction modes can exist between small
molecules and DNA: covalent and noncovalent. Covalent binders,
including such substances as mitomycin C,”7 cjs-diamminedichloroplatinum,8
anthramycin,9 psoralen,10 nitrogen mustard,ll and various planar
aromatic carcinogens,12 often react by chemical or photochemical means
with specific nucleotides in the DNA. These then may become labilized,
eventually leading to strand scission, or may inactivate the DNA's
ability to serve as a template for polymerases. The generation of
interstrand crosslinks, which prevent the separation of the two strands
of double helical DNA, is thought to constitute the primary lethal event
for many of these covalent binding molecules.l3

The second general class, those small molecules which interact
noncovalently with DNA, comprised the majority of substances
investigated during the course of this thesis work. Most are thought to
primarily act by inhibiting the progress of RNA polymerase along an
affected DNA template.2=4 These small molecules may interact with DNA
through the use of electrostatic forces, hydrogen bonding, and
hydrophobic interactions. An example of the latter case is
intercalation, where a flat planar aromatic molecule becomes inserted
between the adjacent base-pairs of double helical DNA.14 The base pairs
of the DNA remain perpendicular to the helix axis, but the distance
separating the base pairs is increased to accommodate the intercalated
molecule. This results in localized unwinding of the DNA, seen as
increasing the average contour length of short DNA fragments thus
increasing the viscosity of a drug:DNA solution.l> Binding also occurs

in the major or minor grooves of DNA, where accessibility to the



hydrogen bond donators (amines) and acceptors (carbonyls and imines) on
the nucleic acid bases become possible.l6 Inhibition of polymerase
action may also be achieved by damaging the DNA through strand
cleavages. These may be produced by equilibrium-binding small molecules
which can generate reactive species near the DNA. Examples of these
include the antibiotics bleomycinl’? and streptonigrin.l8

These small molecules which interact with DNA may do so with
some specificity as to the state, conformational structure, and/or
nucleotide sequence present. DNA, as the ultimate repository of genetic
information, consists of two sugar—phosphate backbones to which the
bases guanine, adenine, cytosine, and thymine (including at times
various methylated and glycosylated analogs) are attached by
N—glycosidic linkages.l9 These sugar-phosphate backbones, or strands,
run in an antiparallel fashion forming a double helix, with the aromatic
bases guanine (G) to cytosine (C) and adenine (A) to thymine (T)
hydrogen bonded together. This double helical DNA may assume a number
of different conformations, dependent on ionic strength and degree of
hydration p»resent.20 Examples of the A, B, and Z forms of DNA are
depicted in the computer drawings as shown in Figure 2. Whereas the
exact nucleotide sequence determines the amino acid sequence of the
trivial protein product from a structural gene, the effect of nucleotide
sequence on DNA state and solution conformations plus the effects of DNA
structure on the processes of transcription, replication and their
requlation is at this time not fully understood.2l Knowledge of drug
binding specificity to heterogeneous DNAs might help in the design of

even more specific DNA binders, working towards a design of synthetic
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repressors and synthetic restriction enzymes.

Figure 2

Computer generated, space filling representation of the three
principal DNA conformations: A-form (A), B~-form (B), and Z-form (C).
Phosphates have darker, and sugars lighter, shading. In A-form, major
groove is deep (top 1/2, A) while minor groove is shallow (bottom 1/2,
A). B-form DNA has the minor groove in the center of the figure (B),
with portions of the major groove on either side. Both A- and B-form
DNAs form right-handed double helices. Z-form (C) forms a left-handed
double helix, with deep minor groove running diagonally across the
center of the figure.

Sequence Specificity of Small Molecule:DNA Interactions

Methods of determining the binding specificities of small
molecules to DNA rely on changes in the physical parameters of these two
components upon the formation of a complex. Typical of these methods
include spectroscopic analyses: shift in the absorbance maxima,Z22
changes in the magnitudes of absorbance and fluorescence,23 and Cotton
effects in circular dichroism;24 hydrodynamic effects: increases in the

thermal denaturation temperature,?> decreases in buoyant density,26 and
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viscosity changes;14 biological assays: rates for the action of
DNA-dependent DNA and RNA polymerases2’ and protection of the DNA
template to degradative enzymes.28 All of these parameters may be
investigated for various natural DNAs of known overall nucleotide
composition or for synthetic DNA homopolymers. Correlations may then be
made between percent G+C and the magnitude of the observed changes, thus
providing rough information as to the base preference for their
interaction with DNA. The use of synthetic repeating nucleotide DNA
polymers allows the selection of a finite number of known potential
binding sites and a more complete picture of the binding sequence
preference.29 The number of possible binding sites can be determined

by the following expressions:

I

B = (4) (n is odd)
2
or
n n/2
B = (;1—) + (;1—) (n is even)

where B is the number of possible binding sites and n is the number of
base pairs per binding site. A representative table of the number of
unique sites as a function of binding site size is provided (Table I).

Table I - Site Sizes and Numbers?

Number of base pairs Number of unique
in site = n sites possible

2 10

3 32

4 range of 136

5 restriction 512

6 endonucleases 2080

a) Private communication, D. Crothers, Yale University

Although these methods make it possible to determine the overall
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affinity and stoichiometry of the noncovalent binding of small molecules
to DNA, the exact locations and extents of the preferred binding sites
on naturally occurring heterogeneous DNA sequences are not known.

Two classic methods are capable of discretely determining the
locations, sizes of binding sites, and modes of interaction between
small molecules and heterogeneous DNAs. Both methods utilize short
(6-12 base pair), synthetically made DNA oligomers as their binding
substrates. Nucleic magnetic resonance spectroscopy (NMR), especially
with the use of proton nuclear Overhauser effect (NOE) measurements,
allows for the determination of intermolecular contracts between protons
on the DNA and the binding ligand from which models of this solution
interactions may be derived.30 X-ray crystallographic analysis of small
molecule:DNA complexes allows for a determination of the binding
~geometry in the solid state, and helps locate potential stabilizing
hydrogen bonds and destabilizing steric interferences.3l Neither method
is suitable for the rapid assaying of the hundreds of potential binding
sites present in a typical heterogeneous DNA restriction fragment under
physiological solution conditions.

With the advent of chemical and enzymatic means of DNA
sequencing, it has become possible to determine DNA sequences hundreds
of nucleotides in length rapidly and easily.32-34 1In the case of double
stranded DNAs, Maxam—Gilbert chemical sequencing methods are
applied.33/35 These rely on the partial modification and subsequent
degradation of singularly end-labeled DNA restriction fragments followed
by high resolution gel electrophoresis and autoradiography. Results are

obtained as a series of bands on the autoradiogram corresponding to that



subset of singularly end-labeled cleavage fragments of different
lengths, whose unlabeled termini are one nucleotide short of a specific
modified nucleotide(s) (Figure 3). Typical selectivities are for one to
two nucleotides as in the cases of the commonly observed sequencing
reactions G, A>C, C, and C+T. Chemical reactions employ such reagents
as dimethylsulfate and hydrazine to modify the nucleotides; piperidine
is used to catalyze the strand scission reactions. Small molecules
which cause modifications to the DNA that lead to strand scissions
permit their sequence specificities on heterogenous DNA to be determined
similarly. This has been performed for the antibiotics
neocazinostatin,36 bleomycin,36-38 phleomycin,38 tallysomycin,38
adriamycin activated by NADPH cytochrome P-450 reductase,3? and the
alkali-labile lesions generated by aflaxtoxin B] activated by liver
extracts.40 Unfortunately with small molecules which cleave DNA it is
not possible to determine what percentage of their observed
specificities is due to their preferred binding interactions or to the
specificity inherent in the chemical modifications they perform. Also
these methods are not applicable to that majority of small molecules
which bind to DNA reversibly without generating modifications on the
DNA.,

These difficulties arose when attempting to determine the
specific binding sites on their DNA substrates for regulatory proteins

such as polymerases, repressors, and other transcription factors.



End-labeled DNA strand to be sequenced
*p-C-G-A-G-C-G-T-A
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G residues T residues
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sequencing gel A
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Figure 3

Maxam-Gilbert DNA sequencing method. Singularly end-labeled,
double helical DNA is partially cleaved by specific chemical
modification and piperidine treatment. Generated is a nested set of
cleavage fragments whose unlabeled terminus is one nucleotide short of a
modified base. Combinations of four such reactions electrophoresed in
parallel allows for the determination of the DNA sequence on one strand.
Currently the best method for studying protein-DNA binding specificities
is the DNase footprinting method of Galas and Schmitz.41/42 This method
combines partial DNase-cleavage of protein-protected DNA fragments and
double-stranded DNA sequence determination techniques. Partial
digestion by DNase I shows relatively little sequence specificity and
the DNA-bound protein is capable of preventing cleavage of the DNA

backbone between the base pairs it protects. The protein-protected DNA
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sequence is expressed in the autoradiogram as a lightened region in the
normal DNase I cleavage pattern. Comparison with Maxam-Gilbert
sequencing lanes run in parallel allows for the exact determination of
the nucleotide sequence to which the protein is bound. Cases in which
this method has been employed included the lac repressor,4l RNA
polymerase,43 and cyclic AMP receptor protein44 each binding to the
lactose promoter—operator region and numerous other examples.
Investigations on the interaction of Int protein with the specific site
on _Aatt DNA has employed the relatively nonspecific DNA cleavers
micrococcal nuclease and neocarzinastatin as substitutes for DNase I in
footprinting.4> Exonuclease III, an enzyme possessing 3'phosphatase and
double-strand DNA specific 3' exonuclease activities, has been employed
in determining the site specific binding of proteins to DNA.46
Unfortunately it is capable of only determining the 3' end of the
protected fragments and therefore would have reduced sensitivity in
defining two nearby binding sites on the same fragment. Regardless of
the DNA cleaving agent used, whether it be nuclease or antibiotic, the
problem arises as to the exact phenomenon to which this cleaver is
responding to when protection afforded by protein binding is observed.
For example, DNase I is known to exhibit changes in its rate of
phosphodiester bond hydrolysis as a function of high level helical twist
in the DNA structure.47 Thus the locations of diminished DNase cleavage
may be due to protein induced alterations in DNA conformation rather
than steric interference. Without detailed knowledge as to the actual
mechanism for cleavage and causes for specificity, complete accuracy in

determining the exact location and extent of a protein binding site
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cannot be obtained.

