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Abstract

A series of eight related analogs of distamycin A has been synthesized. Foot-
printing and affinity cleaving reveal that only two of the analogs, pyridine-2-
carboxamide-netropsin (2-PyN) and 1-methylimidazole-2-carboxamide-netropsin
(2-ImN), bind to DNA with a specificity different from that of the parent com-
pound. A new class of sites, represented by a TGACT sequence, is a strong site
for 2-PyN binding, and the major recognition site for 2-ImN on DNA. Both com-
pounds recognize the G-C bp specifically, although A’s and T’s in the site may
be interchanged without penalty. Additional A-T bp outside the binding site in-
crease the binding affinity. The compounds bind in the minor groove of the DNA
sequence, but protect both grooves from dimethylsulfate. The binding evidence
suggests that 2-PyN or 2-ImN binding induces a DNA conformational change.

In order to understand this sequence specific complexation better, the Ackers
quantitative footprinting method for measuring individual site affinity constants
has been extended to small molecules. MPE-Fe(II) cleavage reactions over a 10°
range of free ligand concentrations are analyzed by gel electrophoresis. The de-
crease in cleavage is calculated by densitometry of a gel autoradiogram. The ap-
parent fraction of DNA bound is then calculated from the amount of cleavage
protection. The data is fitted to a theoretical curve using non-linear least squares
techniques. Affinity constants at four individual sites are determined simultane-

ously. The distamycin A analog binds solely at A-T rich sites. Affinities range from
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10°-107 M~L. The data for parent compound D fit closely to a monomeric binding
curve. 2-PyN binds both A-T sites and the TGTCA site with an apparent affinity
constant of 10° M~!. 2-ImN binds A-T sites with affinities less than 5 x 10* M~L,
The affinity of 2-ImN for the TGTCA site does not change significantly from the
2-PyN value. At the TGTCA site, the experimental data fit a dimeric binding
curve better than a monomeric curve. Both 2-PyN and 2-ImN have substantially
lower DNA affinities than closely related compounds.

In order to probe the requirements of this new binding site, fourteen other
derivatives have been synthesized and tested. All compounds that recognize the
TGTCA site have a heterocyclic aromatic nitrogen ortho to the N or C-terminal
amide of the netropsin subunit. Specificity is strongly affected by the overall length
of the small molecule. Only compounds that consist of at least three aromatic rings
linked by amides exhibit TGTCA site binding. Specificity is only weakly altered
by substitution on the pyridine ring, which correlates best with steric factors. A
model is proposed for TGTCA site binding that has as its key feature hydrogen
bonding to both G’s by the small molecule. The specificity is determined by the
sequence dependence of the distance between G’s.

One derivative of 2-PyN exhibits pH dependent sequence specificity. At
low pH, 4-dimethylaminopyridine-2-carboxamide-netropsin binds tightly to A-T
sites. At high pH, 4-Me;NPyN binds most tightly to the TGTCA site. In aque-
ous solution, this compound protonates at the pyridine nitrogen at pH 6. Thus

presence of the protonated form correlates with A-T specificity.
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The binding site of a class of eukaryotic transcriptional activators typified
by yeast protein GCN4 and the mammalian oncogene jun contains a strong 2-
ImN binding site. Specificity requirements for the protein and small molecule are
similar. GCN4 and 2-ImN bind simultaneously to the same binding site. GCN4
alters the cleavage pattern of 2-ImN-EDTA derivative at only one of its binding
sites. The details of the interaction suggest that GCN4 alters the conformation
of an AAAAAAA sequence adjacent to its binding site. The presence of a yeast
counterpart to jun partially blocks 2-ImN binding. The differences do not appear
to be caused by direct interactions between 2-ImN and the proteins, but by induced
conformational changes in the DNA protein complex. It is likely that the observed
differences in complexation are involved in the varying sequence specificity of these

proteins.
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Recognition of B DNA by Small Molecules



Introduction

It has become apparent over the last 20 years that specific binding to nucleic
acids is an important control point for biological processes. The complexation of
specific DNA sequences by regulatory molecules can control transfer of information
from DNA to RNA to proteins, with far reaching biological consequences. A central
challenge to chemists studying DNA is to understand the physical basis for such
specific interactions. The studies described here are aimed at designing synthetic
molecules that complex specifically to target DNA sequences containing G,C base
pairs.
DNA structure

Watson and Crick originally proposed a regular rod-like structure for DNA.!
This double helix is characterized by flat purine-pyrimidine base pairs (bp) spaced
at regular intervals along a sugar phosphate backbone. Hydrogen bonding interac-
tions between the bases on antiparallel strands produce two distinct grooves, which
spiral along the helix axis. Information is stored in the sequence of bases along a
particular strand. The array of functional groups on each base is such that both
the interactions between the strands and the pattern of hydrogen bond donors
and acceptors in the grooves are unique for each base.?'2 Selection of a particu-
lar sequence could then be accomplished by maximizing the number of hydrogen

bonds and hydrophobic contacts with the edges of the bases. Thus the design of
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Figure 1 Effects of Watson-Crick base pairing on the availability of base functional
groups. Triangles represent potential hydrogen bond interactions in the major and
minor grooves.

DNA binding molecules might be reduced to the relatively straightforward task of
matching an array of DNA contacts with a complementary set on the ligand.
Discoveries in the past few years have both supported and refined this original
model. X-ray structures* and solution studies of DNA itself have revealed many
sequence dependent variations in DNA structure.® In the crystals, base pairs are
neither flat nor perpendicular to the helix axis. Instead they are propeller twisted
as shown in figure 2, increasing the stacking interactions between the bases. From
the minor groove, each base is twisted towards the 5’ end of its own DNA strand.
There is also a sequence dependence to the tilt (i.e., rotation about the short axis

of the base pair), roll (rotation about the long axis of the base pair) and twist
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(rotation about the helix axis between consecutive bp). Instead of a rigid rod,
it appears that B DNA should be viewed as a series of local conformations with
varying elastic properties. These local structures blend into one another, with each
unique sequence having its own unique set of helix parameters.

This ensemble of conformations has important implications for DNA sequence
recognition. In addition to the pattern of potential hydrogen bonds and hydropho-
bic contacts, the distance and orientation of the base functional groups are now
unique to a given sequence. Instead of matching all interactions with a given bp,
a ligand could select between sequences by requiring a specified distance between
interactions. This is especially important in the minor groove, where replacement
of A by T or G by C produces only small changes in the functional group pattern.

