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Table 4 compares the level of DEP/piperidine cleavage at purines on oligonucleotide
duplexes 47+48 through 60+61 in the presence of echinomycin or ethidium bromide on
denaturing polyacrylamide gels to the amount of DEP-purine adducts formed in the base-
release assay under identical DEP reaction conditions. There was good agreement between
the overall purine-DEP cleavage observed on gels and the amount of specific DEP-purine
adducts formed in the base-release assay. This agreement strongly implied that the formic
acid/heat treatment released all the nucleobases modified by DEP.Therefore, it appeared that
the DEP-purine adducts formed on these duplexes in the presence of intercalators possess
labile glycosidic bonds such that DEP-base modification can be developed into a DNA
strand scission event by heating with piperidine. Figures 37-43 demonstrate that although
different amounts of DEP-purine adducts were formed on DNA in the presence of
echinomycin and ethidium bromide, both intercalators led to the formation of the same
DEP-adenosine and DEP-guanosine adducts based on identical HPLC retention times and
UV spectra. Furthermore, only one DEP-adenosine and one DEP-guanosine adduct
appeared to be formed regardless of the intercalator or DNA base sequence used in the
reaction. This finding immediately argued that DEP did not detect Hoogsteen base-pairing

in solution but rather simple helix unwinding caused by antibiotic intercalation.



Table 4. Summary of Polyacrylamide Gel Electrophoresis (PAGE) and HPLC Analysis of DEP-Purine Reaction on
Oligonucleotide Duplexes 47-+48 through 60+61 in the Presence of Echinomycin and Ethidium Bromide.

PAGE PAGE HPLC HPLC
Overall Overall Overall Overall
Sites DEP-A DEP-G DEP-A DEP-G
Duplex (5'-39) DEP reaction @ 1:5 Ech:bp cleavage cleavage adduct adduct
47+48 TCGA Strong at sites, weak adjacent ~ Ech>EB - Ech>EB --
to sites
49+50 ACGT Moderate at sites, stronger EB>Ech -- EB>Ech --
adjacent to sites
51+52 ACGT Weak at sites, moderate EB>Ech -- EB>Ech -
adjacent to sites
53 GCGT Very weak overall EB>Ech -- EB>Ech --
ACGC
56+57 GCGT Very weak on HPLC -- - EB>Ech --
ACGC (weak)
54+55 CCGG Moderate to strong at site, EB>Ech Ech>EB EB>Ech Ech>EB
very specific modification (weak) (weak)
GCGC Moderate at sites, stronger EB>Ech Ech~EB EB>Ech Ech~EB

60+61

adjacent to sites

86
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Synthesis and characterization of reference compounds.

That both echinomycin and ethidium bromide led to DEP-purine adducts with labile
glycosidic bonds suggested that DEP-purine reaction on "large DNA" occurs at purine N7
centers as demonstrated by the studies of N. J. Leonard and co-workers.93-96 If this were
the case, depurination of DEP-modified DNA should give 5-carbethoxyamino-4,6-
diaminopyrimidine and 5-carbethoxyamino-2,4-diamino-6-hydroxypyrimidine as the DEP-
adenosine and DEP-guanosine adducts, respectively. Figure 44 depicts the structures of

these compounds.

NH, o
H NH OEt
k /I\ l o
HzN N NH2
X Y

Figure 44. 5-carbethoxyamino-4,6-diaminopyrimidine ("X") and
5-carbethoxyamino-2,4-diamino-6-hydroxypyrimidine ("Y").

Each HPLC injection in Figures 37 to 43 consumed about 30% of the total 100
nmol scale oligonucleotide-DEP reaction. Reactions of this scale could not provide enough
material for characterization by NMR spectroscopy, and this necessitated the synthesis and
characterization of reference compounds. We then assigned the structures of DEP-purine
adducts formed on duplexes 47+48 through 60+61 based on reference compounds whose
HPLC retention characteristics and ultraviolet spectra matched those DEP-purine adduct
peaks found in the HPLC chromatograms of Figures 37 to 43. This in turn reveale;d the
purine atom centers responsible for DNA-DEP hyperreactivity in the presence of
echinomycin or ethidium bromide and also described the DNA base-pairing at echinomycin

binding sites in solution.
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From the data presented above, the two pyrimidines shown in Figure 44 were likely
to represent the DEP-purine adducts and were thus chosen as the first synthetic targets.
Pyrimidine X is a known compound, synthesized by reacting a low concentration of ethyl
chloroformate with 4,5,6-triaminopyrimidine in pyridine at 0°C (see Figure 45).94 The
reported proton NMR and mass spectra of this compound were consistent with the
assigned structure, but assignment of the positional isomer was still equivocal. This was an
easy problem to solve: If substitution occurs on the 5-amino group as assigned, the product
is symmetrical about a mirror plane passing through the C2 and C5 atom centers.
Therefore, carbons 4 and 6 are equivalent and the 13C NMR spectrum should show only
six different carbon signals. Seven different carbon signals would be observed if
substitution occurred at the 4 or 6 positions. We synthesized X according to the published
procedure and found its mass and 'H NMR spectra to be as reported (see Experimental
section and Figure 48 A). The completely proton decoupled 13C NMR spectrum of X and
its precursor base 4,5,6-triaminopyrimidine are shown in Figure 47. Peak assignments
were made based on the chemical shift values given by Silverstein, Bassler and Morrill.97
As expected, the precursor base 4,5,6-triaminopyrimidine showed only three different
resonances (at 151.5, 147.6 and 106.6 ppm relative to internal standard DMSO-dg at 39.5
ppm, Figure 47 A). Product X clearly showed only six different carbon resonances at
156.4, 154.4, 147.2, 93.1, 60.7 and 14.4 ppm (Figure 47 B). Based on this finding,
product X was unequivocally 5-carbethoxyamino-4,6-diaminopyrimidine.

Product Y was made according to the scheme presented in Figure 46 (see
Experimental section for more details). The conversion of A to C via nitrosation and
reduction has been known for nearly 90 years.98 Reaction of ethyl chloroformate with C
under slightly basic conditions formed a white precipitate. When recrystallized from hot
water, this material gave about 30% Y as pale yellow needles. The assigned 1H NMR
spectrum of Y is shown in Figure 48 B. Synthetic material had a mass of 213 g/mole

(C7H11N503) and showed carbonyl absorptions in the infrared. Thus, structure Y was
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Figure 45. Synthesis of X, 5-carbethoxyamino-4,6-diaminopyrimidine.