It should be possible to apply footprinting to directly
determine small molecules preferred binding sites on heterogeneous DNAs.
BEquilibrium and kinetic binding studies indicate that different small
molecules may interact simultaneous with double-stranded DNAs by either
competing for similar binding sites48 or by noninterfering binding at
adjacent sites.49-50 Thus the utilization of a small molecule which
binds nonspecifically to double stranded DNA and efficiently induces
cleavages may prove useful in probing the locations and extent of
binding sites of small molecules on naturally occurring DNA.
Methidiumpropyl-EDTA-Fe (II), [MPE-Fe(II)]51,52

Recently Hertzberg and Dervan have reported the synthesis of
methidiumpropyl-EDTA (MPE), (Figure 4) composed of the DNA intercalator
methidium coupled to a metal chelator ethylenediaminetetraacetic acid
(EDTA) by a propyl hydrocarbon linker.2l The binding affinities of MPE,
MPE.Ni(II), and MPE-Mg(II) to calf ‘thymus DNA are 2.4 x 104 M1, 1.5 x
105 M1 and 1.2 x 1051 in 50 mM NaCl, pH 7.4.52 The binding site size
is 2 base pairs. MPE-Mg(II) unwinds PM2 DNA 11 * 3° per bound molecule.
MPE-Fe (II) in the presence of Oy efficiently cleaves DNA and with low
sequence specificity. Reducing agents significantly enhance the
efficiency of the cleavage reaction in the order sodium ascorbate >
dithiothreitol > NADPH. Optimum ascorbate and dithiothreitol

concentrations are
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MPE - Fe

Figure 4

Structure of methidiumpropyl-EDTA+Fe(II) and cartoon depicting
its intercalative mode of binding to DNA.
1-5 mM. Efficient cleavage of DNA with MPE-Fe(II) occurs over a pH
range of 7-10 with the optimum at 7.4 (Tris<HCl buffer). Optimum
cleavage time is 3.5 hours (220C). DNA cleavage is efficient in a Na%t
ion concentration range of 5 mM to 1 M, with the optimum at 5 mM NaCl.
The number of single strand scissions on supercoiled DNA per MPE«Fe(II)
under optimum conditions is greater than stoichiometric (1.4). Metals
such as Co(II), Mg(II), Ni(II) and Zn(II) inhibit strand scission by
MPE. The released products from DNA cleavage by MPE-Fe(II) are the four
nucleotide bases. The DNA termini at the cleavage site are 5'-phosphate
and roughly equal proportions of 3'-phosphate and 3'-phosphoglycolic
acid (Figure 6). The products are consistent with the oxidative
degradation of the deoxyribose ring of the DNA backbone, most likely by
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hydroxyl radical. This thesis reports an application of MPE-Fe(II) for
determining the sequence specificity of small molecule binding to

heterogeneous DNA (Figure 5).

i
>4

INHIBITING
DRUG

SEQUENCING GEL

Figure 5

Illustration of MPE.Fe(II) footprinting. Left is unprotected
and right, small molecule protected double stranded DNA.
Deoxyribonuclease I, [DNase I]

DNase I is the classic footprinting reagent for determining the
preferred binding sites of proteins on heterogeneous, double stranded
DNA. DNase I, a 30,000 dalton molecular weight protein, acts as an
endonuclease cleaving either one or both strands of double helical DNA,
producing 5'-phosphate and 3'-hydroxyl termini (Figure 6) .53-55
Cleavage sites are overestimated by 2-3 nucleotides minimally on each
strand due to the internal nature of the enzyme active site. This
overestimation depends on the protein being investigated.42 DNA
cleavage by DNase I is very efficient, 1 x 10~8M DNase induces 1 x 10~6
M cleavages in 2 x 10~4 M base pairs DNA given the typical reaction
conditions, 30 sec at roam temperature. This is equivalent to 100

Cleavages per DNase molecule. DNase I-mediated DNA cleavage
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demonstrates sequence specificity in the rate of phosphodiester band
hydrolysis as a function of local helical twist.47 High levels of local
helical twist may be intrinsic to a given nucleotide sequence, the
presence of certain flanking sequences inferring a particular
conformation, or DNA structural changes induced upon small molecule
and/or protein binding. The exact cause for the specificity of DNase I
cleavage is not particularly well understood. Reduction of DNase I
cleavage upon competing molecule binding is not uniform but appears

proportional to rate of cleavage present.42
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Figure 6

Diagram of MPE-Fe(II) and DNase I-mediated cleavages of
double-stranded DNA. DNase I (top) causes a phosphodiester
bond hydrolysis resulting in 3'-hydroxyl and 5'-phosphate
termini. MPE.Fe(II) (bottom) cleaves through an oxidative
degradation of the deoxyribose. Products are released free
bases, 5'-phosphates, and either 3'-phosphates or

3'-phosphoglycolates in equal percentages.
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BACKGROUND

small Molecules Investigated by MPE-Fe(II) Footprinting

Reviews on the biological and physical characteristics of the
antibiotics actinomycin D, chromomycin A3, daumomycin, distamycin A,
echinomycin, mithramycin, netropsin, olivomycin and their interactions
with nucleic acids are provided.
Daunomycin

Daunomycin hydrochloride (daunorubicin, rubidomycin, and
Cerubinin) is a red crystalline anthracycline antibiotic isolated from
either Steptomyces peucetius or S. coerubleorubidus. It is composed of
an aromatic chromophore, 7-hydroxy-9-acetyl-4-methoxy-7,8,9,10-tetra-
hydro—6,9,11-trihydroxy-5,12-naphthacenedione, and the amino sugar
3'-amino-2',3"',6'-trideoxy-c~L~lyxo-hexopyranose linked by a glycoside
bond at the 7 position (Figure 7). This structure was elucidated by
chemical degradation studies and confirmed by x-ray crystallographic
analysis of the N-bromoacetyl derivative.”® Several syntheses of
daunomycin and its analogs have been described. (Reviews 57,58).

Daunomycin has been shown to exhibit antibacterial,>?
antifungal, and antityrpanosomal properties.60 In eukaryots, damage is
usually nuclear is nature, consisting of changes in the nucleolus and a
granular appearance in the chromatin.6l Daunomycin also inhibits
double-stranded DNA viruses and phages, but not single-stranded DNA or
RNA viruses.59 Its activity is believed to stem from its ability to
intefere with the progress of RNA and DNA polymerase on a
double-stranded DNA template though multiple effects are observed in
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Structures of antibiotics which bind to DNA and inhibit

cleavage by MPE:Fe (II). -
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yivo and this may not be the lethal event.62 Clinically this antibiotic
has been employed against acute lymphocytic and myelogenous leukemias.63
Observed toxic side effects include leukopenia, thrombocytopenia,
gastronintestinal distress, with the overall limiting feature being
congestive heart failure.

Daunomycin interacts with double-stranded DNA, but not denatured
DNA, nucleotides, or RNA.64  From changes in the superhelicity of
$X174 RFI DNA, daunomycin binds with an unwinding angle of 110,65
Binding to DNA is dependent on the structure and stereochemistry of the
amino glycoside measured.66 Equilibrium dialysis experiments of
daunomycin binding to various natural and homopolymers DNAs shows
binding constants on the order of 0.2-7.6 x 105 M~1 at 100 to 200 mM
Nat.67,68 The binding constant decreases with increasing ionic
strength. The binding site size is 3.5 base pairs for a heterogeneous
DNA. Sequence specificity is for alternating purine-pyrimidine
sequences, with the order for preferential binding being: 4(A-T) >
d(G-C) > dG-dC > dA-dT. For natural DNAs it shows a binding specificity
of o = 1.45, or slightly G+C specific. The o value is defined as a
measure of the relative small molecule binding affinities for DNAs of
different G-C composition.6? The kinetics of daunomycin association and
dissociation with DNA are relatively fast, kgijssoc = 0.36 to 0.68 s~1,
with this rate increasing upon increasing ionic strength.70
Intercalation has been shown to proceed from the minor groove, as shown
by comparisons between T2 glucosylated DNA and anthramycin-treated
DNA,71

Daunomycin was thought to intercalate between the base pairs
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with the amino sugar located in the minor groove where it would
electrostatically interact with a DNA phosphate. X-ray crystallography
of a daunomycin:hexamer crystal showed that this model is generally
correct, with the DNA altering its structure to accommodate the large
intercalator.3l The far D ring of the anthracycline chromophore
actually protrudes into the major groove, with the A ring and attached
sugar is the minor groove. Hydrogen bonding may take place between the
9-hydroxyl and the N-3 of purine nucleotides or 0-2 of pyrimidines. A
bound water molecule appears to associate with the carbonyl 0-13 and
various nucleotides. The positively charged amino group does not
interact with any phosphates, contrary to earlier findings.
Complementary studies have been performed on daunomycin:DNA complexes in
solution, using 1H and 31P NMR as probes.’2 These solution results
confirmed many of the solid state observations.
Actinomycin D

Actinomycin D (Cj) is a red, crystalline antibiotic isolated
from the culture of Streptomyces antibiotics. Its structure (Figure 7)
is composed of a flat, aromatic chromophore, 2-amino-4,5-dimethyl-3-
phenoxazone-1,8-dicarboxylic acid, and two identical cyclic pentapeptide

lactones. The amino acid sequence of the attached pentapeptide is:

(Act) —— I.r-'I"hr—D—Val—L-Pro-Sar-IrbbiVal
(o]

where Thr = threonine, Val = valine, Pro = proline, Sar = sarcosine,
MeVal: N-methylvaline, L and D refer to the stereochemistry of the amino

acid residue, threonine is bonded through an amide bond with the
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chromophore, and the lactone linkage connects the carboxy terminus of
the methylvaline residue with the hydroxyl function of the threonine.
This structure was elucidated by chemical degradation and verified by
synthesis. (Reviews 73,74).

Actinomycin D exhibits some antibacterial activity, especially
against Gram (+) bacteria such as B.subtilis. Replication of double
stranded DNA viruses is also inhibited by actinomycin D, though RNA
viruses are unaffected.’> Clinically this antibiotic was developed by
Merck Sharp and Dohme as dactinomycin (Cosmegen R) for use against
neoplasia in man. Cancers for which actinomycin D has shown
effectiveness against include nephroblastaoma (like Wilms tumor), Ewing's
sarcoma, rhabdomyosarcoma; methotrexate-resistant choriocarcinoma,
malignant melanoma, and others.’6 Limiting toxicity is usually bone
marrow depression. This biological activity of actinomycin D is
believed to stem from its ability to selectively inhibit DNA-directed
RNA synthesis, most likely achieved through the formation of long-lived
blocks to RNA polymerase progression along the DNA template.’”

Spectrophotometric studies,29/78 of equilibrium binding to both
natural and homopolymer nucleic acids has indicated binding constants on
the order of 0.6-3.3 x 106 M-l at 100 to 200 mM Na* with a binding site
size of 4.5-6 base pairs. Sequence specificity is for nucleotides
containing a 2-amino functionality such as guanine and diaminopurine
though there are exceptions.®0 The alternation of purine and pyrimidine
nucleotides also appears important, as shown in the ordered series of
trinucleotide-repeating homopolymers exhibiting actinomycin binding: 5°
GC >GGG > GT, GIT > GA, GAA, GTA > GAT 3'. There is a conformational



=2 (=

aspect to this binding, with little to no interaction observed with
A-form nucleic acids such as RNA.75 The kinetics of association and
dissociation of actinomycin to DNA are quite slow, Kzgsoc = 1074 M1
sec-l and kgjssoc = 10~3 sec™1.78 A change in the conformation of the
peptide rings bound to DNA is thought to be the rate-limiting step.’9
Actinomycin D was thought to bind DNA by intercalation with the
cyclic pentapeptides hydrogen bonding in the minor groove. The
intercalative mode of binding was verified by changes in the
superhelicity of ¢X174 RF DNA (unwinding angle, 260) as determined by
analytical ultracentrifugation.65 Additional structural information
concerning the actinomycin D:DNA complex was obtained by X-ray
crystallography. A 1:2 antibiotic/deoxyguanosine complex was
investigated to a standard deviation in bond lengths of 0.03 8.80 This
complex exhibited 2-fold symmetry, with the guanosines located on either
side of the phenoxazone chromophore yet on the same side of the peptide
rings. CPK and computer modelings studies, superimposing the crystal
structure onto a simulated hexanucleotide 5'-ATGCAT, extend the results
to DNA binding.8l Intercalation is confirmed, with the cyclic
pentapeptides located in the minor groove. This complex is stabilized
by numerous hydrogen bonds and van der Waals interactions, most
important of these being the strong hydrogen bond connecting the 2-amino
group of guanine with the carbonyl oxygen of L-thereonine. X-ray crystal
studies on a 1:2 antibiotic/deoxyguanylyl- 3',5'-deoxycytidine complex
demonstrate an unusual pseudo—intercalated structure which may indicate
the possibility of interhelical crosslinks upon actinomycin binding.82

Further evidence against actinomycin binding to RNA is shown, this
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jnvolving the steric hindrances between the N-2 amino group of the
phenoxazone ring and the 0-2' hydroxyl group of ribose sugar.