This more sophisticated approach to sequence specific recognition requires a
knowledge of the structure of the target sequence. Recently, detailed models for
this sequence specific variation have been developed by Calladine® and modified
and extended by Dickerson.” The authors propose that steric interactions pro-
duced by the propeller twist are responsible for such structure variations. For a
5’ purine-pyrimidine sequence, the fact that purines are significantly longer than
half a bp produces close van der Waals contacts in the major groove. For a 5’
pyrimidine-purine sequence, the close contacts occur in the minor groove, while for
a purine-purine sequence (= pyrimidine-pyrimidine) no unfavorable steric interac-
tion occurs. In addition, the extra width of a G,C bp results in closer contacts

than A,T bp.



Figure 2 Implications of propeller twist for the sequence dependent structure of
DNA, from reference 7. Atom positions of the AATT region of the dodecamer
crystal structure are taken from the Brookhaven Protein Databank (only base
atoms shown). The major groove is to the left of the figure, and the minor groove
is to the right. Propeller twisting towards the 5’ terminus of each strand in the
minor groove results in a stacked conformation for each strand.

Unfavorable contacts can be relieved by a number of mechanisms involving
the tilt, roll, and twist of the base pair. Significantly, application of the Calladine
model to the dodecamer structure determined by Dickerson et al. gives a good
correlation to the experimental data.” A recent paper proposes that this sequence

dependent structure is actually due to repulsion of partial charges on neighbor-



ing bases, rather than steric effects.® However the small number of independent
DNA crystal structures in the database makes the predictive value of these models
difficult to assess.

Small Molecule DNA Complexes

A number of test cases for distance dependent sequence recognition already
exist. A variety of small molecules (molecular weights less than 1500 daltons) have
been observed to bind specifically to DNA. These compounds appear to exert anti-
tumor and antibiotic activities by forming tight complexes with their cognate DNA
sites, blocking transcription.® On such a small molecule, the number of specific
contacts is limited. Thus the distance between contacts ought to be an important
determinant of specificity.

Three modes of interaction have been observed in the DNA complexes of such
small molecules.!® A common mode involves the intercalation of a flat aromatic
molecule between two base pairs. In general this mode has a relatively low speci-
ficity, presumably because a major interaction is the relatively nonspecific 7 — 7
stacking interaction. Usually there is a slight preference for G,C bp because of the
increased width and flatter conformations of G,C sequences. Intercalation neces-
sitates a change in DNA conformation, and experiments to date reveal no obvious
correspondence between the structure of a particular compound and the details of
the complex.!! Because the relevant distances are drastically altered in the com-

plex, distance matching would have to be done on the intercalated conformation.
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The other two recognition modes involve interactions within one of the grooves
of the helix. Either the major or minor groove could serve as a complexation site,
with the appropriate segregation of base recognition elements. Groove binding
small molecules examined to date form complexes in the minor groove, presumably
because of a closer match in size. The known binding characteristics of these
nonintercalative compounds have recently been exhaustively reviewed,® and so

only the information pertaining to specificity will be repeated here.

H2N+ NH, HQN* NH2
HN_ O HN.®
P
Z N 7
— —
HN HN
o o
Z\y— 7 SN
HN HN
o (o]
HQN \/NH HN \ N\
NH3 H’§o
Netropsin Distamycin A

Figure 3 Naturally occurring polypyrrole antitumor antibiotics.
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A,T Sequence Specificity

Netropsin and distamycin A are well studied compounds that bind to A,T rich
DNA. As shown in figure 3, they consist of a poly-N-methylpyrroleamide backbone
capped with one or more delocalized positively charged groups. Both compounds
exhibit strong preferences for double stranded B DNA, with high specificity for
A,T bp.? Footprinting studies reveal that the polypyrrole antibiotics bind in the
minor groove!? at sites containing 4-5 contiguous A,T bp.!2"'® In general, the
binding constant increases with the number of AA dinucleotides present in the
bound sequence.!” Neither netropsin nor distamycin A bind tightly to alternating

A,T sequences.® 14

18,19 and dodecamer-distamycin A2?° complexes have

Dodecamer-netropsin
been examined recently by X-ray crystallography (see figure 4). In both cases
the antibiotic is set deeply into the minor groove so that the pyrrole amide hydro-
gens form bifurcated hydrogen bonds with the N3 of adenine and the O2 of thymine
on the floor of the groove. In the netropsin complex, the width of the minor groove
has increased by an average of 1.7 A. The adjustment allows the pyrrole rings to
fill the groove completely and to form extensive van der Waals contacts with the
groove sides. These close contacts require the pyrrole rings to be parallel to the
sides of the groove, increasing the overall screw sense of the antibiotic to match

that of the groove. The helix axis is bent away from the netropsin molecule by 8°,

increasing the distance between the outermost T carbonyls by about 0.5 A. These



Figure 4 Structural features of the DNA complexes of netropsin and distamycin A.'®:2% The small molecules
are set deeply in the minor groove, in close van der Waals contact to the sugar phosphate backbones. Circles
represent the lone pair electrons of the thymine O2 and the adenine N3. Dashed lines represent hydrogen bonds
existing in the complex. The distance in A between donor and acceptor atoms is shown beside each interaction.
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carbonyls also form the strongest hydrogen bonds to the pyrrole amides, suggesting
that the overall distance of the unbound DNA site is smaller than that required for
optimum contacts with netropsin.?! Upon binding, both partners of the complex
alter conformation, the DNA by bending away from the minor groove, and the
netropsin by twisting around the amide pyrrole single bonds to better match the
groove. A similar situation exists in the DNA-distamycin A cocrystal.?? As a con-
sequence of an increasing mismatch between ligand size and site size, one pyrrole
amide cannot form hydrogen bonds to the DNA.

'H NMR studies of a netropsin-GGAATTCC,?? a netropsin-GGTATACC,?3
and a distamycin-CGCGAATTCGCG complex?* conclude that the structure in
solution is very similar to that found in the solid state. The DNA in the complexes
is clearly in the B form, although there are conformational differences between the
free DNA and the complex. NOEs between the antibiotic protons and the adenines
in the binding site provide strong evidence that the polypyrrole compounds bind
to the A,T regions of the oligonucleotides. The concave edge of the pyrrole system
lies at the bottom of the groove, with the amide protons forming hydrogen bonds
to the bases. Patel and his co-workers find that netropsin at the TATA site ex-
changes much more rapidly than netropsin at the AATT site, consistent with the
footprinting data for this compound.