0 0 H,0, trace NaOH 0
1 M HCl, 1.5 eq NaNO, 3.5eqNa; 5,04 NH
5°<0°C 1.5 ° C 10 mi 2
HN 5°<0 15h HN reflux 110° C 10 min HN
iy | e
> ™ ™
H,N N NH, HN N NM, H,N N NH,

A B C
93-96% Two steps

o
2eq
NH, H,0, NaHCO; N OEt
HN HN
RT 5h T
| H, SO, !
N X (o}
H,N N NH, H,N N NH,
C Y

30-40%

Figure 46. Synthesis of Y, 5-carbethoxyamino-2,4-diamino-6-hydroxyprimidine.
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Figure 47 A. Proton decoupled 22.5 MHz 13C NMR spectrum of 4,5,6-
triaminopyrimidine.
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Figure 47 B. Proton decoupled 22.5 MHz 13C NMR spectrum of 5-carbethoxyamino-
4,6-diaminopyrimidine hydrochloride.
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Figure 48 A. 400 MHz 1H NMR spectrum of 5-carbethoxyamino-4,6-
diaminopyrimidine hydrochloride.
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Figure 48 B. 400 MHz 1H NMR spectrum of 5-carbethoxyamino-2,4-diamino-6-
hydroxypyrimidine.
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Figure 49 A. Proton decoupled 22.5 MHz 13C NMR spectrum of 5-carbethoxyamino-
2,4-diamino-6-hydroxypyrimidine.
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Figure 49 B. Proton decoupled 22.5 MHz 13C NMR spectrum of [5-15N]-
carbethoxyamino-
2,4-diamino-6-hydroxypyrimidine.
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consistent with the NMR, IR and mass spectral data, but ethyl chloroformate reaction at
the 2 or 4 amino groups would have yielded the same data. The structure assigned to Y
was substantiated by making C with either Nal4NO; or >99% enriched Nal3NOj.
Conversion of C to Y (Figure 46) then gave either 5-carbethoxyamino-2,4-diamino-6-
hydroxypyrimidine or [5-15N]carbethoxyamino-2,4-diamino-6-hydroxypyrimidine,
depending on which nitrogen source was used to make the precursor base C. Because 15N
has a nuclear spin of 1/2, carbon atoms directly attached to the 15N atom should give a
doublet in the 13C NMR spectrum. Therefore, if the ethyl chloroformate modifies the 5
position of C made with Nal3NO», two doublets should appear in the 13C NMR spectrum
of Y relative to Y made with Nal4NO,. If reaction is at the 2 or 4 positions, only the
carbon 5 resonance will be split in the 13C NMR of Y. Figure 49 shows the compietely
proton decoupled 13C NMR spectra of synthetic Y. Two carbon signals at 155.9 and 89.5
ppm were split into doublets (J = 26 and 19 Hz, respectively) on going from Y made with
Nal4NO; to that made with >99% enriched NalSNO;. The signal at 89.5 ppm represents
ring carbon 5 and that at 155.9 ppm, the ethyl carbamate carbonyl carbon. Furthermore, [5-
15N]-Y had a mass of 214 g/mole (C7H;1N403 15N) and showed an electron impact mass
spectrum fragmentation pattern nearly identical to [14-N] Y, except that majéf
fragmentation peaks differed by one mass unit (see Experimental section). These results
unequivocally demonstrated Y to be 5-carbethoxyamino-2,4-diamino-6-hydroxypyrimidine.
The chromatographic properties and ultraviolet spectra of X and Y were then compared

with the products of DEP-oligonucleotide duplex reactions.

Identity of DEP-adenosine and DEP-guanosine adducts.

When injected alone, reference compound X eluted at about 15 minutes under the
HPLC method RAMP3 (Figure 50 E). This retention time was very close to that of the
suspected DEP-adenosine adduct (peak 3) resulting from depurination of DEP-duplex

47+48 reactions conducted in the presence of echinomycin or ethidium bromide (Figure 50
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A and C, respectively). When the product mixture from DEP-duplex 47+48 reactions
performed with echinomycin was spiked with synthetic compound X, no new peaks were
seen in the HPLC chromatogram, but the intensity of peak 3 increased (compare Figure 50
A and B). The same was true for DEP-47+48 reactions performed with ethidium bromide
and spiked with synthetic X (Figure 50 C and D). Note that for product mixtures spiked
with X, only enough material was added to approximately double the intensity of peak 3. If
the retention times of peak 3 and X were not identical, this amount of added X would have
clearly shown two peaks or a shoulder at peak 3 in Figure 50 B and 50 D. Also, the
amount of added X was small enough not to drown out the signal of peak 3 and thus could
not give the illusion of a single peak if, in fact, two different peaks were to exist. These
spiking experiments clearly demonstrated that compound X coeluted with peak 3 produced
in DEP-47+48 reactions containing either echinomycin or ethidium bromide. Furthermore,
the ultraviolet spectrum of compound X was identical to that of peak 3 (Figure 50 F and 50
G). Therefore, peak 3 was identified as S-carbethoxyamino-4,6-diaminopyrimidine
because its UV spectrum and HPLC retention characteristics were identical to those of
authentic material.

Figure 51 shows the results of spiking experiments conducted on DEP~49+50
reaction product mixtures. As with 47+48 above, compound X had a retention time
similar to peak 3 produced in DEP-49+50 reactions containing echinomycin or ethidium
bromide (compare Figure 51 A, 51 C and 51 E). Small amounts of added synthetic X to
the mixtures of 51 A and 51 C led only to an increase in peak 3 intensity. No new peaks or
shoulders about peak 3 could be seen (Figure 51 B and 51 D). Figure 51 Fand 51 G
shows that the UV spectrum of peak 3 in DEP-49+50 reactions was identical to that
obtained for compound X. Therefore, as with duplex 47+48, the DEP-49+50 reaction
product formed in the presence of echinomycin or ethidium bromide was identified as 5-
carbethoxyamino-4,6-diaminopyrimidine based on identical electronic spectra and HPLC

retention characteristics of authentic material.



107

Similar spiking experiments were conducted on product mixtures resulting from
oligonucleotides containing echinomycin binding sites composed entirely of G-C base
pairs. Synthetic compound Y eluted at about 18 minutes on HPLC method RAMP9 (Figure
52 E). This retention time was very similar to peak 2 seen in DEP-54+55 reactions
performed with echinomycin or ethidium bromide present (Figure 52 A and 52 C). As with
the spiking controls carried out on duplex 47+48 and 49+50 reaction product mixtures,
only a small amount of reference compound was added to duplex 54+55 reaction product
mixtures to demonstrate coelution. Comparison of Figure 52 A and 52 B shows that upon
addition of reference compound Y, the intensity of peak 2 increased and no new peaks
could be seen in the spiked sample (Figure 52 B). Figure 52 C and 52 D shows similar
results. Compound Y therefore coeluted with peak 2 produced in DEP-54+55 reactions
containing echinomycin or ethidium bromide. Panels F and G of Figure 52 demonstrate
that peak 2 and compound Y have identical UV spectra. Therefore, peak 2 produced in
DEP-54+55 reactions was identified as 5-carbethoxyamino-2,4-diamino-6-
hydroxypyrimidine based on shared HPLC retention properties and UV spectra with
authentic reference material.