NMR spectroscopy, both 1H and 31P has provided information on
the interaction of actinomycin with deoxynucleotides,83 dinucleotides,
oligonucleotides,84 and the self complementary dodecamer.85 From
studies on complexes between mono- and dinucleotides with actinomycin it
was shown that the benzenoid portion of the phenoxazone ring binds
either guanine or adenine equally well, while the quinoid portion
prefers guanine. This work emphasizes the importance of stacking forces
in the recognition of certain sequences and the stabilization of the
antibiotic/DNA complex. With the self complementary dodecamer,
actinomycin was shown to intercalate between the 5'GC-3' base pairs and
was still able to accommodate simultaneous groove binding by the
antibiotic netropsin, as demonstrated earlier by optical spectroscopic
means.49
Netropsin and Distamycin

Netropsin and distamycin A are related basic oligopeptide
antibiotics isolated from Steptomyces netropsis and distallicus,
respectively (Figure 7).86+87 Netropsin consists of two 4-amino-
2—carboxylic acid-N-methylpyrrole units linked by amide bonds with a
propionamidine side chain on the carboxyl terminus and a
quanidinoacetamidino side chain on the amino terminus. Distamycin has
instead three N-methylpyrrole units and a formyl side chain on the amino
terminus. Both chemical structures were determined by chemical
means; 88,89 gistamycin A's structure has been confirmed by total

synthesis.90 An x-ray crystal structure exists for the sulfate salt of
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netropsin.9l The majority of the molecule is essentially flat, with a
pronounced curvature in the pyrrole/peptide backbone. Amide groups are
on the concave side; carbonyl and methyl, on the convex.

Netropsin inhibits the growth of several bacterial species in
yitro, but demonstrates little effect in vivo.92 Netropsin has also
been found to exhibit a significant therapeutic effect against various
DNA virus infections, but no effect against RNA viruses. Distamycin A
has antifungal, antimitotic, and anti(DNA)viral activities.92
Clinically it is applied as a topical ointment in the treatment of
chickenpox, herpes zoster, and eruptions resulting from smallpox
vaccinations. These antibiotics derive their activities by interfering
with the initiation of RNA synthesis, perhaps by selectively binding to
the specific promoter sequences on the DNA template. This effectiveness
is proportional to the number of N-methylpyrrole units present, within
the limits being 2-5.

Both antibiotics were found to have bathochromatic shifts in
their absorption spectra upon interaction with double-stranded DNA, but
not with single-stranded DNA, or RNA.92 Cotton effects were observed in
the circular dichroism spectra, these being proportional to the number
of pyrrole units present.93 Both antibiotics increase the thermal
denaturation temperature of DNA.94 Hydrodynamically, netropsin
initially increases the viscosity of DNA while distamycin decreases
same.95 Sequence specificity appears to be for A+T rich DNAs,49 with
order of preference being:% 5'-d(A-A-A-3), d(A-A-T-T) > d(A-T-A-T) >>

d(A-C-A-C), d(G-C-G-C)-3'. Binding constants for distamycin have been
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obtained fraom sedimentation data. For the weak binding process with a
gite size of 3 base pairs, K = 0.5 - 1.2 x 106 M1, For the strong
binding process 1 distamycin:8 base pairs, K = 2.4 x 109 M1,94 Binding
site size determinations by a number of means shows distamycin to bind
to 6 base pairs, while netropsin covers 4-5 bp.86 DNA conformation
plays a major role in the binding of these antibiotics.87 Both
antibiotics bind only to B form DNAs., This binding has been found to be
nonintercalative.65/97 Binding is in the minor groove, as determined by
methylation and modified DNA studies.49,98

Structural studies indicate that these N-methylpyrrole
oligopeptide antibiotics bind in the minor groove of A+T rich DNA with
the amide nitrogens involved in hydrogen bond interactions with the 0(2)
atoms of thymine or N(3) atoms of adenine.99 Electrostatic interactions
would take place between the positively charged amidine and guanidine
residues of the antibiotics and the negatively charged phosphates on the
DNA. Steric interactions between the N(2) of guanine and/or DNA
conformational changes caused by G-C base pairs would prevent antibiotic
binding to G+C rich regions of DNA. Such a model has been confirmed by
NOE (nuclear Overhauser effect) NMR experiments.30 Currently, a 1.7 i
netropsin:DNA dodecamer x-ray crystal structure is being determined.100
Chromomycin, Mithramycin, and Olivomycin

Chromomycin A3, mithramycin, and olivomycin are three similar
antibiotics of the aureolic acid group, first isolated in Japan., USA,
and USSR, respectively. Various Streptomyces species have served as the
Sources of the yellow, crystalline compounds. All have structures
Centered on a 3(3,4-dihydroxy-1l-methoxy-2-oxopentyl)-3,4-dihydro-
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8,9-dihydroxyl-1(2H) - anthracene chromophore with a possible methyl
substituent at the 7 position (chromomycin and mithramycin); a
disaccharide at the 6 position and a trisaccharide at the 2 position.
The types of sugars present varies among the different antibiotics. The
structures of these three antibiotics are shown (Figure 8). Structure
elucidation was carried out by degradative studies, with the structures
of the sugars being verified by synthesis (Reviews 101,102). The proper
assignment of the interglycosidic linkages in the saccharides has been
performed by 1H and 13C NMR,103-105 |

These aureolic acid antibiotics have been shown to strongly
inhibit many Gram(+) bacteria and DNA viruses, while having little
effect on Gram(-) bacteria and RNA viruses.101,106 Mammalian cells,
both fraom normal and tumor sources, are often very sensitive to this
class of antibiotics. Clinically these antibiotics have been applied
effectively against testicular embryonal cell carcinama and
choriocarcinoma.106 Toxic effects include hepatotoxicity, hypocalcemia,
and hemorrhagic syndrome, with the degree of severity being mithramycin
> chromomycin A3 > olivomycin. Cellular morphological changes include
nucleolar segregations and condensations with mitosis interrupted in
metaphase. These in vivo effects are thought to be caused by the
formation of kinetic blockades to the propagation of both RNA and DNA
polymerases along an affected DNA template.l02

The interaction between nucleic acids and each of the
antibiotics chromomycin A3, mithramycin, and olivomycin is similar but
not well characterized.l02 They require a stoichiometric amount of Mg2+

for binding to double-stranded DNAs. No interaction is seen with
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single-stranded DNAs or RNA. Binding constants of 1.0-2.0 x 105 M~1
have been found at 100 to 200 mM Na*, with limiting site sizes of 4-5
base pairs.107/108 Rinetics of this binding interaction are slow
Tassoc] /2 v 30 sec and Tdissoc) /2 " 6000 sec, with rates of
dissociation inversely proportional to number of sugar residues present
in the side chains.107 Sequence specificity is for the 2-amino
functionality of purines and is an inherent characteristic of the
chromophore. These antibiotics are believed to bind in the minor groove
of double-stranded DNA, but not thorough intercalation.65
Echinomycin

Echinomycin (Quinomycin A, levomycin, actinoleukin, antibiotic
X-948) is a white crystalline antibiotic isolated from Streptomyces
aureus and other similar species.109 Its structure consists of two
quinoxaline 2-carboxylic acid chromophores linked to a thiocacetal
cross-bridged cyclic octapeptide dilactone (Figure 9). This revised
structure was determined by NMR and gives echnionmycin a pseudo two-fold
rotational axis of symmetry.l10,111 Echinomycin exhibits wide
activities against Gram(+) bacterias, mycoplasma, viruses and various
tumors.109 Cytotoxic effect is believed to be nuclear in nature,
exhibiting dispersion of the nucleoli and chramatin aggregation in cell
culture. The molecular basis of drug action follows from the inhibition

of RNA synthesis from double-stranded DNA templates.
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Structure of echinomycin according to Dell et al.

With the development of solvent partion methods, echinomycin:DNA
interactions oould be studied by physical methods in aqueous
solution.112 Echinomycin was the first bisinteracalator
characterized.113 It binds to various double-stranded DNAs with a
binding constant ranging from 0.3 to 3.1 x 106 M~1 at 10 to 20 mM
Nat,114 Binding is ionic strength dependent, decreasing by a factor of
4 upon a 10-fold increase in salt concentration. The binding site size
is approximately 4 base pairs. Sequence specificity is for G+C rich
DNAs with an order of preference on homopolymers being: dG-dC > d(G-C) >
d(A-T) >> dA-@T. The o value for echinomycin is 9.01, indicative of a
moderate preference for binding sites containing three G+C base pairs.
The integrity of the thioacetal cross-bridge and the lactone linkages is
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essential for strong DNA binding.ll5 The kinetics of dissociation of
the echinomycin:DNA complex was shown to be composed of three different
dissociation times, each believed to correspond to a particular class of
binding sites.l16 The slowest dissociation rates are seen for G+C rich
sites with time constants on the order of 140-300 sec. Dissociation
rates increase with increasing ionic strength.

The conformation of echinomycin has been investigated both by lh
and 13c NMR117 and by energy calculations.l18 From this it was
determined that echinomycin assumes a rigid octapeptide conformation
with alternating peptide carbonyl groups above and below the plane of
the ring, with the two chromophores projecting out of one side of the
ring and the thioacetal cross-bride projecting the other way. This
would allow a possible hydrogen bond to form between the alanine
carbonyl groups and the 2-amino group of gquanine. A crystal structure
has been determined for the similar quinoxaline antibiotic Tandem,124
though it would be hard to extrapolate from this case to the
echinomycin:DNA complex.

Anthracyclines

Adriamycin (adr, Figure 10) is an antitumor antibiotic.120,121
It binds to DNA by intercalation together with an electrostatic
component.122 Binding constant for calf thymus DNA at 100 mM Nat is 3.67
x 106 M1 with a binding site size of 3 base pairs.123 There appears to
be an absolute G or C nucleotide requirement in the binding site.l24
Nogalamycin (nog, Figure 10) is also an antitumor antibiotic.l23 It is
believed to only partially intercalate into double strénded DNA,

together with some electrostatic interaction.65/126 Binding constant of
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Figure 10

nog
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106 M1 on calf thymus DNA at ~ 100 mM salt has been shown.l126 Binding
site size is from 3-5 base pairs.126/127 gequence specificity is for
alternating AT regions.128 7-Con-0-methylnogarol (ngr, Figure 10) is an
antitumor antibiotic structurally similar to nog but only weakly
interacts with DNA,.129
Quinoxalines

Triostin A (tri, Figure 11) is an antibiotic like echinomycin
but contains a disulfide instead of a thioacetal cross-bridge.l09 Pri
is a bisintercalator with its cyclic octapeptide backbone located in the
minor groove of DNA.130 Binding constant is 7.0 x 102 Ml on calf
thymus DNA at 10 mM Nat. Binding site size is 4 base pairs.
Specificity is a slight G-C preference with o = 2.32, indicative of one
G-C base pair per binding site. Tandem (tan, Figure 11) is structurally
identical to tri except for the absence of the four N-methyl groups on
the cyclic peptide backbone.ll5 Binding is bisintercalative with a
constant of 7.64 x 104 M1 on calf thymus DNA at 10 mM Na*. Binding
increases 200 fold for a dA-dT homopolymer. Binding site size is 4 base
pairs, with a strong A-T preference (o = 0.105 = 3 AT base pairs in
binding site). [Ala3, Ala’] Tandem, known as AY-285 (285, Figure 11) is
a tandem analog lacking the disulfide cross-bridge. It shows only weak
(< 103 M~1) binding to DNA.131 [I~Serl, L-Ser5] Tandem, otherwise known
as Elserta or AY-206 (206, Figure 1ll) is another tandem analog which
shows weak binding.115
Tilerones