Breslauer and co-workers have studied the thermodynamic parameters of

netropsin and distamycin A binding by Calorimetry and melting temperature
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shift studies. Excluding poly(dA)-poly(dT), specific binding of netropsin and dis-
tamycin A to A,T rich DNA is enthalpically driven.?7 (Binding of most lig-
ands, including intercalators, to poly(dA)-poly(dT) is entropically driven.??) This
suggests that the ability to form strong hydrogen bonds at A,T sequences is an
important factor in the overall specificity of these compounds. A recent study of
the ionic strength dependence of netropsin complexation to poly d(AT) and poly
d(GC) shows no significant difference, although the free energy of complexation
differs by > 5 kcal/mol.?® This would seem to eliminate electrostatic interactions
as a major source of the A,T specificity. To date, no individual binding sites of
either compound have been studied by these techniques, so that the enthalpy and
entropy contributions to selectivity between A,T sequences are not known.

Taken together, the experimental evidence suggests that specificity for A,T bp
is determined by several interacting features. The requirement for hydrogen bond-
ing in the complex means that close contacts are formed between the C2H of
adenine and the C3H on the pyrrole rings. The extra bulk of the guanine N2
would disrupt these interactions. The disparity in size between pyrrole compound
and the DNA binding site would also tend to select for taller, thinner sequences.
Because A,T rich DNA has fewer bp per turn than G,C rich DNA,?8 29 guch se-
quences would provide hydrogen bonding more in register with the small molecule
and increase the Van der Waals interactions between the aromatic rings and the

side of the groove.
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Variations on the positively charged groups®!' 32 or the N-alkyl groups of the
pyrrole rings®? retain the A,T specificity of the parent compounds. A series of
analogs of distamycin A with pyrrole rings substituted by other heterocyclic rings
have also been prepared by Arcamone and co-workers.?? Shown in figure 5 are the
derivatives whose DNA binding properties have been studied. By CD measure-
ments, these compounds show a distinct preference for A,T homopolymers, though
with lower overall specificity than distamycin A. As is observed for netropsin and
distamycin, longer derivatives have higher binding constants.

Many other synthetic compounds have been shown to bind preferentially to
A, T DNA.® As shown in figure 6, these molecules are generally aromatic systems
with one or more positive charges. The compounds can be separated by their
ability to form a distamycin-like crescent conformation. Compounds in the top row
of figure 6 show a strong preference for homopolymer A,T bp over homopolymer
G,C bp of B DNA, while the bottom row shows much less specific behavior.?
The mPD derivative shows intermediate behavior by CD, strongly preferring B
DNA of either sequence.’* Rao et al. conclude that the degree of bending in these
compounds is a major determinant of A,T specificity.>* All of these compounds
compete with netropsin for DNA sites.?5™37 At this time, it is not known whether
this is direct competition for common binding sites or conformational exclusion of

nearby sites.
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Recently, the DNA specificity of Hoechst 33258 has been studied by footprint-
ing®® and crystallography.®® 40 Although Hoechst 33258 possesses only two poten-
tial hydrogen bonding groups, it binds the same sites as distamycin A with the
same relative ordering of binding sites.?® In the cocrystal solved by Dickerson and
co-workers, Hoechst 33258 is shifted one bp from the netropsin position on the same
oligonucleotide. The position of the piperazine ring is disordered, with equivalent
occupancies along the innermost G,C bp and pointing out of the groove.?® This
result has prompted Dickerson to conclude that the extra width of the piperazine
ring precludes its binding to an A,T bp. In the structure solved by Wang and co-
workers,*? Hoechst 33258 is complexed to the same oligonucleotide, but the overall
complex is more similar to the netropsin complex. The small molecule is located in
the AATT region of the minor groove, with a bifurcated hydrogen bonding array
similar to netropsin. There is clearly only one orientation in the crystal and only
one position for the piperazine ring. Comparing the two complexes, the Wang
structure has no disorder in the small molecule and is more consistent with the
footprinting data. This complex also demonstrates that the width of the piper-
azine ring does not necessarily preclude binding in A,T regions. The reason for
such dissimilar complexes with the same components is not presently understood.

While no footprinting data has been published to date for the remaining com-
pounds in figure 6, the evidence so far suggests that the key recognition motif for

A,T sequences is a positively charged crescent shape. This shape serves to present
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hydrogen bond donors at regular intervals, and both X-ray and NMR experiments
show that these interactions are present in the complexes. The compounds are also
aromatic and fit tightly in the groove of A,T regions, implicating van der Waals
contacts as an important stabilizing factor. Clearly, the position of functional
groups on the ligands is important for the interaction with the DNA sequence.
Netropsin contains a regular array of contacts, each of which interacts with the
DNA. This allows the compound to discriminate between A,T sites through better
or worse matching to this array. However, the DNA conformation in the complex
is not that observed for the free sequence.
G,C Sequence Specificity

Compounds that complex specifically to G,C bp are comparatively rare. Only
a single family of antibiotics, the aureolic acids, appears to bind non-intercalatively
to G,C sequences.*! Structures of the original members of this family, chromomycin
Aj, mithramycin, and olivomycin, are shown in figure 7. The aureolic acids share
a common anthracenone chromophore, which is substituted at both ends with a
series of polydeoxygenated sugar residues. The compounds differ from one another
by the presence or absence of the C7 methyl group and the substitution pattern of
the sugar residues. These compounds are negatively charged at neutral pH, and
require magnesium cations to bind DNA.%2:43 Binding does not unwind supercoiled

DNA,** making an intercalative complex unlikely. The aureolic acids also require
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a purine 2’ amino group for strong binding to DNA. Thus most investigators have
proposed a minor groove complex for these compounds.42

Footprinting studies reveal that these compounds bind to 3 bp sites containing
a 5'GC or a 5'GG sequence.'* 4546 Complexation involves both drug and DNA
conformational changes as judged by CD*? and DNase I hypersensitivity!* 46 re-
spectively. The aureolic acids also alter dimethylsulfate (DMS) reactivity at G
residues without a readily interpretable pattern.%® Interestingly, these compounds
appear to bind poly(dG-d” C) in the Z form.*8

To date, the aureolic acid-DNA complexes have proved refractory to crystal-
lization. NMR studies by two groups favor different structures in the complex.