The results of spiking experiments on DEP-60+61 reaction products were very
similar to those observed for DEP-54+58 reactions. Compound Y (Figure 53 E) eluted
very close to peak 2 produced in DEP-60+61 reactions containing echinomycin (Figure 53
A) or ethidium bromide (Figure 53 C). Addition of synthetic Y to the reaction mixtures of
Figures 53 A and 53 C yielded identical chromatograms, except for an increase in peak 2
intensity (Figure 53 B and 53 D). No new peaks appeared and no shoulders were seen
about peak 2 in the spiked samples. This result indicated that compound Y coeluted with
peak 2 produced in DEP-60+61 reactions containing echinomycin or ethidium bromide.
Compound Y and peak 2 also shared ultraviolet spectra (Figure 53 F and 53 G). Therefdre,
DEP-60+61 reaction in the presence of echinomycin or ethidium bromide leads to the

formation of 5-carbethoxyamino-2,4-diamino-6-hydroxypyrimidine. This represents the
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DEP-guanosine reaction product. However, significant DEP reaction also occurred at
adenosine residues on this duplex (Figures 35 and 43). Thus, some S-carbethoxyamino-
4,6-diaminopyrimidine was also produced in these reactions and appears as peak 4 in

Figure 53.

Summary.

High-resolution PAGE analysis of DEP/piperidine cleavage at adenosine and
guanosine residues on DNA and HPLC analysis of bases released from DEP-DNA
reactions containing echinomycin or ethidium bromide showed that one DEP-adenosine
and/or one DEP-guanosine adduct appeared to be formed regardless of the intercalator
present during the course of DEP-DNA reaction. Different DNA sequences yielded
different quantities of each product, but the constitution of DEP-guanosine and DEP-
adenosine adducts formed was independent of DNA base sequence. The DEP-adenosine
adduct was identified as 5-carbethoxyamino-4,6-diaminopyrimidine and the DEP-
guanosine adduct as 5-carbethoxyamino-2,4-diamino-6-hydroxypyrimidine. These two
products demonstrate that DEP-purine reaction in the presence of echinomycin or ethidium
bromide occurs at the N7 atom center, forcing us to conclude that DEP hyperreactivity onf
purine residues at echinomycin binding sites is caused by increased solvent accessibility of

purine N7 atoms.
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Figure 50. (A-E) Spiking experiments: Reversed-phase HPLC chromatograms of base-
release products from 100 nmol scale DEP-oligonucleotide duplex 47+48 reactions.
Panels are: A, 47+48-DEP reaction containing 140 UM echinomycin; B, A spiked with
synthetic X; C, 47+48-DEP reactions containing 3.4 mM ethidium bromide; D, C spiked
with synthetic X; E, synthetic X alone; F, UV spectrum of peak 3; G, UV spectrum of
synthetic X. Peaks: 1, cytosine; 2, guanine; 3, X; 4, adenine; 5, internal standard p-
anisaldehyde; 6, DEP-ethidium bromide adduct. Peak assignment was based on identical
ultraviolet spectra and HPLC retention times (coelution) of reference compounds.
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Figure 51. (A-E) Spiking experiments: Reversed-phase HPLC chromatograms of base-
release products from 100 nmol scale DEP-oligonucleotide duplex 49+50 reactions.
Panels are: A, 49+50-DEP reaction containing 140 UM echinomycin; B, A spiked with
synthetic X; C, 49+50-DEP reactions containing 3.4 mM ethidium bromide; D, C spiked
with synthetic X; E, synthetic X alone; F, UV spectrum of peak 3; G, UV spectrum of
synthetic X. Peaks: 1, cytosine; 2, guanine; 3, X; 4, adenine; 5, internal standard p-
anisaldehyde; 6, DEP-ethidium bromide adduct. Peak assignment was based on identical
ultraviolet spectra and HPLC retention times (coelution) of reference compounds.
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Figure 52. (A-E) Spiking experiments: Reversed-phase HPLC chromatograms of base-
release products from 100 nmol scale DEP-oligonucleotide duplex 54+S55 reactions.
Panels are: A, 54+55-DEP reaction containing 140 UM echinomycin; B, A spiked with
synthetic Y; C, 54+55-DEP reactions containing 3.4 mM ethidium bromide; D, C spiked
with synthetic Y; E, synthetic Y alone; F, UV spectrum of peak 3; G, UV spectrum of
synthetic Y. Peaks: 1, cytosine; 2, Y; 3, guanine; 4, X; 5, adenine, 6; internal standard p-
anisaldehyde; 7, DEP-ethidium bromide adduct. Peak assignment was based on identical
ultraviolet spectra and HPLC retention times (coelution) of reference compounds.
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Figure 53. (A-E) Spiking experiments: Reversed-phase HPLC chromatograms of base-
release products from 100 nmol scale DEP-oligonucleotide duplex 60+61 reactions.
Panels are: A, 60+61-DEP reaction containing 140 ptM echinomycin; B, A spiked with
synthetic Y; C, 60+61-DEP reactions containing 3.4 mM ethidium bromide; D, C spiked
with synthetic Y; E, synthetic Y alone; F, UV spectrum of peak 3; G, UV spectrum of
synthetic Y. Peaks: 1, cytosine; 2, Y; 3, guanine; 4, X; 5, adenine; 6, internal standard p-
anisaldehyde; 7, DEP-ethidium bromide adduct. Peak assignment was based on identical
ultraviolet spectra and HPLC retention times (coelution) of reference compounds.
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Other reagents used to characterize echinomycin-DNA complexes in
solution.

The results presented above suggest that DEP does not detect Hoogsteen base-
pairing at echinomycin binding sites, but rather helix unwinding caused by antibiotic
intercalation into DNA. Other chemical probes of nucleic acid structure were used to
characterize echinomycin-DNA complexes in solution. Bromoacetaldehyde, specific for
adenosine N1 and N6 positions, did not react measurably with any DNA sequence tested,
whether echinomycin was present or not. Dimethyl sulfate (DMS), however, was useful
for probing nucleic acid structure at echinomycin-d(GCGC), binding sites because this
reagent preferentially methylates the N7 of guanosine. This event can be converted into a
DNA strand scission via Maxam-Gilbert 79 workup and allows visualization of guanosine
N7 methylation. Recall that in a Hoogsteen base pair, the N7 atom is masked by a
hydrogen bond (Figure 11). Further, Hoogsteen C-G base pairs should be favored at low
pH because the cytosine base must be protonated to form a hydrogen bond with guanosine
N7 in this arrangement. Because DMS reacts primarily with guanosine N7, we tested the
ability of DMS to detect Hoogsteen C-G base pairs at echinomycin binding sites under
acidic conditions. ' )