The tilerones are a series of antiviral drugs which are capable

of inducing interferon in wivo.132 They bind to DNA by sideways
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intercalation, with one side chain in the minor groove and the other in
the major.133'134 Tilerones show a strong A+T preference.132 Three that
were investigated are analog R11,022DA 2,7-bis(diethylaminoacetyl)-
fluorene+-2HC1 (002); analog R10,043DA 2,6-bis[2(dimethylamino)-
ethoxylanthraquinene+<2HC1 (043); and analog R10,874DA 3,6-bis[2-
(dimethylamino) ethoxy]-9H-xanthen-9-one+2HC1 (874). These structures
are shown in Figure 12,

Figure 12
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Miscellaneous

Berenil (ber, Figure 13) is an anti-trypanocidal and -babescidal
antibiotic.135 It binds to DNA across the minor groove and shows a
Slight A.T preference.86:136 Binding constant is 1 x 106 M1 {100 mM

Nat, calf thymus DNA} and binding site size is 4 base pairs.65:136
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N-acetylbleomycin (ableo, Figure 13) is an inactive analog of
pleomycin. DNA binding is both intercalative and electrostatic, with
binding constant of 1.2 x 10> M~1 and binding site size of 4-5 base
pairs.137-139 Binding specificity of ableo has not been assigned,
though bleomycin cleaves at pyrimidines 3' to a guanine (5'-Gpyr-3').140

Bismethidiumspermine (BMSp, Figure 13) is a synthetic
bisintercalator which also interacts electrostatically with DNA.14l
Binding constant is > 4 x 109 at 75 mm Nat* on calf thymus DNA. Binding
site size is 4 base pairs. A preference for poly(dC-dC) and polyrA-dT
is noted.142

Irehdiammine A (ire, Figure 13) is a steroidal alkaloid which
binds to DNA electrostatically.l43 Binding site occupied 2 base
pairs.144 1Ire binding is thought to stabilize B-kinked DNA,145

Methyl green (mg, Figure 13) is an organic dye used as a
biological stain.146 MG binds to DNA electrostatically across its minor
groove.l47 Binding constant is 3.1 x 103 M~1 (~ 100 mM Nat, calf
thymus DNA) with a binding site size of 2 base pairs, preferably
A.T, 148,149

Proflavin (pro, Figure 13) is a DNA intercalatorl4 which
exhibits antibacterial and antimalarial properties.l30 Binding constant
is 1.3 x 106M1 for calf thymus DNA at ~ 100 mM Na*.131 Binding site
size is 2 base pairs. Pro shows no binding specificity.1l52

Streptomycin (str, Figure 13) is a polysaccharide antibioticl>3
which has been used as a DNA precipitating agent.l34 Binding is weak
and electrostatic.65,155
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Footprinting Small Molecules by Alternative Methods

With the availability of efficient DNA cleavers whose inter-
actions may be perturbed by the presence of competitively binding
molecules, it should be possible to directly determine the preferred
pinding sites of small molecules on natural DNAs by a variety of
footprinting methods.156 Prior to our original footprinting work the
only direct sequence determinations were performed by inhibiting
exonuclease III digestions at specific sites of altered DNA structure by
covalently bound trans- and cis—dichlorodiammine-platinum (11)157,158
and cyclobutane pyrimidine dimers.l38 Inhibition of bleomycin cleavage
by the competitive simultaneous binding of small molecule actinomycin D,
distamycin A, and ethidium has been performed, but its resolving
capacity is limited by the sequence specificity of bleomycin
cleavage.159 selective binding of actinomycin D and distamycin A have
been investigated by inhibition of E.coli DNA polymerase I mediated nick
translation.160 1nhibition of polymerase action has obvious biological
relevance, and this method allows determination of sites where these
compounds may be evincing their biological activities. However this
method is limited in determining the exact binding locations and site
sizes for individual small molecules, given that its mode for responding
to small molecule interference is not entirely understood. Restriction
endonucleases have also been employed to investigate small molecule:DNA
interactions.161-163 pue to their high level of cleavage specificity.
the number of sites probed per DNA sequence is not very large. IiNAse I
footprinting has been performed by another group of investigators on the

antibiotics actinomycin D and netropsin, proving complementary results

as our work.164
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RESULTS AND DISCUSSION
specificity of MPE-FE(II) Cleavage

MPE-Fe(II) mediated DNA strand scissions are presumed to follow
from oxidative cleavage of the deoxyribose ring by a diffusible species
in a mechanism analogous to metal-mediated Haber-Weiss reactions.165,166
If this reaction proceeds through initial abstraction of the 4' hydrogen
by *OH, as in the case of bleomycin-mediated DNA cleavage,167 no base
specificity should be observed. Preliminary studies concurred with this
expectation, demonstrating the production of random breaks in a 3' end
labeled 382 bp DNA restriction fragment.5l Upon more extensive studies
a slight amount of sequence specificity, manifesting itself in the
appearance of nonuniformity in autoradiogram band intensities, was
observed in the MPE.-Fe(II) cleavage control lanes for certain DNA
restriction fragments. This nonuniformity presents itself as regions
containing series of either lightened or darkened band intensities
within an otherwise uniform cleavage pattern. Such specificity differs
from either the base specific pattern exhibited by the Maxam-Gilbert G
reaction,33 or the variable intensity cleavage pattern seen for DNase
1.41

To determine the sequence specificity of the MPE cleavage
reaction, MPE-Fe(II) cleavage control lanes for the DNA restriction
fragments on which the binding specificity of echinomycin was
investigated have been analyzed by densitometry. The resulting cleavage
histograms are shown in Figure l4a,b. A table listing the nucleotide
8equences of those sites exhibiting either enhanced or diminished MPE

Cleavage is shown (Table II). In all 13 sites of altered cleavage
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Figure 14

The specificity of MPE cleavage. Histograms correspond
to sites of cleavage inhibition; arrows correspond to sites
of cleavage enhancement. The height of the histograms or
length of the arrows correspond to the amounts of cleavage
inhibition or enhancement, respectively. Notice the
relative lack of sequence specificity on the first three
sequences when compared with the last two. These latter
sequences contain large A+T rich regions, sometimes flanked
by G+C rich regions. Also notice the general asymmetry in
both the inhibited and enhanced cleavage sites. Both
exhibit 3' overhangs. These data are obtained from the MPE
cleavage control lanes, Figures 40 (274/278), 39 (378,382),
41 (117 & 168) and 42 (167, 517).
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5 CATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTC
7bp 3 GTAATCCGTGGGGTCCGAAATGTGAAATACGAAGGCCGAG

i

GTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACA 3' 168bp
CATATTACACACCTTAACACTCGCCTATTGTTAAAGTGTGT 5

274-278

el

5 ATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCGGGCTE
-420 -440 -460

3 TAGTGGCCGCGGTGTCCACGCCAACGACCGCGGATATAGCGGCTGTAGTGGCTACCCCTTCTAGCCCGAG
e

378-382

5 TCGCGTAGTCGATAGTGGCTCCAAGTAGCGAAGCGAGCAGGACTGGGCGGCGGC
. 340 - 320 - 300
3 AGCGCATCAGCTATCACCGAGGTTCATCGCTTCGCTCGTCCTGACCCGCCGCCG
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5 CTTATCATCGATAAGCTTTAATGCGGTAGTTTATCACAGTTAAATTGCTAACGCAGTCAGGCACCGTGTA
+ 20 -40 - 60 - 80
3 GAATAGTAGCTATTCGAAATTACGCCATCAAATAGTGTCAATTTAACGATTGCGTCAGTCCGTGGCACAT

— ) e E—

517
-] - e

5 GGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATA
- 4340 - 4320

3 CCGGAGCACTATGCGGATAAAAATATCCAATTACAGTACTATTAT

- - XRI] - i1

ATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATG 3
« 4300 - 4280

TACCAAAGAATCTGCAGTCCACCGTGAAAAGCCCCTTTAC 5
—— i — t"{

_62_



Table I1I - Altered Cleavage Sites for MPE-Fe (II)

Fragment Figure Number Containing Nuc}e9t%de Sequence of Sites
Length Exhibiting Cleavage:
(bp) Cleavage Histogram Autoradiogram Enhancement Diminution
117 & 168 19a 46 (lanes 2,7) 5'-(CC)CAG(GC)-3" -
(pLJ 3)
167
(pBR 322) (TG) CGG(TA) (CT) TTA(AT)
19b 47 (lanes 13,14) (GT) TTA(TC)
(TT) AAATT (GC)
274-278 19a 45 (lanes 3,4) - (GA)A (GA)
378-382 19a 44 (lanes 2,12) - -
517 (CA) GGT (GG) (AT) TTT(TA)
(CG) GGG (AR) (TT) AAT (GT)
19 47 (lanes 5,06) (AT)AAT (AR)
(GT) TTC(TT)

(AC)TT (TT)




~4]=

intensity, 4 enhanced and 9 diminished, are tabulated. The average
jength of these sites is 2.9 base pairs, with extremes ranging from 1-5
pase pairs. The enhanced sites are composed of 83% G-C base pairs,
while the diminished cleavage sites are 96% A-T. The nucleotides
surrounding these sites are also G+C and A+T rich, respectively. This
might be expected from the slight G+C binding preference of the
methidium chromophore,168
MPE Cleavage Inhibition Used to Determine Small Molecule Preferred
Binding Sitesl69

Given that MPE-Fe(II) is a relatively nonsequence-specific DNA
cleaving agent, MPE-Fe(II) mimics the behavior of a DNase and, because
of its smaller size, proves a useful tool for probing the locations and
extent of binding sites of small molecules on naturally occurring,
double stranded, heterogeneous DNA. For an investigation of
sequence-specific inhibition of DNA strand cleavage (footprinting) by
the antibiotics daunomycin, actinomycin D, distamycin A, and netropsin,
a naturally occurring DNA substrate of known sequence was prepared. A
517 base pair Rsa I-Eco RI restriction fragment from the plasmid pBR-322
(nucleotides 3847-4363) was chosen. The Eco RI site was 3' end labeled
with 32p, MPE.Fe(II)/dithiothreitol was allowed to react with the 517
base pair fragment alone and with the 517 base pair fragment
Preequilibrated with each of the four inhibiting drugs. Cleavage by
MPE:Fe (II) was stopped after 10 min by freezing, lyophilization, and
resuspension in a formamide buffer. The end-labeled [32P]DNA products
were analyzed by denaturing 8% polyacrylamide/50% urea gel electro-

Phoresis capable of resolving DNA fragments differing in length by one
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Figure 15
Footprinting actinamycin D, distamycin A, daunomycin and
and netropsin.

Autoradiogram of 3' end labeled 517 bp DNA fragment:
Lanes 1-4 were the Maxam-Gilbert C+T, C, A>C, and G specific
reactions, respectively. Lane 18 contained the intact
buffered DNA. All other lanes contained 10 mM Tris-.Cl [pH
7.4], 50 mM NaCl, 100 uM base pairs DNA, 4 mM DIT, 10 yM MPE
and 10 yM Fe(II). Lanes 5-7 contained net at 230 uM, 23 uM,
and 2.3 1M, respectively. Lanes 8-10 contained dis at
310 uM, and 31 yM and 3.1 M, respectively. Lanes 11-13
contained act at 325 M, 32.5 |M, and 3.25 |M respectively.
Lanes 14-16 contained dau at 150 uM, 15 uM, and 1.5 uM,

respectively. Lane 17 was the MPE-Fe(II) cleavage control.
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nucleotide. The autoradiogram data are shown in Figure 15.

Control. Two control experiments in the absence of inhibiting
drugs were carried out. The first (Figure 15, lane 18) was the buffered
intact DNA (100 uM in base pairs) in the presence of 10 M Fe(II) and 4
mM dithiothreitol-—concentrations used in all subsequent
cleavage—-inhibition reactions. The 517 nucleotide-long DNA remained
intact, although trace quantities of nicked DNA could be seen that later
were shown to result from nonspecific endonuclease activity. The two
bands at the top of control lane 18 are presumably the result of
incomplete denaturation of the 517 base pair fragment. The second
control (Figure 15, lane 17) depicted the relatively uniform cleavage
pattern generated by MPE (10 (M) in the presence of Fe(II) (10 uM) and
dithiothreitol (4 mM). This provided the baseline by which other
cleavage patterns were then compared. We found it convenient to analyze
the data by densitometry (Figure 16, lane 17).