Shafer and co-workers*3: 49751

propose a major groove complex, with chromomycin
complexing preferentially to one strand of the oligonucleotide ATGCAT. Interca-
lation is ruled out as a binding mode by two lines of evidence. The authors detect
a G-C intrastrand NOE, which limits their separation to less than 4.5 A, much
smaller than the minimum distance required for intercalation (7 A). The tempera-
ture dependence of the chemical shifts is also completely different from that found
for the known intercalator actinomycin D.5? However, the authors detect surpris-
ingly few NOEs between chromomycin and the DNA, and no assignments are made
for many of the carbohydrate protons of the antibiotic, so that the exact nature of
the complex is difficult to establish.

Later work by Gao and Patel provides considerable evidence that the complex

contains two chromomycin molecules located in the minor groove.>3 NOEs between
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Mithramycin

Figure 7 The aureolic acid family of G,C specific antitumor antibiotics.*!
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the chromophore and protons on the middle sugar of the trisaccharide (which are
well separated in space) can be explained by intermolecular interactions between
different CHR molecules in a head to tail dimer. The DNA conformation is most
consistent with an A form structure, which would allow the bulky dimer to fit into
the shallow minor groove of A DNA. This model is completely consistent with the
footprinting results, the hypersensitive sites that could be due to B/A junctions,
the requirement for 2-aminopurines where the 2-amino group is directly involved
in the complex, and the strong preference for oligo GC sequences that have an
inherently wider minor groove.
Molecules Designed for Sequence Specificity

The compounds which have been discussed so far have small binding sites
(< 5 bp) and therefore relatively low specificities. If the binding site size could be
increased while maintaining the specificity of the original compound, it should be
possible to produce small molecules with specificities and binding constants in the
range of DNA regulatory proteins (9 bp and up). Attachment of a DNA cleaving
function would then give compounds that can cut very large DNAs at only a few
discrete sites.5%: 5%
A,T Sequences

This stategy has been enormously successful for polypyrrole analogs. Increas-
ing the number of pyrroles from 2-9 increases both the binding site size and the

17,54, 56

specificity for longer regions of A,T bp, consistent with maintaining the
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structural features of the netropsin and distamycin A complexes.!®:2% The longer
derivatives require ten or more consecutive A,T bp at high affinity sites, giving
these compounds an overall specificity greater than that of a unique 5 bp site.5®
An EDTA derivative of the nine pyrrole compound cuts the ~50,000 bp lambda
phage genome at only two major sites.!® This is a higher specificity than is expected
from the binding site size, and probably represents the nonrandom distribution of
long stretches of A,T bp.

As the length of the pyrrole chain increases, the synthesis of these compounds
gets progressively more difficult.'® A possible solution is to connect shorter polypyr-
role segments with flexible®®™®! or rigid®? linkers. This strategy is complicated
by the potential for long, flexible linkers to permit independent binding of the
polypyrrole subunits.5¢ Two different linker design strategies have proved viable.
Short rigid linkers, with geometric requirements similar to the replaced pyrrole
unit, exhibit similar binding specificities as the same size polypyrrole compound.®?
Specificity for a subset of A,T sequences is also increased by utilizing F-alanine
or ethylenediamine as the linker.®® Thus, limiting the degrees of freedom in the
molecule appears to be a major factor in the selectivity between A,T sequences.
These studies are complicated by the large number of potential binding sites which
need to be observed to establish the specificity. For specificity at the 9 bp level,
there are 256 unique all A, T sequences, and considerably more potential binding
sites containing one or two G,C bp.>® Further studies on a larger number of DNA

sequences should help establish the exact specificities of these compounds.
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G,C Sequences

Groove binding molecules that bind to G,C-containing sequences have proved
much more elusive. Design efforts have focused on developing an element that can
successfully hydrogen bond to G. The presence of the guanine N2H at the bottom
of the minor groove has led several investigators to simultaneously propose that hy-
drogen bond accepting groups delivered to the bottom of the minor groove ought

to favor G,C sequences.'?: 64767

During the course of the work described in this
thesis, Lown and co-workers have synthesized a number of imidazole-containing
netropsin analogs to test this proposal. Early reports concern the dicationic com-
pounds shown in figure 8, which are minimal substitutions of the parent compound
netropsin.®4+ %8 Footprinting studies indicate that these compounds exhibit a lower
specificity than netropsin, reflected by an increase in the number of sites bound.
The largest decrease is observed for the bis-imidazole compound iii. Consistent
with the original proposal, there appears to be an increased tolerance for G,C bp,
although the overall preference remains for A,T sequences. NMR studies using the
well-studied CGCAATTGCG sequence®® provide supporting evidence.®® Like the
netropsin complex, the oligonucleotide is in the B conformation, and the largest
induced chemical shifts occur in the central A,T bp. Exchange rates increase in
the order netropsin << Py-Im < Im-Im, again indicating a general decrease in
A,T binding.

Three explanations have been put forth to account for the lack of a clearly

defined G,C preference for i-iii. Calculations of the electrostatic potential of DNA
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sequences have suggested that the dicationic compounds should prefer A,T se-
quences on purely electrostatic grounds.”! A second alternative is suggested by
the original design. While replacement of CH by N should result in better fits
with G,C sequences, there is no obvious mechanism for the disfavoring of A,T
sequences.?® Indeed, the narrower minor groove of A,T DNA should still provide
better contacts to the sides of the pyrrole rings. A third possibility is that the
methylenes at both ends of the molecule are also involved in close contacts with
A,T bp.7®

Lown and co-workers have since redesigned the molecules to account for these
factors. Recently, they have reported the series of monocationic imidazole contain-
ing compounds shown in the bottom row of figure 8.6° These compounds contain
just one positive charge to minimize the electrostatic effects, and a formyl group
at the N-terminus to minimize any steric effects. As before, the monoimidazole
derivatives iv and v exhibit a predominantly A,T specificity. The bis-imidazole
compound vi, however, is complexed most strongly to a pair of CCGT sequences
on the probe DNA. Several other oligo G,C sequences are not bound even at very
high concentrations of vi. As the restriction fragment used does not contain high
affinity netropsin or distamycin sites,!” the overall specificity of this compound is
still in question.

Significant binding of vi to CCAT and CCGT sites has been confirmed by

NMR.7%:73 The NOE data support a minor groove complex with vi oriented so
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that the formamide group is adjacent to the 5/ C of the binding site. There are some
puzzling features about these complexes, especially with that of the more strongly
bound sequence.” Although the authors use a nonsymmetric DNA sequence, they
report peak doubling of the DNA protons in the binding site. Exchange with free
ligand seems unlikely because the imidazole protons are not doubled and the mil-
imolar concentrations of DNA and ligand should produce very low concentrations
of uncomplexed DNA. Nonetheless, some sort of exchange appears to be occurring
because the doubled peaks coalesce at higher temperatures. Additionally, all signif-
icant chemical shift changes are localized on one strand, indicating an asymmetric
complex. Finally, Lee et al. detect an NOE between the protons of the imidazole
rings, which are expected to be > 7 A apart in a crescent shaped conformation. It
is hoped that an X-ray structure will clarify this situation in the near future.