DMS probing of echinomycin and ethidium bromide bound to duplex 60+61 is
shown in Figure 54. In the absence of DNA-binding small molecules, DMS modified all
guanosine residues evenly (lanes 2-3 and 13-14). DMS-guanosine reactivity was more
efficient at pH 3.7 (lanes 2 and 13) than at pH 8.0 (lanes 3 and 14). In the presence of
ethidium bromide (lanes 6-7 and 17-18), DMS modification was still fairly even, but was
much more efficient than in the absence of intercalator (Figure 54, compare lanes 2-3 with
6-7 and 13-14 with 17-18). However, in the presence of echinomycin , some guanosine
residues were methylated less efficiently by DMS at pH 3.7 than at pH 8.0 (lanes 4-5 and
15-16). The diminution of methylation at these bases was moderate but detectable and is

presented in histogram form as Figure 55 B. Figure 55 represents the difference in DMS
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methylation efficiency at pH 3.7 versus pH 8.0. For each set of DMS reactions, the amount
of cleavage and thus the extent of DMS modification at each guanosine residue obtained at
pH 8.0 was subtracted from that obtained at pH 3.7. Arrows symbolize more efficient
DMS modification and bars less efficient DMS modification at pH 3.7 relative to pH 8.0.
Figure 55 A and 55 C showed uniformly more efficient DMS methylation at pH 3.7 for
both DMS control reactions and those conducted in the presence of ethidium bromide.
Echinomycin yielded a very different pH-dependent DMS methylation pattern (Figure 55
B). Here, moderate inhibition of DMS action was seen at the guanosine residues occupying
the first and fourth base pair positions of the echinomycin binding sites 5-GCGC-3'.
Weak inhibition was also visible at two of the guanosine residues between the 5'-GCGC-3'
sequences. In addition to the inhibition of DMS methylation at the first and fourth positions
of 5'-GCGC-3' sites, there was weak-to-moderate enhancement of DMS action at the
internal guanosine residues of this sequence at pH 8.0 relative to pH 3.7.

It should be noted that we attempted to use DMS to probe echinomycin binding
sites where A-T pairs occupy the first and fourth base pair positions because DMS readily
alkylates adenosine N1 positions. In a Hoogsteen A-T base pair, adenosine N1 is exposed
to solvent and we would expect it to be modified by DMS. We substituted DMS for DEP m
the large-scale oligonucleotide duplex reactions and looked for the appearance of 1-methyl
adenosine. Unfortunately, the signal-to-noise ratio of the data from these experiments did
not allow us to detect significant amounts of 1-methyl adenosine in the absence or presence
of echinomycin or ethidium bromide. Furthermore, 1-methyl adenosine residues cannot be
mapped via Maxam-Gilbert sequencing workup like 7-methyl guanosine residues and thus
it was not possible to compare the amount of 1-methyl adenosine formation to a cleavage
band on an autoradiogram. Therefore, although DMS can in principle detect non-Watson-
Crick A-T base pairs, the reagent did not produce clear data in our assay and was best

suited for characterization of G-C base pair structure.
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Figure 54. Autoradiogram of the high-resolution denaturing polyacrylamide gel used to
analyze DMS/piperidine cleavage of the oligonucleotide duplex 60+61 in the presence of
echinomycin or ethidium bromide. Both 5' 32P end-labeled 60 (lanes 1-9) and 61 (lanes
10-18) were employed for opposite strand analysis on this duplex. DMS modification
reactions were performed in Tris-acetate buffer at pH 3.7 (lanes 2,4,6, 13,15,17) or pH
8.0 (lanes 3,5,7, 14,16,18). Lanes are: 1 and 12, intact DNA standards (STD) incubated as
for all other reactions on the gel but not treated with DMS or piperidine; 2-3 and 13-14,
DMS/piperidine control cleavage of DNA in the absence of drugs (DMS); 4-5 and 15-16,
DMS/piperidine cleavage of the duplex in the presence of 140 uM echinomycin (ECH); 6-
7 and 17-18, DMS/piperidine cleavage of DNA in the presence of 3.4 mM ethidium
bromide (EB); 8 and 10, Maxam-Gilbert chemical sequencing G-specific reaction; 9 and
11, Maxam-Gilbert chemical sequencing purine-specific reaction. DMS reaction conditions
were 100 mM Tris / 100 mM NaOAc, pH 3.7 or 8.0, 0.3 mM MgCly, 10% (v/v)
methanol, 680 uM oligonucleotide base pairs, 10 X dilution of DMS saturated in HpO and
either 140 uM echinomycin (ECH:DNA bp ~ 1:5) or 3.4 mM ethidium bromide (EB:DNA
bp ~ 5:1). The gel contained 15% (w/v) polyacrylamide, crosslinked 1:20, 50% (w/v) urea,
1X TBE buffer (see Experimental) and 2% (v/v) glycerol to prevent cracking of the gel
when drying. Gel dimensions were 0.4 mm thick at the top, 1.2 mm thick at the base, 40
cm long and 34 cm wide. Electrophoresis at 1500 V was continued until the bromophenol
blue (BPB) marker dye had migrated 25 cm from the origin.
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Figure 55. (A-C) Differential DMS/piperidine cleavage of oligonucleotide duplex 60+61
at pH 3.7 or pH 8.0 either without drugs, A, or in the presence of 140 uM echinomycin,
B, or 3.4 mM ethidium bromide, C, as determined by densitometry of the autoradiogram
shown in Figure 54. Differential DMS/piperidine cleavage patterns were obtained by
subtracting cleavage bands at pH 8 from those at pH 3.7. For example, panel A was
obtained by subtracting the bands of lane 3 from lane 2 and lane 14 from lane 13 in Figure
34. Difference DMS/piperidine cleavage patterns are shown as arrows with height
proportional to cleavage enhancement or bars with height proportional to cleavage
inhibition at pH 3.7 relative to pH 8.0.
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DISCUSSION AND CONCLUSIONS

Our results clearly show that echinomycin, triostin A, and ethidium bromide
binding to DNA enhances reaction between purines and diethyl pyrocarbonate. In general,
adenosine residues were modified more readily than were guanosine residues, probably
because of the inherently greater reactivity of adenosine residues toward DEP. The inherent
sequence-binding specificity of triostin A and echinomycin leads to specific DEP
modification of purines at or near their binding sites when the drugs bind to DNA. Further,
we found that because DEP detects bound quinoxaline antibiotics at nucleotide resolution,
DEP can be considered the preferred reagent for footprinting DNA-bound quinoxaline
antibiotics, especially in cases where several binding sites are clustered or where they
overlap. In most cases, the finer precision of DEP over MPE-Fe(II) is accompanied by
greater sensitivity of the former reagent. This is probably because MPE-Fe(II) competes
with echinomycin for DNA binding sites, whereas DEP does not. In the presence of
echinomycin, purines occupying the first and/or fourth base pair positions of echinomycin
binding sites (5'-3") reacted with DEP in decreasing order TCGA > CCGG ~ ACGT >
GCGC >> ACGC ~ GCGT. Strongest DEP modification occurred at echinomycin binding
sites of the class 5-YCGU-3' and weakest modification at binding sites of the class S'l
UCGY-3'. For duplexes 49+50 and 60+61 containing (5'-3") ACGT and GCGC sites,
respectively, greater DEP modification actually occurred immediately adjacent to rather than
within drug binding sites.