Daunomycin. No pattern was observed with daunomycin inhibition
of MPE+Fe(II) cleavage. Samples with increasing concentrations of
duanomycin (Figure 15, lanes 16-14) were allowed to incubate with the
517 base pair DNA fragment. Treatment with MPE-Fe(II)/dithiothreitol
afforded a uniform cleavage pattern not too different from that of the
MPE+Fe (II) control lane. Increasing amounts of daunomycin increased the
average length of the cleaved DNA fragment. The highest daunomycin
concentration is shown in lane 14, where much of the 517 base pair

fragment remained intact.
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Figure 16

Densitometer scan of autoradiogram (Figure 15). Horizontal axis

Of autoradiogram. Vertical axis is absorbance. Valleys are small
molecule protected regions from MPE:Fe(II) cleavage.

Reading left to right corresponds to the bottom to middle
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Actinomycin D. Actinomycin D provided the first evidence for
the feasibility of the MPE-Fe(II) inhibition pattern procedure. A
geries of bands or regions of alternating high and low density on the
autoradiogram were observed when MPE-Fe(II)/dithiothreitol cleaved DNA
in the presence of actinomycin (Figure 15, lanes 13-11). The highest
concentration of actinomycin D showed the sharpest inhibition patterns
(lane 11). The regions of low density, which indicate reduced cleavage
by MPE+Fe(II), appeared to be 4-16 nucleotides in length and centered
around at least one or more G-C base pairs. The densitometer trace
(Figure 16, lane 11) allowed a measure of the actinomycin blocking of
MPE-Fe(II) DNA cleavage on a l03-nucleotide section of the 517 base pair
restriction fragment, illustrated as protected regions on the sequence
in Figure 17, lane 1l.

Distamycin A. Lower concentrations of distamycin A were
sufficient to produce well-resolved inhibition patterns campared to the
case of actinomycin D. Certain A+T rich regions that suffered efficient
MPE-Fe (II) cleavage in the presence of actinomycin were protected by
distamycin (Figure 15, light regions on gel lanes 10-8). Inspection of
gel lanes 10 and 11 (distamycin and actinomycin, respectively) reveals
complementary regions (G+C vs. A+T rich) resulting from different
protection by the two drugs. We were able to observe the effect of
increasing concentration on site selection by distamcyin A. At low
distamycin concentrations, we observed a series of inhibition gaps
4-16 nucleotides in length —- regions rich in A-T base pairs with
unprotected spacer regions between them (see Figure 17, lane 10). As

the distamycin concentration was increased, the flanking spacer regions
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CTATTATTACCAAAGAATCTGCAGTCC
Figure 17

Illustration of small molecule protected regions (black areas)
from MPE-Fe(II) cleavage on 103 base pairs of the lowes, 3' labeled
strand of the 517 bp DNA fragment. The sequence from left to right
corresponds to the bottom to middle of the gel autoradiogram in Figure
15, lane 11 (act at 325 uM)and lanes 10 and 9 (dis at 3.1 and 31 uM,
respectively.)
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rich in A+T coalesced into one long A+T rich protected region (lane 11).
However, certain sequences containing four or more contiguous G-C base
pairs remained unprotected even at the highest concentrations of
distamycin.

Netropsin. Netropsin, a basic oligopeptide similar in structure
to distamycin A, appeared to show the identical inhibition patterns of
distamycin A (Figure 15, lanes 7-5). Not only were the locations and
lengths of the various protected regions duplicateds but also the
identical coalescence of protected A+T rich regions at increasing
concentrations of netropsin was observed.

Opposite Strand Analyses Afford More Precise Localization of Small
Molecule Binding Sites.170

With the application of a complementary-strand analysis of a
small molecule binding sites on DNA, it becames possible to more
precisely delineate their actual sizes and locations. Given the strand
asymmetry of MPE cleavage as apparent in the enhanced and diminished
Cleavage site earlier described, together with CPK model building
studies of MPE-DNA interactions, a shift of at least 1 base pair to the
3' side of the actual binding site would be expected in the location of
the footprint. This hypothesis, referred to as the asymmetric model,
was incorporated in the determination of small molecule binding sites

(Figure 18).
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inhibiting drug cleavage sites

DNA cleavage inhibition pattern

Figure 18 ,

The asymmetric model for footprinting by MPE. Inhibiting ligand
bound in the minor groove of double-helical DNA limits the possible
locations where MPE may intercalate. Given the inherent asymmetry
associated with right-handed DNA, certain sites are most accessible to
*OH-mediated cleavage. Therefore a shift towards the DNA 3' end will be
observed on each strand for the footprint relative to the actual
location of the bound inhibiting ligand.

For an investigation of the sequence-specific DNA cleavage
inhibition by actinomycin and distamycin with MPE-Fe(II), two DNA

Substrates were prepared. The 117-bp and 168-bp restriction fragments,
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each containing the lactose operon promoter—operator region, were
p:epared with the 3' ends labeled with 32P on complementary strands.
MPE-Fe (II1)/DIT was allowed to react with the 117-bp or 168 bp fragments
alone (Figure 19) and with the 117-bp or 168 bp fragments
preequilibrated with either actinomycin or distamycin (Figure 20).
partial cleavage by MPE-Fe(II) was stopped after 15 minutes by freezing,
lyophilization, and resuspension in formamide buffer. The
32p-end-labeled DNA products were analyzed by denaturing 8%
polyacrylamide/SO% urea gel electrophoresis, which is capable of
resolving DNA fragments differing in length by one nucleotide. The
autoradiographic data are shown in Figures 19 and 20.

Controls. Several control experiments in the absence of
inhibiting drugs were carried out. Lanes 1 and 18 of Figure 19 are the
buffered, intact 117-bp and 168-bp DNA fragments (200 uM in base pairs).
The two bands at the top of these control lanes presumably arise from
incomplete denaturation. Lanes 2-5 (117-bp fragment) and 14-17 (168-bp
fragment) of Figure 19 contain 200 UM DNA, 50 M Fe(II), 4.6 mM DIT,
5-40 UM MPE. Lanes 2-5 and 14-17 depict the relatively uniform cleavage
pattern generated by MPE over a broad concentration range. This
pProvides the baseline by which other cleavage patterns are compared.
Lanes 6-13 are the products of the Maxam-Gilbert sequencing reactions
and are used as markers for base identification.

Lanes 1 and 24 of Figure 20 are the buffered, intact 117-bp and
168-bp DNA fragments, respectively (100 uM in base pairs). Lanes 2
(117-bp’ fragment) and 23 (168-bp fragment) are controls containing 100

UM DNA, 10 (M MPE-Fe(II), and 4 mM DIT, indicating a uniform cleavage
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Figure 19
Efficiencies and sequence specificities of MPE-Fe(II)
mediated DNA cleavage.

Autoradiogram of 3' end labeled 117 bp and 168 bp DNA
fragments: Lanes 1-9 contained 117 bp,and lanes 10-18
contained 168 bp DNA. Lanes 6-9 and is descending order
lanes 13-10 were the Maxam—Gilbert C+T, C, A>C, and G
reactions, respectively. Lanes 1 and 18 contained the
intact DNA fragments. All non-Maxam—Gilbert lanes contained
10 mM Tris-Cl [pH 7.4], 50 mM NaCl, 200 pM base pairs DNA,
4.6 mM DIT, and 50 uM Fe(II). Lanes 1-5, corresponding to
lanes 18,14,17,16,15 in this order, contained 0,5,10,20, and

40 M MPE, respectively.
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Fiqure 20
Complementary-strand analyses of actinomycin and distamycin
binding sites.

Autoradiogram of 3' end labeled 117 bp and 168 bp DNA
fragments: Lanes 1-12 contained 117 bp, and lanes 13-24
cotnained 168 bp DNA. Lanes 9-12 and in descending order
16-13 were the Maxam-Giblert C+T, C, A>C, and G specific
reactions, respectively. Lanes 1 and 24 were the intact
buffered DNA fragments. Lanes 2-8 and in descending order
23-17 contained 10 mM Tris-Cl [pH 7.4], 50 mM NaCl, 100 M
base pairs DNA, 4 mM DTT, 10 uM Fe(II), and 10 M MPE.

Lanes 3-5 and in descending order 22-20 contained act at
1,10, and 100 M, respectively. Lanes 6-8 and in descending
order 19-17 contained dis at 1,10, and 100 1M, respectively.

Lanes 2 and 23 were the MPE-Fe(II) cleavage controls.
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Actinomycin. Different concentrations of actinomycin (1 uM, 10 M,

and 100 uM) were allowed to equilibrate with the 117-bp and 168 bp DNA
fragments (100 uM bp). To this was added 10 1M MPE-Fe(II) and 4 mM DIT
(final concentrations). A series of bands or regions of alternating
high and low density on the autoradiogram are observed when

MPE-Fe (1I)/DIT cleaves DNA in the presence of actinomycin. The highest
concentration of actinomycin D (100 uM) shows the sharpest footprinting
patterns (Figure 20, lanes 5 and 20). The densitometer trace allows a
measure of the actinomycin blocking of MPE:Fe(II) DNA cleavage on a 50
bp section of the 117 bp and 168 bp restriction fragments (Figure 21),
which are illustrated as protected regions on opposite strands in Figure
22,

It may be observed that these actinomycin footprints are
asymmetric, with a 3' overhang extending from 1-3 base pairs. Utilizing
the asymmetric model, the preferred binding sites have been determined
(Figure 23). Given that the 50 bp sequence analyzed is 44% G+C and 56%
A+T, those 22 base pairs protected by actinomycin are 68% G+C in
composition. The minimum protected region observed is the 3-bp
sequence, 5'-GIG-3'. Larger footprints may be composed of multiple or
overlapping binding sites.

Distamycin. Different concentrations of distamycin (1 uM, 10
M, and 100 M) were allowed to equilibrate with the 117 bp and 168 bp
DNA fragments (100 ;M bp). To this was added 10 .M MPE-Fe(II) and 4 mM
DIT (final concentrations). Lower concentrations of distamycin (10 uM)

were sufficient to produce footprints that are well resolved compared
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Figure 21
Densitometer scans of the (A) 117 bp and (B) 168 bp DNA
fragments. Reading left to right on the scan equates to
reading from lower arrow to upper arrow on the gel
autoradiogram (Figure 20). These scans correspond to (from
top to bottom): (A) lane 5, 100 uM act; lane 7, 10 u M dis;
lane 1, MPE-Fe(II) control; (B) lane 20, 100 M act; lane

18, 10 M dis; lane 23, MPE-Fe(II) control.
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Figure 22
Illustration of small molecule protected regions (black
area) for actinomycin and distamycin, complementary strand
analyses. Upper strand correspond to the 168 bp fragment;
lower strand, 117 bp fragment.

Figure 23
Preferred binding sites for actinomycin (top) and

distamycin (bottam) on 50 base pairs of the lac operon.
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with the case of actinomycin. Certain dA-dT rich regions that suffered
efficient MPE-Fe(II) cleavage in the presence of actinomycin are now
Emotected by distamycin. Inspection of gel-lanes 5 and 7 of Figure 20
(actinomycin and distamycin, respectively) reveals complementary regions
(8G*dC vs. dA-dT rich), resulting from different protection by the two
drugs. Measurement of the distamycin blocking of MPE-Fe(II) cleavage is
performed by densitometry (Figure 21), which is illustrated as protected
region on opposite strands of the 50 bp section (Figure 22).