The success of this formamide bis-imidazole compound has provided the impe-
tus to produce pyrrole derivatives with potential for mixed G,C and A,T specificity.
The complex of netropsin analog vii, with a formyl group on the N-terminus and a
shorter methylene chain on the C-terminus, has recently been studied by NMR on
the usual CGCAATTGCG sequence.’® The chemical shift data look very similar to
that obtained for earlier A,T specific compounds,®® although the authors do detect
NOEs between the compound and the innermost G. No other data are currently

available on the specificity of vii.
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Conclusion

While the work to date delineates a reasonably well understood motif for the
sequence specific complexation of all A,T bp sequences, the situation is not so
straightforward for the complexation of other sequences. The Lown compounds
show no simple correspondence between the number of hydrogen bond acceptor
groups on a small molecule and the sequence that it recognizes. It is encouraging
however, that binding to the minor groove is not limited to A,T sequences, which
appear at present to be the usual sequence preference of groove binding small
molecules.

The validity of designed specificity based on contacts and distances is still in
question for these small molecules. This design does not take into account the DNA
conformational changes that are common features in small molecule complexes.
The success of the polypyrrole strategy may mean that the DNA structure need
not be completely known to produce results. Clearly, much more investigation is
needed to determine the range and molecular details of even the smallest molecules
complexed to DNA. It is to this general problem that the rest of this work will be

addressed.
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Chapter 2

Sequence Specific Complexation of Mixed A,T/G,C Sequences
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In order to extend the specificity observed with the longer pyrrole compounds
to other sequences, it is necessary to develop a compound that is specific for
G,C bp. Two techniques recently developed in the Dervan group hold consider-
able promise in screening for such specificity. Protection from methidium-propyl-
EDTA (MPE-Fe(II)) cleavage or MPE-Fe(II) footprinting!®: %45 is a recent ad-
dition to the DNase I7* and dimethyl sulfate’® protection experiments. Advan-
tages over previous techniques include the determination of binding sites to nu-
cleotide specificity!* and the lack of sequence specificity in the cleavage patterns
produced.!® A second recent technique is termed affinity cleaving.”® An EDTA moi-
ety is attached directly to the molecule of interest, and binding sites are revealed
by the sequence specificity of the cleavage patterns produced.

Figure 1 shows the complementary nature of these two experiments in the
determination of sequence specificity. Application of both techniques to a target
molecule allows for the correlation of specific affinity cleavage sites with the sites of
complexation, giving additional information about the orientation of the molecule
and the groove that it occupies at each of its binding sites.”” The high signal to
noise ratio of the affinity cleaving experiment allows this technique to be extended
to kb sized DNA molecules,!6: %678 giving a more complete picture of the overall

specificity and sequence preferences of the compound studied.
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Design of Potential G,C Binding Molecules

All of the groove-binding compounds in chapter 1 have some common features
presumably important for their DNA binding activity. The compounds that form
tight complexes are aromatic and positively charged, and usually form specific
hydrogen bonds with the target DNA. From the minor groove, the major difference
between A,T and G,C bp is the presence of the guanine N2 at the floor of the groove.
Thus the simplest design for a G,C specific minor groove binding molecule takes
advantage of the hydrogen bond donating ability of guanine with an aromatic ring
system containing hydrogen bond acceptors and a single positive charge. Several
different versions of such compounds have been synthesized, and are shown in
appendix D.

Attempts to footprint these compounds reveal two flaws in this simple strategy.
The DNA binding assays require a binding constant of at least 10* M~!. Affinity
cleaving at higher concentrations of cleaving agent needs mM concentrations of
iron, resulting in very high backgrounds. MPE-Fe(II) footprinting is complicated
by the potential for direct interaction between the intercalator probe and the groove
binder. Both experiments suffer from the substantial metal chelating abilities of the
synthetic compounds. In addition, such ligands prove labor-intensive to synthesize
and study.

For these reasons, a more successful strategy involves the modification of ex-

isting DNA binding ligands. The best candidates for such an approach are the
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Figure 2 Design of synthetic compounds expected to complex with single G containing sites. Circles represent
the lone pair electrons of thymine O2 and adenine N3. Dashed lines represent the expected pattern of hydrogen
bonds. A) The putative complex of the distamycin A analog D based on the crystallized complexes.'® 20 B)
Hypothetical effect of placing one hydrogen bond acceptor on the floor of the minor groove.
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polypyrrole compounds discussed in chapter 1. By utilizing the A,T specificity and
high affinity of netropsin or distamycin A to deliver a G,C bp recognizing element
to the minor groove of B DNA, it should be possible to produce hybrid molecules
that recognize mixed A,T/G,C sequences at micromolar concentrations. The de-
sign of such a molecule is shown in figure 2. The first G,C recognition element to
be examined is a heterocyclic aromatic ring capable of forming a strong hydrogen
bond to the guanine NH. Placement of this ring at the N-terminus of netropsin has
two distinct advantages. Many different aromatic acids are commercially available
or readily prepared, and the synthesis of all compounds is convergently achieved
in one step from a common dipyrrole intermediate. Production of the appropriate
C-terminal EDTA compound has also been achieved,’® so that similar chemistry
produces the analogs required for both assays. Earlier studies have shown that
the monopyrrole analog of netropsin does not bind DNA,”® and that the bind-

9,17 Two

ing constant of these compounds increases with the number of pyrroles.
pyrroles appear to offer the best compromise between the requirement for large
binding constants and the lowest possible A,T bp preferences. Similarly, a single
positive charge appears to offer the best electrostatic compromise. As shown in
figure 2, a successfully designed compound is envisioned as binding to one G,C bp,
followed by 3-4 A,T bp, having a strong preference for the orientation that gives
a hydrogen bond between the N2H of G and the N-terminal heterocycle. Such

binding should produce detectable differences from binding and cleavage patterns

of the distamycin A analog D shown in figure 2.
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Synthesis