Detailed product analysis on a number of different oligodeoxynucleotide duplexes
showed that regardless of DNA sequence or intercalator used to enhance DEP-DNA
reaction, only one DEP-adenosine adduct and one DEP-guanosine adduct were formed.
Based on identical HPLC retention characteristics and electronic spectra with authentic
reference compounds, the DEP-adenosine adduct was identified as S-carbethoxyamino-4,6-
diaminopyrimidine and the DEP-guanosine adduct as 5-carbethoxyamino-2,4-diamino-6-

hydroxypyrimidine. These products correspond to N7 modification of adenosine and
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guanosine residues on the DNA strand in the presence of echinomycin and ethidium
bromide. Therefore, DEP cannot respond to Hoogsteen base-pairing at occupied
echinomycin binding sites because Hoogsteen base-pairing would protect the N7 atom
from DEP modification. Instead, DEP-purine hyperreactivity in the presence of
echinomycin, triostin A or ethidium bromide appears to result from helix unwinding at the
points of antibiotic intercalation into DNA. We postulate that DEP is apparently too large to
reach purine N7 atoms in B-DNA, but that unwinding of the helix by intercalated small

molecules changes the dimensions of DNA and allows DEP access to these centers.

Nature of the base-pairing at echinomycin binding sites in solution.

It is helpful to compare our results with the NMR and x-ray crystallographic
analyses of echinomycin-DNA and triostin A-DNA complexes. Table 5 shows that those
sequences observed to form Hoogsteen (HG) base pairs in the presence of echinomycin or
triostin A; i.e., d(CGCTACGC), or d(ACGT),, showed only weak to moderate DEP
hyperreactivity. Those sequences observed to be entirely Watson-Crick (WC) paired in the
presence of echinomycin; i.e., d(CCGG)7 and d(TCGA),, showed moderate to strong
DEP hyperreactivity in our assay. :

Apparently, either WC or HG base pairs can exist at strong echinomycin and
triostin A binding sites in solution. This suggests that an equilibrium between WC and HG
base pairs may exist at these binding sites and that the sequence determines the distribution
between WC and HG pairing in the presence of echinomycin or triostin A. Gao and Patel
observed strong purine H8-H1' nuclear Overhauser effects in echinomycin-d(GCGC); and
echinomycin-d(ACGT), complexes and took this as evidence for syn purine conformation
and thus Hoogsteen pairing in solution. However, one does not necessarily know from the
NOE signal where the HG = WC equilibrium lies. Although DEP does not appear to detect
Hoogsteen base-pairing by reacting with exposed purine N1 centers, the relative intensity

of DEP modification at a given echinomycin binding site may describe the equilibrium
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between Watson-Crick and Hoogsteen base pairs at that site. If we assume that the strong
purine H8-H1' NOE observed at echinomycin‘d(ACGT)3 and echinomycin-d(GCGC);
complexes indicates that the equilibrium favors the HG form, then we would expect limited
exposure of purine N7 atoms and thus relatively weak DEP reactivity. The absence of
purine H8-H1' NOE in echinomycin-d(TCGA); and echinomycin-d(CCGG); complexes
probably indicates equilibrium on the WC side, and here we would expect greater exposure
of purine N7 centers and thus stronger DEP reaction. We observed this pattern. We
conclude that strong DEP reactivity of purines at echinomycin binding sites indicates that
Watson-Crick base-pairing predominates. Weak DEP reactivity at these sites may indicate
that Hoogsteen pairing predominates at these sites, but we have no positive evidence for

their existence.

Table 5. Comparison of Echinomycin-Induced DEP-Purine Hyperreactivity to NMR and
X-ray Analyses of Echinomycin°'DNA and Triostin A-DNA Complexes.

Sequence Antibiotic Method HGor WC @ DEP reaction
(Ref.) 1,4 positions 1,4 positions*
d(CGTACG); triostin A X-ray (15) HG weak
d(CGTACG); echinomycin X-ray (71) HG weak
d(GCGTACGC), triostin A X-ray (72) HG weak
d(ACGTACGT); echinomycin NMR (100) HG, more stable weak-moderate
at helix ends
d(ACGT), echinomycin NMR (74) HG weak-moderate
d(GCGC), echinomycin NMR (77) WC, pH > 5.2 moderate @
HG, pH < 5.2 pH 7.0
d(TCGA), echinomycin NMR (74) wC strong
d(CCGG), echinomycin NMR (77) wC moderate-
strong

*DEP reaction (echinomycin present) at site buried within a ~34 bp oligonucleotide.
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Dimethyl sulfate (DMS) reactivity patterns suggested that isolated C-G Hoogsteen
base pairs can occur at echinomycin binding sites within a DNA fragment at low pH.
Figures 54 and 55 B show that at pH 3.7, echinomycin inhibits DMS methylation of
guanosine residues occupying the first and fourth base pair positions of 5'-GCGC-3'
sequences. Because DMS specifically methylates guanosine N7 positions, the observed
inhibition indicates pH-dependent protection of guanosine N7 by echinomycin at these
sites. Similar experiments by McLean and Waring 99 shows a similar result, but this was
apparently not detected by these authors. Gao and Patel 77 observed a pH-dependent
transition from WOC to HG base-pairing at the terminal residues on an
echinomycin-d(GCGC); complex with an apparent transition pKa of about 5.2. We believe
that the observed protection of guanosine residues from DMS methylation at 5'-GCGC-3'
echinomycin binding sites indicates a least a partial WC to HG transition at the points of
methylation inhibition. If this is indeed the case, this would be the first example of an
isolated Hoogsteen base pair to occur within an otherwise normal DNA duplex in solution.
It is somewhat surprising that C-G base pairs appear to form isolated Hoogsteen base pairs
at echinomycin binding sites within a DNA duplex while T-A pairs do not. T-A pairs were
expected to adopt the Hoogsteen form more readily than C-G base pairs because there is ;1
net loss of hydrogen bonds in C-G pairs, whereas the number of H-bonds remains
constant for T-A pairs in a WC to HG transition. However, our failure to obtain direct
evidence for Hoogsteen T-A base pairs may reflect the bias of DEP toward the N7 atom
center of purines.