Again a similar degree of 3' overhang in the distamycin
footprints is observed. Interpretation of the preferred binding sites
(Figure 23) shows three sites ranging from 4-15 bp at a dis/bp ratio of
1:10. These sites total 24 base pairs, and are predominantly (83%) A+T
in composition.

MPE-Fe(II) Footprinting of Chromomycin A3z, Mithramycin, and
Olivomycinl71

Chromomycin, mithramycin, and olivomycin are a series of
antibiotics which bind to DNA with a specificity for guanine and a
stoichiometric Mg2* requirement.102:107 Binding affinities and kinetics
are similar to those of actinomycin, though intercalation is considered
unlikely.65,107 since little else is known about their interaction with
DNA, these antibiotics provided useful subjects for MPE footprinting
analyses,

For an investigation of the DNA cleavage inhibition patterns
Produced by partial digestion of DNA restriction fragments protected by
chromOmycin. mithramycin, and olivomycin, two DNA substrates containing

Tegions of identical sequence were studied. Two DNA restriction
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fragments, 117 and 168 base pairs in length, each containing the lactose
operon promoter—operator region were prepared with complementary strands
1abeled with 32P at the 3' end. MPE-Fe(II) was allowed to partially
cleave the 117 and 168 base pairs fragments alone and the 117 and 168
pase pair fragments preequilibrated with either chromomycin, mithramycin
or olivomycin together with a twice stoichiometric amount of Mg2*,
partial cleavage by MPE-Fe(II) was stopped after 15 min by freezing,
lyophilization, and resuspension in formamide buffer. The 32p
end-labeled DNA products were analyzed by 8% polyacrylamide/50% urea
denaturing gel electrophoresis capable of resolving DNA fragments
differing in length by one nucleotide. The autoradiogram data are shown
in Figures 24 and 25.

Controls. Experiments in the absence of inhibiting drugs were
carried out. Lanes 1 and 13 (Figure 24) are the buffered intact 117 and
168 base pair DNA fragments (100 1M in base pairs), respectively. The
two bands at the top of control lanes 1 and 13 presumably arise from
incomplete denaturation. Lanes 2 (117 base pair DNA fragment) and 14
(168 base pair DNA fragment) are controls containing 100 M DNA, 10 M
MPE-Fe (II), and 4 mM dithiothreitol (DTT), demonstrating the relatively
uniform cleavage pattern generated by MPE:Fe(II). Lanes 2 and 14
Provide the base line by which other DNA cleavage patterns in the
Presence of drugs are compared. As shown in Figure 25, lanes 2,4,6, and
8, a range of concentrations of Mg2+ (1 .M - 1 mM) was found not to
effect the low sequence-specific cleavage of DNA by MPE:Fe(II). Lanes
12 and 24 are the products of the Maxam-Gilbert sequencing reactions for

G and are used as markers for base identifications.



-63-

Figure 24
Complementary-strand analyses of chromomycin Az-
mithramycin— and olivamycimbinding sites.

Autoradiogram of 3' end labeled 117 bp and 168 bp DNA
fragments: Lanes 1-12 contained 117 bp, and lanes 13-24
contained 168 bp DNA. Lanes 12 and 24 were the Maxam-
Gilbert G reaction on the 117 and 168 bp fragments,
respectively. Lanes 1 and 3 were the intact buffered DNAs.
Lanes 2-11 and 14-23 contained 10 mM Tris+Cl [pH 7.4], 50 mM
NaCl, 1.1 mM NHyOAc, 0.18 mM EDTA, 100 (M base pairs DNA, 4
mM DI'T, and 10 yM MPE-Fe(II). Lanes 3-5 and 15-17 contained
6.3, 25 and 100 ¢ M chr, respectively. Lanes 6-8 and 18-20
contained 6.3, 25, and 100 M mit, respectively. Lanes 9-11
and 21-23 contained 6.3, 25 and 100 uM olv, respectively.
Each reaction containing chr, mit, or olv also contained a
two-fold molar excess of Mg2*, Lanes 2 and 14 were the

MPE<Fe (II) cleavage controls.
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Figure 25
Magnesium ion dependence for chromomycin footprinting.
Autoradiogram of 3' end labeled 117 bp DNA fragment:
Lane 10 was the Maxam—Gilbert G reaction. Lane 1 was the
intact buffered DNA. Lanes 2-9 contained 10 mM Tris.Cl [pH
7.4], 50 mM NaCl, 100 uM base pairs DNA, 4 mM DTT, and 10u M
MPE-Fe(II). Plus (+) lanes contained 100 M chr; minus (-)
do not. Lanes 2 and 3 had no Mg2*; lanes 4 and 5, 101 M
Mg2t; lanes 6 and 7, 100 yM Mg2*; and lanes 8 and 9 had 1 mM

Mg2t present.
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Chromomycin, Mithramycin, and Olivamycin (structures, see Figure
8). pifferent concentrations of chromomycin (6.25. 25, and 100y M) in
the presence of a 2-fold excess of Mg2* (13, 50, and 200 uM,
respectively) were allowed to equilibrate with the 117 and 168 base pair
pNA fragments (100 M in base pairs). To these were added at a final
concentration 10 uM MPE-Fe(II) and 4 mM dithiothreitol. From the DNA
cleavage inhibition patterns observed in the gel autoradiogram (Figure
24, lanes 3-5, 15-17), the preferred binding sites for chromomycin/Mg2+
appear to be a minimum of three base pairs in size containing at least
two contiguous dC-dG base pairs. Similar results were found with
mithramycin/Mg2t and olivomycin/Mg2t. We found that at least 1 equiv.
of Mg2t was required for a well-defined DNA cleavage inhibition pattern.
(Figure 25, lanes 3,5,7, and 9) The densitometer trace of the DNA
cleavage inhibition pattern on the autoradiogram for the three drugs at
the highest concentration (lanes 5,8,11,17,20, and 23) indicates that
many but not all binding sites are identical for the three antibiotics
(Figure 26). Most striking is the near identity of the chromomycin and
olivomycin densitometer traces. The structural feature common to
chromomycin and olivomycin is the five sugar moieties. They differ by a
methyl group in the aglycon. Mithramycin bears different hexopyranoses.
An illustration of the opposite strand footprints and interpreted
binding sites for chromomycin, mithramcyin. and olivomycin is shown in
Figures 27-29.

The number of sites protected from MPE-Fe(II) cleavage increases
s the congentration of drugs with Mg2t is raised. This allows a

determination of the relative binding affinities for multiple sites on
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Figure 26
Densitometer scan. Left to right corresponds to the
bottom to the arrow of the gel autoradiogram shown in Figure
24, Lanes are: (14) MPE.Fe(II) control, (17) 100 uM

chromomycin, (20) 100 1M mithrmycin, (23) 100 @M olivomycin.
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Figures 27-29

Illustrations of antibiotic-protected regions (black
histograms) from MPE cleavage on 70 base pairs of the lac
operon. Arrows indicate the bottom of the gel autoradiogram
for each strand. Height of histogram proportional to the
amount of cleavage inhibition. Interpretation of footprints
is shown on the lower most sequence. Boxed preferred
binding sites are ranked according to their order of
appearance 1 > 2 > 3. Figure 27 depicts chromomycin; Figure

28, mithramycin, Figure 29, olivomycin.
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the heterogeneous DNA. The chromomycin footprints as a function of
increasing concentration are shown in Figure 27. For chromomycin/Mg2+,
the preferred sites on the 70 base pairs of DNA examined are (in
decreasing affinity) 3'-GGG, OGA >> COG, GCC >> CGA, CCT > GIG-5'.

For mithramycin/Mg2t, the preferred sites are 3'-CGA >> GCC,
166, OGA-5' (Figure 28); while for olivomycin/Mg2+, the preferred sites
are 3'-GGG >> OCG, GCC >> OGA, CCT > TGA, ACA (Figure 29). It may be
noted that identical nucleotide triplets, 3'-CGA-5' in both chromomycin
and mithramycin results, appear multiple times with different
affinities, depending on their location in the 70 bp sequence. While
there exists a similarity in both the locations and number of preferred
binding sites for the three antibiotics at high concentration (100 uM).,
the order in which these binding sites appear differs depending on the
antibiotic. For example. the very weak chromomycin binding site
3'-CGA-5' is a strong binding site for mithramycin. In all cases, the
preferred binding sites for these antibiotics tended to be 3 bp in
length and contained two or more guanine bases.
Comparison of MPE-Fe(II) and DNase I Footprintingl’2

As described earlier in the introductory portion of this thesis,
concurrent work performed by Lane et al. has demonstrated the
feasibility of determining the sequence specificity of actinomycin and
Netropsin binding to heterogeneous DNA by DNase I footprinting.l64
Though MPE and DNase both cleave DNA they differ with regard to size,
Wechanism of cleavage. and level of sequence neutrality. It could then
be anticiéated that they should respond differently to the presence of a

boungd small molecule and report different footprinting patterns. An
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Figure 30
A comparison of MPE- and DNase I-generated footprinting
patterns for the antibiotics actinomycin, chromomycin
and distamycin.

Autoradiogram of the 3' end labeled 382 bp DNA
fragment: Lane 1 contained the intact DNA. Lane 16 was the
Maxam-Gilbert G lane. All other even-numbered lanes
(2,4,6,8,10,12,14) contained 10 mM Tris<Cl [pH 7.4], 50 mM
NaCl, 200 M base pairs DNA, 4 mM DIT and 10 M MPE.Fe(II)
with final concentrations in a 10 pul reaction volume. All
other odd-numbered lanes (3,5,7,9,13,15) contained 10 mM
Tris«Cl [pH 7.9], 10 mM KC1, 10 mM MgClp, 5 mM CaCly, 200 uM
base pairs DNA, 0.1 mM DTT, and 0.5 ;g/ml DNase I final
concentrations in an 10 pl reaction volume. Inhibiting
drugs in these reactions are: lanes 4 and 5, 12.5 M act;
lanes 6 and 7, 50 UM act; lanes 8 and 9, 12.5 uM chr and 25
UM Mg2+; lanes 10 and 11, 50 M chr and 100 uM Mg2+; lanes
12 and 13 12.5 uM dis; ;lanes 14 and 15, 50 uM dis.
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Figure 31
A comparison of MPE- and DNase-I generated footprinting
patterns for the antibiotics actinomycin, chromomycin,
and distamycin
Autoradiogram of the 5' end labeled 378 bp DNA

fragment: Lane 1 contained the intact DNA. Lane 16 was the
Maxam-Gilbert G lane. All other even—numbered lanes
(2,4,6,8,10,1214) contained 10 mM Tris-Cl [pH 7.4], 50 mM
NaCl, 400 M base pairs DNA, 4 mM DIT, and 10 uM MPE-Fe(II).
All other odd-numbered lanes (3,5,7,9,11,13,15) contained 10
mM Tris.Cl [pH 7.9], 10 mM KC1, 10 mM MgCly, 5 mM CaClp, 400
UM base pairs DNA, 0.1 mM DIT, and 02. ug/ml DNase I.
Inhibiting drugs in these reactions were: 1lanes 4 and 5, 25
UM act; lanes 6 and 7, 100 1M act; lanes 8 and 9, 25 M chr,
and 50 (M Mg2t; lanes 10 and 11, 100 uM chr at 200 M Mg2t;
lanes 12 and 13, 25 |M dis; lanes 14 and 15, 100 M dis.
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understanding of this difference in patterns was obtained through a
parallel comparison of the two footprinting techniques on a series of
gnall molecules, actinomycin, chromomycin, and distamycin, and the
requlatory protein lac repressor.