The synthesis of this class of compounds is shown in scheme 1. The precursor
nitro-dipyrrole compounds 1 and 2 are available from pyrrole-2-carboxylic acid
in five or eight steps, in approximately 8% overall yield.”® Carbonyldiimidazole
activated coupling of the reduced dipyrrole amine and the appropriate heterocyclic
aromatic acid gives clean products in 60-85% yield. Other coupling agents gave
higher yields but less pure products. While 1 is readily reduced at atmospheric

pressure, it was necessary to hydrogenate 2 for 24 h at 50 psi in the presence of
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a large amount of palladium catalyst.”® The first compounds prepared are shown
in figure 3. Coupling of 1-methylimidazole-2-carboxylic acid to the amine derived
from 2 by several different methods fails completely. The synthesis of the imidazole

EDTA compound is shown in scheme 2.
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DNA Binding Assays

The behavior of these compounds on the 517 bp EcoR I/Rsa I restriction
fragment of pBR322 is shown in figures 4, 5, and 6. Analysis of these compounds
by MPE-Fe(II) footprinting reveals that uM concentrations of all the compounds
protect distinct 5-6 bp regions from MPE-Fe(II) induced cleavage. The location
of protected regions is determined by the published method.”” An autoradiogram
of the high resolution sequencing gel is scanned by densitometer. The footprinting
lane is compared to a standard lane obtained from MPE-Fe(Il) cleavage in the
absence of any ligand, and the nucleotides protected from cleavage are identified.
The extent of protection is measured by subtracting the protected peak heights
from the height of the nearest unaffected peak. These protection patterns are
plotted in histogram form in figures 7 and 8. Binding sites are determined by the
published model'® '* with MPE-Fe(II) cleavage protection shifted by one bp to
the 3’ end of the DNA.

On this restriction fragment, distamycin A and its analog D (figure 2) bind to
five readily interpretable sites. The 5-TTTTT-3’ site is clearly the highest affinity
site, detected at 0.5 uM. Two other sites are detected at 2 uM, and the last two
show only weak protection at concentrations below 10 uM.!3: 84 This same pattern
is observed for the thiophene-2-carboxamide-netropsin, thiophene-3-carboxamide-
netropsin, furan-2-carboxamide-netropsin, furan-3-carboxamide-netropsin, pyri-

dine-3-carboxamide-netropsin, and pyridine-4-carboxamide-netropsin derivatives.
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Figure 4 MPE-Fe(II) footprinting of the furan and thiophene analogs of D. Au-
toradiogram of an 8% high resolution denaturing polyacrylamide gel. All reactions
contain 4 mM DTT, 100 uM-bp calf thymus DNA, and 12 kcpm 5’ labeled 517 bp
restriction fragment in 40 mM Tris-acetate pH 7.9 buffer. Lane 1, intact DNA;
lane 2, Maxam-Gilbert G reaction;3° lanes 3-10 contain 4 uM MPE-Fe(II), lane 3,
MPE-Fe(Il) standard, lane 4, 2 uM D; lanes 5-6, 20 uM and 10 uM 2-FuN re-
spectively; lanes 7-8 20 uM and 10 uM 3-FuN respectively; lane 9, 5 uM 2-ThN,
lane 10, 5 uM 3-ThN.
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Figure 5 A) MPE-Fe(II) footprinting of the pyridine analogs of D. Autoradiogram
of an 8% high resolution denaturing polyacrylamide gel. All reactions contain 4 mM
DTT, 100 uM-bp calf thymus DNA, and 12 kcpm 5’ labeled 517 bp restriction
fragment in 40 mM Tris-acetate pH 7.9 buffer. Lane 1, intact DNA; lane 2, Maxam-
Gilbert G reaction;®° lane 3, A reaction;®! lanes 4-13 contain 4 uM MPE-Fe(II):
lane 4, MPE-Fe(II) standard; lane 5, 4 uM D; lane 6, 20 uM 2-PyN; lane 7,
20 uM 2-ImN; lanes 8-10 contain 35 uM, 10 uM, and 1 uM 3-PyN respectively;
lanes 11-13, 35 uM, 10 uM, and 1 uM 4-PyN respectively. B) Specific Cleavage
by the pyridine analogs of D. Autoradiogram of an 8% high resolution gel. All
reactions contain 4 mM DTT, 100 uM-bp calf thymus DNA, and 12 kcpm 5’
labeled 517 bp restriction fragment in 40 mM Tris-acetate pH 7.9 buffer. Lane 1,
intact DNA; lane 2, Maxam-Gilbert G reaction;° lane 3, A reaction;®! lane 4,
2 uM ED; lane 5, 50 uM 2-PyNE; lane 6, 70 uM 2-ImNE; lane 7, 10 uM 3-PyNE;
lane 8, 7 uM 4-PyNE.
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Figure 6 Footprinting and affinity cleaving of 2-PyN and 2-ImN. Autoradiogram
of an 8% high resolution denaturing polyacrylamide gel. All reactions contain
4 mM DTT, 100 uM-bp calf thymus DNA, and 12 kecpm 5’ labeled 517 bp restric-
tion fragment in 40 mM Tris-acetate pH 7.9 buffer. Lane 1, intact DNA; lane 2,
Maxam-Gilbert G reaction;3° lanes 3—-10 contain 4 uM MPE-Fe(Il): lane 4, 2 uM D;
lanes 5-7 2-PyN at 35, 20, and 10 uM respectively; lanes 8-10, 2-ImN at 35, 20,
and 10 uM respectively; lane 11, 2 uM ED; lane 12, 50 uM 2-PyNE; lanes 13-14,
70 and 50 uM 2-ImNE respectively.
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3-ThN at 5 uM
5-CGCCT
32p5-CGC TAG TCATGA GG GACGTCAGGTGGC GGGG-3'
R I TR TR E R PR TR
- - -

Figure 7 MPE protection patterns for the furan and thiophene compounds of
figure 3 on the 517 bp fragment of pBR322, bp 4268-335.32:83 5/ labeled data are
from figure 4; 3’ data are compiled in appendix A. Bar heights are proportional to
the protection from cleavage at each band, determined by the published method
(see text).”” Boxes represent equilibrium binding sites determined by the published
mode].!3: 14
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D at 2 uM

2-PyN at 10 uM

2-ImN at 10 uM

3-PyN at 10 uM

-

4-PyN at 10 uM

Figure 8 MPE protection patterns for the pyridine and 1-methylimidazole con-
taining compounds of figure 3 on the 517 bp fragment of pBR322, bp 4268-335.82: 83