Even though Hoogsteen base pairs exist at quinoxaline:DNA complexes in the solid -
and solution states, it appears more difficult for them to form when isolated within a DNA
duplex. Recent NMR work bears this out. Gao and Patel 77 showed that while Hoogsteen
base-pairing occurred at the outermost base pairs of an echinomycin-d(ACGT); complex,
the echinomycin-d(AAACGTTT); complex was entirely Watson-Crick paired. Comparable

results were found by Feigon and co-workers, who described the structure of an
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echinomycinyd(ACGTACGT); complex.100 They state: "In the echinomycin-DNA
complex reported here, we observe that stable Hoogsteen AT base pairs are formed at the
ends of the DNA helix. In contrast, Hoogsteen AT base pairs in the center of the duplex
which are constrained by the helix are much less stable."100 Both of these NMR studies
support the assertion that echinomycin does not induce Hoogsteen base-pairing at its 5'-
ACGT-3' binding sites within DNA. Other than our findings with DMS, no data are
available for echinomycin-d(GCGC) complexes residing within a larger helix, but we
would expect that isolated Hoogsteen C-G base pairs can exist at low pH within the context
of a large DNA duplex. However, at neutral pH, it appears that echinomycin and triostin A
bind DNA by simple bisintercalation and do not induce Hoogsteen base pair formation at
their binding sites. Therefore, we do not yet feel that the design of DNA binding molecules
that recognize or stabilize Hoogsteen base pairs is a practical approach toward the design of

G-C-specific DNA binding ligands.
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CHAPTER 2

Chemical and Enzymatic Probing of DNA Structure
Adjacent or Distal to Echinomycin Binding Sites
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INTRODUCTION

Chapter one of this thesis shows that DEP is a valuable tool for sensitive and
precise footprinting of quinoxaline antibiotics bound to DNA. We have also established that
DEP reacts specifically with the N7 atom of purines within DNA when the helix is
unwound by an intercalator. From this knowledge and studies by other groups, we feel that
either Watson-Crick or Hoogsteen base pairs can exist at triostin A-DNA and
echinomycin-DNA complexes in solution. Along with the results that led to these
conclusions, we found that an alternating d(A-T)g segment became hyperreactive to DEP in
the presence of echinomycin, although this tract did not appear to constitute a strong
echinomycin binding site. The nearest strong echinomycin binding site was six base pairs
distant from the d(A-T)g segment, and it appeared that distal echinomycin binding events in
some way caused the d(A-T)g tract to react with DEP. The d(A-T)g segment does not
appear to be B-form DNA because the B-form is refractory to DEP modification. Using
DNase I and DNase II to footprint echinomycin, Low et al. observed dramatic cleavage
enhancement by both enzymes at A-T-rich sequences near strong echinomycin binding
sites. They state that: "This increased susceptibility to nuclease attack can be attributed to an
altered helix conformation in the vicinity of the bis-intercalated echinomycin molecule."14
We believe that the DEP reactivity at the A-T segment in the presence of echinomycin is
another measure of altered helix structure caused by echinomycin binding to DNA.
Apparently, a distal echinomycin binding event can transmit helix unstructuring into the A-
T segment, causing it to react with DEP. In this chapter, we characterize the d(A-T)g
segment structure in the presence of echinomycin, using a variety of enzymatic and
chemical probes. Further, we find that other repeating sequences adjacent to étrong
echinomycin binding sites exhibit increased reactivity to DEP in the presence of

echinomycin, and we discuss these results in terms of allosteric effects of echinomycin
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binding to DNA. In general, echinomycin binding to DNA appeared to unwind or

otherwise alter the structure of DNA adjacent and/or distal to its binding sites.

RESULTS

Purines distal to strong echinomycin binding sites react with DEP in the
presence of echinomycin.

Figure 56 presents the autoradiogram of MPE-Fe(II) and DEP/piperidine
footprinting of echinomycin on the 628 bp restriction fragment from plasmid pDMG10. In
the absence of echinomycin, DEP does not react with the DNA to a significant extent (lanes
7 and 22), but in the presence of 12.5 to 100 uM echinomycin (lanes 8-11 and 23-26),
numerous purines reacted with DEP and these showed up as dark bands in the
autoradiogram. Densitometric analysis of these results is presented as Figure 57. Most of
the purines reactive to DEP in the presence of echinomycin mapped to echinomycin binding
sites independently determined by MPE-Fe(II) footprinting (compare Figure 57 A and 57
E). An exception to this correspondence is the A-T-rich tract of DNA centered at about
position 40 (see scale at bottom of Figure 57). Even 100 uM echinomycin failed to protec"t
the A-T tract from MPE-Fe(II) digestion (Figure 57 D), but as little as 12.5 uM added
echinomycin increased the DEP-reactivity of purines within this segment (Figure 57 E).
Increasing from 12.5 to 100 uM echinomycin concentration, the DEP-adenosine reaction
intensity increased and the reaction pattern spread outward until all but the last 5' adenosine
residues of the A-T segment reacted with DEP (Figure 57 H). Interestingly, the reaction
pattern within this segment was shifted toward the 3' side, even though DEP reacts with
purine N7 atoms in the major groove of DNA. Because MPE-Fe(Il) intercalates into DNA,
it may be that weak echinomycin binding to the A-T segment increased the DEP reactivity
of adenosine residues there, but that MPE-Fe(II) readily displaced weakly bound