MPE-Pe(II) Cleaves DNA with Lower Sequence Specificity than DNase
I: MPE-Fe(II) cleavage of a 380 base pair DNA restriction fragment
labeled at either the 3' or 5' end with 32P affords a relatively uniform
DNA cleavage pattern on a MaxamGilbert sequencing gel. (Figures 30 and
31, lane 2) Densitometry reveals that the variation in average peak
height is modest throughout the entire scan. Although MPE-Fe(II)
cleavage of DNA is relatively non-specific, the reagent is not sequence
neutral. DNase I exhibits a higher sequence specificity than MPE-Fe(II)
as seen in both autoradiograms (Figures 30 and 31, lane 3). DNase I
cleavage specificity over the span of a few base pairs can range one
order of magnitude in absorbance intensity whereas MPE cleavages usually
remains within + 0.1 absorbance unit (Figure 32).

Footprinting at Low Drug Binding Densities: Actinomycin D,
chromomycin A3, and distamycin A were equilibrated at low concentrations
with the " 380 base pair DNA restriction fragment (0.06 drug/DNA base
pairs) followed by partial cleavage with MPE-Fe(II) or DNase I. The
autoradiograms of the DNA cleavage inhibition patterns are shown in
Figures 30 and 31. From densitometric analyses, the footprints on 70
base pairs of the 378-382 bp DNA fragment are shown in Figure 33. For
actinamycin D, DNase I affords a footprint 6 to 12 base pairs in size
¥While MPE.Fe(II) does not detect a strongly bound drug site. For

Cchromomycin, DNase I reports three footprints while MPE-Fe (II) reports
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Figure 32
Densitometer scans comparing MPE and DNase generated
patterns. Left to right corresponds to the bottom to middle
of the gel autoradiogram shown in Figure 30. Lanes are
(from top to bottom): (2) MPE:Fe(II) control, (12) 12.5 uM
distamycin cleaved by MPE, (3) DNase I control, (13) 12.5 M
distamycin cleaved by DNase. Notice the uniformity in
cleavage intensity for MPE, while DNase varies considerably.

Both 12.5 1M distamycin lanes exhibit a single footprint.
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give which are smaller in size. For distamycin A, the single binding
site detected by DNase I is 9 base pairs in size whereas the MPE<Fe(II)
footprint is 5 base pairs in size (Figure 34).

Footprinting at High Drug Binding Densities: The three drugs
vere allowed to equilibrate with the same DNA restriction fragment at
higher concentrations (0.25 drug/DNA base pairs) followed by partial
cleavage with either MPE<Fe(II) or DNase I. The autoradiograms of the
corresponding footprints are shown in Figures 30 and 31. From
densitometric analyses, the footprints on 70 base pairs of the 378-382
bp DNA fragment are shown in Figure 33. For actinomycin D, MPE-Fe(II)
partial cleavage reveals six footprints 2-5 base pairs in size. DNase I
partial cleavage exhibits three footprints, two 5-6 base pairs and one
36 base pairs in size which encompasses three of the discrete MPE-Fe(II)
footprints. For chromomycin A3, MPE-Fe(II) partial cleavage reveals
seven footprints. DNase I reports four footprints, one of which is 36
base pairs in size. For distamycin, MPE-Fe(II) partial cleavage reveals
four discrete footprints 5-6 base pairs in size. DNase I partial
Cleavage exhibits three footprints, one 7 base pairs and two 16 and 25
base pairs in size, respectively (Figure 34).

Comparisons of MPE and DNase I Small Molecule Pootprints: There
are two significant differences between small molecule binding sites
teported by MPE and DNase I footprinting methods. While both methods
Teport footprints centered around the same sequences, DNase I
Consistently affords larger footprints. This is especially evident at
elevated small molecule/base pairs DNA ratios (V 1:4) where multiple

discrete MPE footprints may be contained in a single large DNase
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Figure 33

MPE.Fe (II) and DNase I footprints on both strands of 70
nucleotides of the 380 bp DNA fragment corresponding to
bottom to middle of autoradiograms in Figures 30 and 31.
The DNase I footprints are shown as light and dark bars due
to partial and complete cleavage inhibition, respectively.
The MPE-Fe(II) footprints are shown as histograms. Bottom
strand footprints are from Figure 30. Top strand footprints
are from Figure 31. Two binding densities are shown for
each inhibiting small molecule; top is 0.06 antibiotic/base

pair, bottom is 0.25 antibiotic/base pair.
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Figure 34
Illustration of MPE.Fe(II) footprints (boxes) and DNase

I footprints (brackets) from Figure 33.
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footprint. Smaller footprinting sizes allows for greater precision in
getermining the extents and locations of small molecule binding sites.
pNase footprinting appears more sensitive, demonstrating footprints at
jower small molecule concentrations where MPE-Fe(II) footprinting shows
none (see 0.06 act/bp, Figure 30). Upon increasing concentration, MPE
footprinting eventually demonstrates footprints at these previously
invisible sites.
MPE-Fe (II) Footprint of the lac Repressorl’2

For comparison the characterized lac repressor—operator system
was examined by both footprinting methods (Figure 35). A 3' 32p end
labeled 117 base pair DNA restriction fragment containing one copy of
the UV-5 lac operon mutation, preequilibrated with several
concentrations of the lac repressor protein (0.75 to 15 ug), were
subjected to either MPE-Fe(II) or DNase I partial cleavage. Identical
footprinting patterns are observed by both methods at the low lac
repressor binding levels (0.75 and 3 1g) as seen in Figure 36. At 15
g lac repressor DNase I cleavage is sufficiently inhibited such that a
discrete footprint is no longer visible (Figure 35, lane 7). MPE-Fe(II)

footprints lac repressor throughout the concentration range tested.
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Figure 35
Comparison of lac repressor binding site by MPE
and DNase footprinting methods

Autoradiogram of 3' end labeled 117 bp DNA fragment
containing a copy of the lac operon promoter—operator. Lane
1 contained the intact buffered DNA. Lane 6 was the
Maxam—Gilbert G lane. Lanes 2-5 contained 10 mM Tris-Cl [pH
7.4], 50 mM NaCl, 100 uM base pairs DNA, 4 mM DTT, and 10 uM
MPE-Fe (II) as final concentrations in 10 ul reaction
volumes. Lanes 7-10 contained 10 mM Na cacodylate [pH 8],
10 mM MgCly, 5 mM CaClp, 10 uM base pairs DNA, 0.1 mM DIT,
and 0.1 ug/ml DNase I as final concentrations in 100 ul
reaction volumes. The amount of lac repressor present in
each reaction was none (lanes 2 and 10), 0.75 nug (lanes 3

and 9), 3 ug (lanes 4 and 8), and 15 nug (lanes 5 and 7).



s G

1041NOD

67 G0 o
O
x b7 0¢ J
-6 G|
Q)
-6 G
S|
@ 67 Q¢ o
-6 g0 W
=
JOYLNOD

dlS VNG




-88-

0.75 g lac repressor
5' ATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAG 3
3 TATTACACACCTTAACACTCGCCTATTGTTAAAGTGTGTC 5'

ISR T TR
e
Figure 36

MPE<Fe(II) and DNase I footprint of lac repressor (7.5 ug/ml) on
40 nucleotides of the 117 bp DNA fragment (Figure 36, lanes 3 and 9).
The DNase I footprint is shown as a dark bar. The MPE:Fe(II) footprint
is shown as a histogram.

For completeness an opposite strand analysis of lac repressor
binding to its operator region was performed by both MPE and DNase I
footprinting methods under optimum conditions. Either a 3' or 5' 32p
end labeled 117 bp DNA restriction fragment containing a copy of the
UV5 lac operon mutation was preequilibrated with lac repressor at a
final concentration of 58 yg/ml and then subject to partial MPE-Fe(II)
or DNase I digestion (see Figure 37). Under these reaction conditions
both DNase I and MPE report similar footprints (Figure 38). Both
methods exhibit 3 bp overhang on each 3' end of the asymmetric
footprints. DNase shows footprints 24 bp long, while MPE has footprints
22 bp long in this experiment. One striking difference between these
two methods is the absence of the accentuated DNase cleavage site within
the footprint on the 5' labeled strand when footprinting is performed
with MPE,
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Figure 37
Opposite strand analysis of lac repressor binding to the lac
operon by MPE and DNase footprinting protocols.
Autoradiogram of 3' and 5' end labeled 117 bp DNA fragments:

odd-numbered lanes (1,3,5,7,9,11) were 3' end labeled; even—numberd
lanes (2,4,6,8,10,12) were 5' end labeled. Lanes 1 and 2 were the
intact buffered DNAs. Lanes 11 and 12 were the MaxamGilbert G
reactions. Lanes 3,4,7, and 8 contained 10 mM Tris-Cl [pH 7.4], 50 mM
NaCl, 400 yM base pairs DNA, 4 mM DTT, and 10 M MPE-Fe(II). Lanes
5/6,9, and 10 contained 10 mM Tris-Cl [pH 7.9], 10 mM KC1, 10 mM MgCly,
5 mM CaClp, 400 UM base pairs DNA, 0.1 mM DIT and 0.2 ug/ml DNase I.
Lanes 7,8,9,10 also contained 58 1g/ml lac repressor. Lanes 3 and 4
were the MPE cleavage controls; lanes 5 and 6 were the DNase cleavage

controls.
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06 p1g Afac repressor

2 Iy

17 bp 5 TATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACA

3 ATATTACACACCTTAACACTCGCCTATTGTTAAAGTGTGT
z 7
N
Figure 38

MPE-Fe(II) and DNase I footprints of lac repressor (7.5 ug/ml)
on 40 base pairs of the 117 bp DNA fragment (Figure 37, lanes 7-10)
DNase footprints are represented as horizontal bars. Solid bars
indicate complete cleavage inhibition; hatched bars, approximately 1/2

cleavage inhibition. MPE footprints are represented as histograms,
their height indicative of the amount of cleavage inhibition.

Echinomycin Binding to DNAL73

Echinomycin is a quinoxaline antibiotic composed of two chromo-
phores connected to a cyclic octadepsipeptide.l10 The chromophores are
capable of simultaneously being intercalated at locations separated by
two base pairs, i.e. bisintercalation.ll13 The peptide ring lies in the
minor groove and is postulated in conferring the observed guanine
specificity through hydrogen bonding interactions.l14 Equilibrium
binding studies suggest that the optimum binding site involves all four
bases in the recognition process. The employment of MPE footprinting
should aid in the elucidation of those sequences present in the optimum
echinomycin binding site.

For an investigation of echinamycin DNA cleavage inhibition a
Variety of DNA substrates were prepared. Two were isolated fram pLJ3,
the 117 pp and 168 bp restriction fragments, each containing a copy of
the lactose operon promoter—operator region. These were 3' end-labeled,

thus allowing complementary DNA strands to be investigated. A total of
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4 restriction fragments were isolated from pBR322 and either 3' or 5'
end labeled, thus allowing opposite strand analyses. These were the 167
and 517 bp fragments containing the putative Pl, 2, and 3 pramoter
regions; and the 274 (278) and 378 (382) bp fragments containing parts
of the tetracycline resistance gene. Cleavage reactions were performed
with either MPE or DNase I following conventional procedures.
Electrophoresis was performed on 8% polyacrylamide, 1:20 crosslinked,
50% urea containing gels. The autoradiograms obtained fram these
experiments are shown in Figures 39-42.

Controls: As described earlier in the Results, MPE:Fe(II)
exhibits relatively little sequence specificity on many fragments. The
only examples contrary to these are the 167 and 517 bp DNA fragments,
both of which exhibit MPE cleavage specificities whose difference in
cleavage intensities resemble typical footprints (Figure 42, lanes
5,6,13,14). Errors associated in determining footprints near regions of
intrinsic MPE cleavage inhibition are minimized through use of the
"subtractive™ method of footprint determination, described in the
Experimental.