5' labeled data are from figures 5 and 6, 3’ data are compiled in appendix A. Bar
heights are proportional to the protection from cleavage at each band, determined
by the published method (see text).”” Boxes represent equilibrium binding sites

determined by the published model.!3: 14
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These compounds give generally lower binding constants and less selectivity be-
tween sites than does D. The pyridine-3-carboxamide-netropsin compound is typ-
ical, with all five normal D sites protected at 10 uM and no detectable binding at
1 uM. The lower specificity and binding affinity for these compounds is probably a
result of the removal of the N-terminal amide of D, representing the effect of loss of
one bifurcated hydrogen bond on the overall complex stabilities at various sites.2°

Two compounds exhibit significantly different binding properties that can be
readily observed in the affinity cleaving lanes of figure 6. The data are summarized
in histogram form in figure 9. Both the pyridine-2-carboxamide-netropsin (2-PyN)
and the 1-methylimidazole-2-carboxamide-netropsin (2-ImN) compounds bind to
a new site on the 517 bp fragment that maps to a TGTCA sequence. The cleavage
patterns of the EDTA derivatives, 2-PyNE and 2-ImNE, indicate one binding site
with two equivalent orientations. This correlates with the approximate two-fold
symmetry of the new site. The cleavage is shifted toward the 3’ end of the DNA,
consistent with the presence of these compounds in the minor groove. The affinity
at all sites is reduced by at least a factor of 10. Both 2-PyNE and 2-ImNE cleave
this restriction fragment less efficiently at 50 uM than ED at 2 uM or the pyridine
isomers 3-PyNE and 4-PyNE at 10 uM.

Several minor sites, most notably the CTTTT sequence in figure 9, show the
binding and cleavage patterns expected from the original model. Both compounds
cleave this site with a strong preference for the orientation that puts the hetero-

cyclic nitrogen near the G,C bp. This specificity is reversed from the behavior of
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ED at 2 uM

-

TAGG
ATCC

‘l[lltlll&
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32p5/-CGCCT
3'-GCGGA
2-PyNE at 50 uM

ttte

2-ImNE at 70 uM

3-PyNE at 10 uM

4-PyNE at 10 uM

Figure 9 Cleavage of the 517 bp fragment of pBR322, bp 4268-335,82:83 by the

EDTA substituted analogs of figure 3. 5’ labeled data are from figures 5 and 6,
3’ data are compiled in appendix A. Arrows are proportional to the maximum

densities of the cleavage bands. Boxes represent binding sites determined by the

published method.””
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ED at the same site, and thus probably represents the expected binding mode.
However, it is clear that the major binding site of these compounds on the 517 bp
fragment unexpectedly contains a second G,C bp.

The three pyridine isomers differ only by the relative position of the nitrogen
atom in the pyridine ring, yet the DNA binding behavior changes radically for the 2
isomer. Both 3-PyN and 4-PyN exhibit normal behavior for this type of compound.
They bind strongly to A,T rich sites at 10 uM with orientation preferences and
relative site preferences identical to the parent compound D. When the pyridine
nitrogen is adjacent to the amide carbonyl, however, the binding of A,T is strongly
disfavored and the new site appears. This change in binding on isomer substitution
implicates the pyridine nitrogen in both the recognition of the TGTCA site and
the disfavoring of A,T rich sites. It also suggests that the proximity of the amide
and the heterocyclic nitrogen is important for the altered behavior of 2-PyN.

Comparison of the cleavage patterns of 2-PyNE and 2-ImNE reveals that the
imidazole compound is more selective for the TGTCA site. Although cleavage
at the new site is the same (within experimental error), cleavage at all A,T sites
is considerably reduced. There are only two major cleavage sites visible on the
517 bp fragment, the TGTCA site and a slower running site that maps to an
AGACA sequence. Again, the differences between the compounds imply an active
role for the heterocyclic nitrogen in the disfavoring of A,T sites. Simple geometric

arguments for the specificity difference are eliminated by the similar geometry
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of the two compounds, the range of observed donor acceptor angles of hydrogen
bonds®® and the fact that the compound with a five-membered ring binds less well
to A,T regions.

A possible explanation for this behavior lies in the ability of the pyridine ring
to form two isomeric complexes with any DNA sequence. The pyridine nitrogen
can either face the floor of the minor groove, where it could form a hydrogen bond
with the bases, or face out of the groove, where it is available only to solvent.
In the second conformation, 2-PyN should be very similar to 4-PyN, which binds
only A,T rich sequences. It seems reasonable that the 2-PyN/TGTCA complex is
formed with the pyridine nitrogen facing the floor of the groove (giving a putative
hydrogen bond to the N2H of G), while the 2-PyN/TTTTT complex is formed with
the ring nitrogen facing out. This N out conformation is inaccessable to 2-ImN
because of close contacts between the 1-methyl group and the floor of the minor
groove. Free in solution, these compounds are presumed to be completely hydrogen
bonded to solvent. If the complex at A,T sites is similar to that of distamycin A,
then the imidazole nitrogen must be desolvated to form a tight complex, whereas
the pyridine nitrogen facing out does not lose a hydrogen bond.

TGTCA Site Structure

Strong sites for D binding, such as the TTTTT site on the 517 bp fragment,

are known to exhibit unusual reactivity®® and structure,®” which induces local

bending.®® On binding distamycin A, the binding site undergoes a conformational



-48-

Figure 10 Structural features of 2-PyN and 2-ImN binding. = Autoradiogram
of an 8% high resolution denaturing polyacrylamide gel. All reactions contain
12 kepm 3’/ labeled 517 bp restriction fragment. Lanes 1, 3-6, and 12-24 contain
200 uM-bp calf thymus DNA in 40 mM tris acetate pH 7.9 buffer; Lanes 7-11
contain 200 uM-bp calf thymus DNA in TKMC buffer; Lane 1, intact DNA; lane 2,
Maxam-Gilbert G reaction;®° lanes 3-6 contain 4 uM MPE-Fe(II), and 4 mM DTT,
cleavage time 20 min at 37°C; lane 7, intact DNA; lanes 8-11 contain 0.33 ng
DNase I reacted for 3 min at 25°C; lanes 12-15 contain 100 uM calf thymus DNA,
100 uM potassium permanganate, 15 min at 37°C; lanes 16-19 contain 100 uM calf
thymus DNA, 136 mM diethyl pyrocarbonate, 10 min at 37°C; lanes 20-23 contain
53 mM dimethyl sulfate, reacted for 5 min at 25°C, then A>G workup;2° lanes 4, 9,
13, 17, and 21 contain 20 uM D; lanes 5, 10, 14, 18, and 22 contain 20 uM 2-PyN;
lanes 4, 9, 13, 17, and 23 contain 20 uM 2-ImN.
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Figure 11 Footprinting of 2-ImN by DNase I and DMS. Bars represent extent of
bases protected from DNase I cleavage. Triangles represent significant protection
from DMS. The 3’ data are from figure 10, the 5’ data are compiled in appendix A.
No significant changes were observed on treatment with potassium permanganate
or diethyl pyrocarbonate.

transition to an unbent, more B-like form.3% To assess the importance of altered
structure in the sequence selectivity of 2-PyN and 2-ImN, 517 bp fragment DNA
was treated with a variety of structure sensitive reagents in the presence and ab-
sence of the small molecules.