echinomycin and thus showed no cleavage inhibition. We checked the ability of DNase I to
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Figure 56. MPE-Fe(Il) and DEP/piperidine footprinting of echinomycin on a large DNA
restriction fragment. Autoradiogram of 5' (lanes 1-13) and 3' (lanes 14-26) 32P end-labeled
628 bp Eco RI-Bg! 1 restriction fragment from plasmid pDMG10. Lanes: 1 and 16, intact
DNA; 2 and 17, MPE-Fe(II) cleavage of DNA in the absence (-) of echinomycin; 3-6 and
18-21, MPE-Fe(Il) cleavage of DNA in the presence (+) of echinomycin at 12.5, 25, 50
and 100 uM, respectively; 7 and 22, DEP/piperidine cleavage of DNA in the absence (-) of
echinomycin; 8-11 and 23-26, DEP/piperidine cleavage of DNA in the presence (+) of
echinomycin at 12.5, 25, 50 and 100 uM, respectively; 12 and 14, Maxam-Gilbert 79
chemical sequencing G-specific reaction; 13 and 15, Maxam-Gilbert chemical sequencing
purine-specific reaction. The gel was scanned from the bottom to the arrow (at left).
Brackets denote the 5' (T-A)g segment hyperreactive to DEP. Reaction conditions were 10
mM Tris pH 7.4, 50 mM NaCl, 400 uM DNA calf thymus base pairs, 10%(v/v) methanal
and 0, 12.5, 25, 50 or 100 uM echinomycin.
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Figure 57. Densitometric analysis of MPE-Fe(II) and DEP/piperidine footprinting of
echinomycin. (A-D) MPE-Fe(Il) cleavage inhibition patterns of DNA in the presence of
echinomycin at 12.5, 25, 50 and 100 uM, respectively, bound to 100 bp of the 628 bp
restriction fragment, as determined by densitometry from the autoradiogram in Figure 56.
(E-H) DEP/piperidine cleavage patterns on DNA in the presence of 12.5, 25, 50 and 100
UM echinomycin, respectively, bound to the same 100 bp of DNA, as determined by
densitometry of the autoradiogram in Figure 56. MPE-Fe(Il) cleavage inhibition patterns
(A-D) are shown as histograms or bars with the height proportional to the reduction of
cleavage at each nucleotide compared with MPE-Fe(II) cleavage of unprotected DNA.
DEP/piperidine cleavage patterns (E-H) are shown as arrows, with the height proportional
to the enhancement of cleavage at each nucleotide compared to DEP/piperidine cleavage of
unbound DNA. The scale at the bottom corresponds to the first 5' thymidine in the Eco RI
site of plasmid pDMG10 defined as position 1. Boxes are the assigned echinomycin
binding sites based on the model in References 4 and 16.
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Figure 58. DNase I footprinting of echinomycin. Autoradiogram of 5' (lanes 1-8) and 3’
(lanes 9-16) 32P end-labeled 628 bp Eco RI-Bgl I restriction fragment from pDMG10.
Lanes: 1and 11, intact DNA; 2 and 12, DNase I cleavage of unprotected DNA; 3-6 and 13-
16, DNase I cleavage of DNA in the presence of 6.25, 12.5, 25 or 50 uM echinomycin,
respectively; 7 and 9, Maxam-Gilbert chemical sequencing G specific reactions; 8 and 10,
Maxam-Gilbert chemical sequencing purine specific reactions. Reaction conditions were 10
mM Tris-HCI pH 7.9, 10 mM KCl, 10 mM MgCl,, 5 mM CaCly, 10% (v/v) methanol and
200 uM DNA base pairs. DNA was digested for 2 minutes at room temperature with 1.32
ng of DNase L
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detect echinomycin binding at the A-T segment. Although DNase I also binds to DNA, its
ability to displace bound ligands is believed to be much less than that of MPE-Fe(II)
because DNase I is a much more sensitive footprinting reagent than is MPE-Fe(II). 101
Figure 58 shows DNase I footprinting of echinomycin on the same restriction
fragment used for MPE-Fe(II) and DEP footprinting. In the absence of echinomycin,
DNase I cleaved the DNA efficiently, but with a moderate degree of sequence preference
(lanes 2 and 12). As 6.25 to 50 UM echinomycin was added (lanes 3-6 and 13-16), large
spans of DNA were protected from DNase I cleavage. However, at the highest
echinomycin concentration tested, the A-T rich segment of DNA at the bottom quarter of
Figure 58 was still cleaved efficiently by DNase 1. Thus, any echinomycin binding to this

segment must be very weak.

Echinomycin does not protect the A-T segment from cleavage by
MPE- Fe(Il) or EDTA-Fe(II).

The ultimate test for weak binding to DNA is to use a footprinting reagent that does
not bind to DNA and thus cannot displace weakly bound ligands. To this end, we tested
EDTA-Fe(II) for its ability to detect echinomycin binding at the A-T segment. EDTA-Fe(Hj
is a very small and thus precise footprinting tool. In the presence of an appropriate reducing
agent and hydrogen peroxide, the EDTA-Fe(II) complex is thought to generate hydroxyl
radicals via Fenton chemistry.102 The hydroxyl radicals then oxidatively damage nucleic
acid sugars in a fashion similar to MPE-Fe(II)-mediated DNA cleavage.103,104 The ‘
advantage of EDTA-Fe(Il) is that it possesses a net negative charge and is thus unlikely to
interact with DNA because of electrostatic repulsion. A comparison of MPE-Fe(Il) and
EDTA-Fe(Il) footprinting of echinomycin bound to the 628 bp pDMG10 restriction
fragment is presented in Figure 59. In the absence of echinomycin, EDTA-Fe(1I) produced
a sequence neutral cleavage ladder (lanes 5 and 16). At 12.5 or 50 UM echinomycin (lanes

6-7 and 17-18), several discrete points of inhibition appeared in the EDTA-Fe(II) cleavage
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pattern, each covering only one to three residues. These are displayed as histograms in
Figure 60 along with the MPE-Fe(II) cleavage inhibition patterns produced under identical
reaction conditions. There was good correspondence between the MPE-Fe(Il) and
EDTA-Fe(Il) cleavage inhibition patterns, the major differences being size and intensity of
the cleavage inhibition pattern for each reagent. Where echinomycin yielded intense and
relatively long regions of MPE-Fe(Il) cleavage inhibition (Figure 60 A and B), protection
from EDTA-Fe(Il) cleavage was much less intense and extended over only one to three
residues (Figure 60 C and D). Echinomycin appeared to protect only the one to two 3'
extreme residues of its binding sites from EDTA-Fe(Il) cleavage on both strands. The
cleavage inhibition patterns for both MPE-Fe(II) and EDTA-Fe(II) were shifted to the 3'
side, consistent with echinomycin binding via the minor groove of DNA. However, neither
pattern revealed any protection of the A-T segment by echinomycin. Because EDTA-Fe(II)
does not bind to DNA, its apparent failure to detect echinomycin binding to the A-T
segment cannot be due to displacement of weakly bound antibiotic at this region. Thus,
three different reagents, MPE-Fe(II), DNase I and EDTA-Fe(II) all showed that
echinomycin does not bind the A-T-rich segment of this DNA restriction fragment with
high affinity. |
The cause of adenosine-DEP hyperreactivity in this segment in the presence of
echinomycin was still unknown, but we feel that an alternate DNA structure may underlie
the observed hyperreactivity. We next employed a variety of reagents and buffer conditions

in order to describe the structure of the A-T segment in the presence of echinomycin.

Echinomycin does not induce S1 nuclease hypersensitivity at the. A-T
segment.

S1 nuclease is a valuable enzymatic probe of nucleic acid structure. It specifically
cleaves single-stranded DNA under acidic conditions with optimal activity occurring at