Echinomycin, Footprints as a Function of Concentration: Three
Series of footprinting experiments were investigated as a function of
echinomycin concentration (Figures 39-41). Footprinting patterns first
qppear at concentrations equivalent to 1 echinomycin:32 base pairs DNA,
but are readable only upon a four-fold increase in concentration (1:8)
(Figure 39 + lanes 6-9 and 16-19). Those footprints which appear at
higher concentrations (1:4 - 1:2) typically are present at lower binding

densities, Very few new sites appear. This is very similar to the
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Figure 39
Echinomycin—derived footprints as obtained by both MPE
and DNase protocols: an opposite strand analysis

Autoradiogram of 3' end labeled 382 bp and 5' end labeled 378 bp
DNA fragments: Lanes 1-10 were 3' and lanes 11-20 were 5' end labeled.
Lanes 1 and 11 were the intact buffered DNAs. Lanes 10 and 20 were the
Maxam-Gilbert G reactions. Even numbered lanes 2,4,6,8 and 12,14,16,18
contained 10 mM Tris.Cl [pH 7.4], 50 mM NaCl, 200 yM base pairs DNA, 4
mM DT, 10% THF, and 10 M MPE:Fe(II). Odd numbered lanes 3,5,7,9 and
13,15,17,19 contained 10 mM Tris-Cl [pH 7.9], 10 mM KCl, 10 mM MgClp, 5
mM CaCly, 200 .M base pairs DNA, 0.1 mM DT, 10% THF, and 0.5 pg/ml
DNase I. Lanes 4,5,14, and 15 contained 1.6 uM ech. Lanes 6,7,16, and
17 contained 6.25 ;M ech. Lanes 8,9,18 and 19 contained 25 ,M ech.
Lanes 2 and 12 were the MPE-Fe(II) cleavage controls. Lanes 3 and 13

were the DNase cleavage controls.
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Figure 40
Echinomycin footprints on opposite DNA strands as
obtained by both MPE and DNase protocols

Autoradiogram of 3' end labeled 278 bp and 5' end
labeled 274 bp DNA fragments: Odd numbered lanes
(1,3,5,7,9,11,13, and 15) were 3' end labeled; even numbered
lanes (2,4,6,8,10,12,14, and 16) were 5' end labeled. Lanes
1 and 2 are the intact buffered DNAs. Lanes 15 and 16 were
the Maxam—Gilbert G reactions. Lanes 3,4,7,8,11, and 12
contained 10 mM Tris-Cl [pH 7.4], 50 mM NaCl, 400 uM base
pairs DNA, 4 mM DI'T, 10% THF, and 10 M MPE-Fe(II). Lanes
5,6,9,10,13, and 14 contained 10 mM Tris-Cl [pH 7.9], 10 mM
KCl, 10 mM MgCl;, 5 mM CaClp, 400 uM base pairs DNA, 0.1 mM
DTT, 10% THF, and 0.4 yg/ml DNase I. Lanes 7,8,9, and 10
contained 115 yM ech. Lanes 11,12,13, and 14 contained 46 uM
ech. Lanes 3 and 4 wre the MPE cleavage controls. Lanes 5

and 6 were the DNase cleavage controls.
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Fiqure 41
Complementary strand analysis of echniomycinmbinding sites.

Autoradiogram of 3' end labeled 117 bp and 168 bp DNA fragments:
Lanes 1-5 were 117 bp and lanes 6-10 were 168 bp DNA. Primed number
lanes (example 4') correspond to their unprimed counterparts except that
they had been electrophoresed twice as long (7 hr vs 3.5). This allows
for greater resolution of the longer DNA cleavage fragments. Lanes 1
and 6 were the intact buffered DNA., Lanes 5 and 10 were the
Maxam-Gilbert G reactions. Lanes 2-4 and 7-9 contained 10 mM Tris-Cl
[pH 7.4], 50 mM NaCl, 400 .M base pairs DNA, 4 mM DTT, 10% THF, and 10
M MPE+Fe (II). Pairs of lanes 2 and 7, 3 and 8, 4 and 9 contained 0,

50, and 200 .M ech., respectively.
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Figure 42

Opposite strand analysis of echinomycimbinding sites.

Autoradiogram of 3' and 5' end labeled 167 bp and 517 bp DNA
restriction fragments: Odd numbered lanes were 5' end labeled;
even-numbered lanes were 3'. Lanes 1-8 were the 517 bp DNA; lanes 9-16
were the 167 bp DNA. Lanes 1,2,9, and 10 were the Maxam-Gilbert G
reactions. Lanes 7,8,15, and 16 were the intact buffered DNAs. Lanes
3-6 and 11-14 contained 10 mM Tris.Cl [pH 7.4], 50 mM NaCl, 400 UM base
pairs DNA, 4 mM DI'T, 10% THF, and 10 UM MPE-Fe(II). Lanes 3,4,11, and
12 also contained 200 UM ech. Lanes 5,6,14, and 15 were the MPE.Fe(II)
Cleavage controls. Note in these lanes the slight specificity inherent

in MPE- directed DNA cleavage.
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foc,tprinting of actinomycin. Upon increasing echinomycin concentration
gome enlargement of the footprinting sites occurs, yet this is far less
than the coalescence phenomenon observed with distamycin and netropsin.
Densitm\etric analyses were performed on these footprinting lanes. The
histograms and interpreted binding sites are shown in Figures 43-48

MPE versus DNase Footprinting of Echinomycin: These two methods
of footprinting were compared on two DNA restriction fragments (274/278
bp and 378/382 bp) with echinomycin. At low echinomycin concentrations
(1:32 bp) » both methods indicated similar regions of cleavage inhibition
(Figure 39, lanes 6,7,16,17 and Figure 40, lanes 5-8). Thus DNase
exhibits little if any increased sensitivity over MPE, unlike the case
with actinomycin. No increased DNase cleavages (hypersensitivity) were
‘observed adjacent to the footprints. No changes in the sequence
specificity of DNase cleavages was noted. Typically echinomycin
exhibited larger footprints with DNase (up to 23 bp) than with MPE (9 bp
max) . Often a single region of DNase cleavage inhibition was resolvable
into multiple MPE footprints. Thus MPE footprinting should be the
method of choice for determining the preferred echinomycin binding
sites.

Echinomycin Binding Sites: 360 base pairs of heterogeneous DNAs
were investigated by MPE footprinting with echinomycin present at a
Iange of 1:8 to 1:2 base pairs. 23 footprints were observed. All MPE
footprints demonstrated 3' overprotection on the order of 1-3 bp.
Typical protected regions were between 3-%¢ bp in length, with the
average minimum binding site size being 4 hp. Using the 4 bp binding

Bite size as a model. the histogran: “rozpr-ints were interpreted thusly.
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Figures 43-48
Footprinting histograms and interpreted preferred
binding sites for echinomycin. MPE footprints are shown as
histograms. DNase I footprints are shown as hatched and
solid bars reflecting partial and complete cleavage
inhibition, respectively. Individual figures are:

43 (top) MPE and DNase I footprints on 54 base pairs of
the 378/382 bp DNA fragment; echinomycin 1:8 bp. (bottom)
Interpreted preferred binding sites. Autoradiogram is found
in Figure 44.

44 MPE and DNase I footprints on 70 base pair of the
274/278 bp DNA fragment; a) echinomycin 1:32 bp, b)
echinomycin 1:8 bp. Autoradiogram is found in Figure 45.

45 Interpreted binding sites from footprints in Figure
49. a) echinomycin 1:32 bp; b) echinomycin 1:8 bp.

46 (top) MPE footprints on 80 base pairs of the lac
operon (117 & 168 bp fragments). Echinomycin 1:8 bp.
(center) Echinomycin 1:2 bp. (bottom) Interpreted binding
sites. Applicable to both echinomycin concentrations.
Autoradiogram is found in Figure 46.

47 (top) MPE footprints on 85 base pairs of the 517 bp
DNA fragment; echinomycin 1:2 bp. (bottom) Interpreted
binding sites. Autoradiogram is found in Figure 47.

48 (top) MPE footprints on 70 base pairs of the 167 bp
DNA fragment; echinomycin 1:2 bp. (bottom) Interpreted
binding sites. Autoradiogram is found in Figure 47.
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ech 1:8  lac operon 80 bp

5 CATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTC
17 3 GTAATCCGTGGGGTCCGAAATGTGAAATACGAAGGCCGAG

GTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACA 3 |68
CATATTACACACCTTAACACTCGCCTATTGTTAAAGTGTGT &

'

ech I:2 lac operon 80 bp

5 CATTAGGCACCCCAGGCTTFACACTTTATGCTTCCGGCTC
17 3 GTAATCCGTGGGGTCCGAAATGTGAAATACGAAGGCCGAG

- -

GTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACA 3 168
CATATTACACACCTTAACACTCGCCTATTGTTAAAGTGTGT 5

5 CATTAGGCACKCCA|GGCTTTACACTTTATGCTTICCGGETIC
7 3 GTAATCCGTG|GGGTICCGAAATG TGAAATACGAAIGGICCIGAIG

GTATAATGTGTGGAATTGTGAIGCGGIATAACAATTTCACACA 3 168
CATATTACACACCTTAACACTICGCC|TATTGTTAAAGTGTGT 5




517 bp Rsa I=—=Eco RI I:2 ech 85 bp

EcoRl... 5 GGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATA
+4320

*4340
3 CCGGAGCACTATGCGGATAAAAATATCCAATTACAGTACTATTAT
e 0 s

-
Py . T

ATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATG 3

=LOT~

« 4300 + 4280
TACCAAAGAATCTGCAGTCCACCGTGAAAAGCCCCTTTAC 5'...Rsal

. o

517
EcoRI... 5 GGCC[TCGTGATACGCCTATTTTTATIAGGTITAATGTCIATGATAATA
- 4340 i -4320 | ;
3 CCGGAGCACTATGCGGATAAAAATATCCAATTACAGTACTATTAT
ATceTTTCTTAGMACGT|C[AGGTIc6cAcTTTfrcGde6AAATG 3
- 4280
TCCACCGTGAAAAGCCICCTTTAC 5 ..Rsal

i+ 4300
TACCAAAGAATC[TGCAG




12 ech 70 bp
- Bt

167 bp Eco RI=—=Rsa |
+60 + 80

EcoRl... 5 CTTATCATCGATAAGCTTTAATGCGGTAGTTTATCACAGTTAAATTGCTAACGCAGTCAGGCACCGTGTA
.40
3 GAATAGTAGCTATTCGAAATTACGC CATCAAATAGTGTCAATTTAACGATTGCGTCAGTCCGTGGCACAT...Rsa |
- -

M TI'I

167
EcoRL.5 CTTATCATCGA[TAAGCTTTAAT|GCGGITAGTTTATCACAGTTAAATTGCTA|ACGCIAGTCAGGCA|CCGT|GTA
.20 +40 -60 +80
AGCTIATTCGAAATTA|[CGCCJATCAAATAGTGTCAATTTAACGAT|TGCGJTCAGTCCGT|GGC

3 GAATAGT

CAT..Rsal
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gchinomycin afforded protection to 117 base pairs on these DNAs, 83 base
pairs (71%) were G+C in nature.
gmll Molecules Which Apparently Do Not Footprint

There are many small molecules which do not demonstrate
footprinting patterns by our protocol at this time. Typically they
indicate some manner of DNA interaction by the diminution of MPE
cleavage equally throughout the entire pattern upon increasing small
molecule concentration. These small molecules. their binding
characteristics and structures have been previously listed in the
introduction of this thesis. Two typical series, the quinoxaline and
anthrancycline antibiotics, also contain members which have demonstrated
sequence-specific MPE footprinting patterns. Short descriptions of
their investigations follow.

Anthracyclines: Those anthracycline antibiotics studied during
the course of this work include adriamycin, daunomycin, nogalamycin, and
7-con-O-methylnogarol (ngr). Daunomycin was shown not to footprint in
the initial studies of MPE cleavage inh<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>