D, 2-PyN and 2-ImN all footprint with DNase I and dimethyl sulfate at the
same sites determined for MPE-Fe(II) footprinting. Upon addition of D, a hyper-
sensitive site appears at the TTTTT sequence (see lane 21), consistent with previ-
ous observations.®* At the TGTCA site, there is no evidence for hypersensitivity
to DNase, dimethyl sulfate, diethyl pyrocarbonate or potassium permanganate in
either the 2-PyN, the 2-ImN or the control lanes of figure 10. A summary of the
footprinting results for 2-ImN at the TGTCA site is shown in figure 11. DNase I
produces a larger footprint that includes the MPE-Fe(II) protection pattern, as ex-
pected from previous results.!* All purines in the site are protected from dimethyl

sulfate by 2-PyN or 2-ImN binding. Since G reacts predominantly at N7 in the
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major groove and A reacts predominantly at N3 in the minor groove,®® this is most
consistent with a DNA structural transition on complexation. The negative results
obtained with the other structure-sensitive reagents are taken as evidence that any
change in DNA conformation remains in the B family.
Double Stranded Cleavage of pBR322

It appears from the high resolution gel data that 2-PyN and 2-ImN exhibit a
completely different DNA specificity than the other ArN compounds. However, in
the resolvable region of the 167 and 517 bp fragments of pBR322, only 36% of the
512 unique five bp sequences and only 11% of the 2080 unique six bp sequences are
present. Since high resolution gels can scan only a small fraction of the potential
binding sequences in a reasonable time period, an assay capable of examining larger
DNAs has been developed!® (figure 12). A small molecule equipped with an EDTA
cleaving moiety will produce double-stranded breaks whenever two cleavage events
occur within eight bp of one another on opposite strands.?® Frequently occupied
sites will then be revealed as cleavage bands on an agarose gel. Using two singly
labeled strands and averaging the band sizes determined for each strand gives site
positions accurate to +40 bp on a 4000 bp DN A molecule as judged by the known
high affinity sites found on restriction fragments.'® Conditions used for the double
stranded assay are essentially the same as those used for high resolution, except
that the decreased background permits longer cleavage times (2 h) and the use of

ascorbate as a reductant.
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Figure 12 Double stranded cleavage specificity assay. A circular DNA is linearized with a restriction enzyme
that gives differentiable termini. Labeling with Klenow fragment of DNA polymerase I at one terminus and
treatment with the specific cleavage agent gives a set of double stranded fragments (only one shown) which can
be resolved on an agarose gel. Comparison of both labeled ends gives two independent determinations of the

cleavage site locations.
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Table 1 Sequence determining capabilities of available DNA.

DNA Size (bp)  Unique Five bp Unique Six bp
Sequences® (%)  Sequences® (%)

167 fragment® 167 26 T
517 fragment© 517 60 22
Plasmid pSN2 1288 76 37
Plasmid pBR322 4363 99 84
Bacteriophage $X174 5386 99 83
Bacteriophage M13 6407 99 83
Plasmid pAA3.7X 9583 99 94
Bacteriophage PZA 19366 99 95
Adenovirus 35937 100 100
Bacteriophage A 48502 100 99

@ Determined by the program Fivmer. (see text) P Determined by the program
Sixmer. ¢ Eco R I/ Rsa restriction fragments of pBR322.

Table 1 shows the potential of several available DN A sequences to determine
specificities at the five and six bp level. The numbers shown are from actual counts
using the FORTRAN program MERS. This program moves linearly through the
data sequence, tabulates five and six bp sequences, and produces a frequency table
containing the count of each of the 512 unique five bp sequences (Fivmer) or 2080
unique six bp sequences (Sixmer). To be confident that the observed binding sites
are representative of all DNA binding sites, it appears necessary to examine about
5000 bp for a five bp binding site and about 10,000 bp for a six bp binding site.

Cleavage of Sty I linearized pBR322 by ED, the three pyridine isomers, and

2-ImNE is shown in figure 13. The size in bp of each band is then calculated by
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Figure 13 Double-stranded cleavage of pBR322 by ED, 2-PyNE, 3-PyNE, 4-
PyNE, and 2-ImNE. Autoradiograms of 1% agarose gels. All reactions contain
1 mM sodium ascorbate, 100 uM-bp calf thymus DNA, and 24 kcpm 3’ labeled
pBR322 linearized with Sty I and labeled at only one terminus with Klenow frag-
ment. A) Lanes 1-5 are labeled on the clockwise strand with [a->2P| dATP. Lanes
6-8 are labeled on the counterclockwise strand with [a-®?P] TTP. Lane 1, intact
DNA; lane 2, molecular weight standards; lanes 3 and 6, 2 uM ED; lanes 4 and 7,
50 uM 2-PyNE; lanes 5 and 8, 70 uM 2-ImNE. B) Labeled on the clockwise strand
with [@-32P| dATP, lane 1, intact DNA; lane 2, molecular weight standards; lane 3,
2 uM ED; lane 4, 50 uM 2-PyNE; lane 5, 70 uM 2-ImNE; lane 6, 10 uM 3-PyNE;
lane 7, 7 uM 4-PyNE. C) Labeled on the counterclockwise strand with [a-32P] TTP.
Lane 1, intact DNA; lane 2, molecular weight standards; lane 3, 2 uM ED; lane 4,
50 uM 2-PyNE; lane 5, 70 uM 2-ImNE; lane 6, 10 uM 3-PyNE; lane 7, 7 uM 4-
PyNE.
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Figure 14 Cleavage sites on pBR322. Arrows represent the extent of cleavage in
each lane for figure 13. Band densities are averaged between labels, then normalized
to the 