about pH 4.3.105 Figure 61 shows S1 nuclease cleavage of the 628 bp restriction fragment
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Figure 59. MPE-Fe(II) and EDTA-Fe(Il) footprinting of echinomycin. Autoradiogram of
the high-resolution denaturing 8% polyacrylamide gel containing 5' (lanes 1-9) or 3' (lanes
10-18) 32P end-labeled 628 bp Eco RI-Bgl I restriction fragment from plasmid pDMG10.
Lanes: 1 and 12, buffered, intact DNA (STD) incubated with sodium L-ascorbate but
without MPE-Fe(Il) or EDTA-Fe(Il); 2 and 13, MPE-Fe(Il) control cleavage of unbound
DNA,; 3-4 and 14-15, MPE-Fe(Il) cleavage of DNA bound by 12.5-50 uM echinomycin; 5
and 16, EDTA-Fe(Il) control cleavage of unbound DNA; 6-7 and 17-18, EDTA-Fe(Il)
cleavage of DNA bound by 12.5-50 uM echinomycin; 8 and 10, Maxam-Gilbert chemical
sequencing G-specific reactions; 9 and 11, Maxam-Gilbert chemical sequencing purine-
specific reactions. MPE-Fe(Il) reaction conditions were 10 mM Tris-HCl pH 7.4, 50 mM
NaCl, 200 uM calf thymus DNA bp, 4 uM MPE, 8 uM Fe(NH4)2(SO4)2 (FAS), 1 mM
sodium L-ascorbate and 0, 12.5 or 50 pM echinomycin. EDTA-Fe(II) reaction conditions
were identical except that MPE and iron were replaced by 200 uM EDTA and 400 uM
FAS. MPE-Fe(Il) digestion of DNA was carried out for 2 minutes at 37°C, EDTA-Fe(Il)
digestion of DNA for 10 minutes at 37°C.
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Figure 60. MPE-Fe(II) (A-B) and EDTA-Fe(Il) (C-D) cleavage inhibition patterns on
about 100 bp of the 628 bp pPDMG10 DNA restriction fragment in the presence of 12.5 uM
echinomycin (A and C) or 50 uM echinomycin (B and D), as determined by densitometry
from the autoradiogram in Figure 59. MPE-Fe(II) and EDTA-Fe(II) cleavage inhibition
patterns are shown as histograms or bars with the height proportional to the reduction of
cleavage at each nucleotide compared with MPE-Fe(II) or EDTA-Fe(Il) cleavage of
unprotected DNA. Boxes are the assigned echinomycin binding sites based on the model in
References 4 and 16.
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Figure 61. S1 nuclease probing of echinomycin binding to DNA at various pH values.
Autoradiogram of high-resolution denaturing 8% polyacrylamide gel containing 5' (lanes 1-
6, 19-20 and 23) or 3' (lanes 7-18, 21-22 and 24) 32P end-labeled 628 bp Eco RI-Bgl 1
restriction fragment from plasmid pDMG10. 4 units of S1 nuclease were used to digest
either unbound DNA (lanes 1-12) or DNA in the presence of 50 UM echinomycin (lanes
13-18). Digestion was carried out at pH 2.7 (lanes 1, 7, 13), pH 3.7 (lanes 2, 8, 14), pH
4.7 (lanes 3, 9, 15), pH 5.7 (lanes 4, 10, 16), pH 7.0 (lanes S, 11, 17) or pH 8.0 (lanes 6,
12, 18). Lanes 23 and 24 are intact DNA (STD). Lanes 19 and 21 are the Maxam-Gilbert
chemical sequencing G-specific reactions, lanes 20 and 22 the Maxam-Gilbert chemical
sequencing purine-specific reactions on this fragment. S1 nuclease digestion conditions
were 100 mM Tris / 100 mM sodium acetate (NaOAc) pH 2.7, 3.7, 4.7, 5.7, 7.0 or 8.0
with HCl, 0.5 mM ZnSO4, 10% (v/v) methanol, 200 uM calf thymus DNA bp and 0 or 50
UM echinomycin. Digestion was for 10 minutes at 37°C.
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Figure 62. S1 nuclease probing of echinomycin binding to DNA: S1 nuclease unit study.
Autoradiogram of high-resolution denaturing 8% polyacrylamide gel containing 5' (lanes 1-
4 and 13-14) or 3' (lanes 5-12 and 15-16) 32P end-labeled 628 bp Eco RI-Bg! I restriction
fragment from plasmid pDMG10. S1 nuclease digestion of DNA was performed either in
the absence of echinomycin, lanes 1-8, or in the presence of 50 uM echinomycin, lanes 9-
12. DNA was digested with either no S1 nuclease (lanes 1, 5, 9), 6 units (lanes 2, 6, 10),
60 units (lanes 3, 7, 11) or 600 units (lanes 4, 8, 12) of S1 nuclease. Lanes 13 and 15 are
the Maxam-Gilbert chemical sequencing G-specific reactions, lanes 14 and 16 the Maxam-
Gilbert chemical sequencing purine-specific reactions on this DNA restriction fragment.
Digestion conditions were 100 mM Tris / 100 mM NaOAc pH 4.7 with HCI, 0.5 mM
ZnSO04, 10% (v/v) methanol, 200 uM calf thymus DNA bp and 0 or 50 uM echinomycin
for 1 hour at 37°C.



146

12 34 58 6 7 8 8

=

—
-
=
-

L

(TR
t

[ 7T



147

from pDMG10 at various pH values. Lanes 1-6 show that the nuclease was active at and
below pH 5.7 because the 5' radiolabel of the 628 bp Eco RI-Bg!/ I fragment from
pDMG10 resides at the end of a 4 nucleotide (nt) single-stranded overhang generated by
Eco RI digestion. 4 units of S1 nuclease removed greater than 95% of this label in the pH
range 2.7-5.7 (Figure 61 lanes 1-4). At pH 7 and 8§, the nuclease was inactive, shown by
retention of the 5' label in lanes 5 and 6. On 3' end-labeled DNA, the label resides within a
double-stranded region of DNA and was not removed by S1 nuclease unless the DNA was
denatured. In the absence of echinomycin, S1 nuclease did not appreciably cleave the
restriction fragment (lanes 7-12). Note that the 3' label was lost in lane 7, probably because
of denaturing of the DNA duplex ends at pH 2.7. In the presence of 50 pM echinomycin,
S1 nuclease also failed to cleave the DNA to any significant extent throughout its active pH
range (lanes 13-16). When larger amounts of S1 nuclease were employed for longer times
at pH 4.7, similar results were obtained (Figure 62). Therefore, echinomycin did not
impart any S1 nuclease hypersensitivity at or adjacent to its binding sites on the 628 bp

restriction fragment from pDMG10.

In the presence of echinomycin, KMnO4 modifies T residues within the A-T
segment but not those at strong echinomycin binding sites.

KMnOQy, like OsOy4, is a chemical probe specific for thymidine residues. Both are
believed to act by oxidizing thymidine residues across the 5,6 double bond.106,107 This
lesion can then be developed into a DNA strand break by Maxam-Gilbert chemical
sequencing workup. In general, B-DNA is unreactive to both these reagents and they react
specifically with partially or wholly unwound T residues.84.107,108 In our hands, both
reagents gave nearly identical results, but KMnQOg4 gave a consistently better signal/noise
ratio. KMnOy had the further advantage of being much less toxic than OsO4. KMnOy
modification of the 628 bp fragment from pDMG10 is shown in Figure 63. In the absence
of echinomycin (lanes 1 and 10) KMnOy did not significantly modify the DNA. In the
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presence of 6.25 to 50 UM echinomycin, several T residues became reactive to KMnQy
(lanes 2-5 and 11-14). Densitometric analysis of these results is shown in Figure 64. T
residues at strong echinomycin binding sites such as 5'-TCGA-3' failed to react with
KMnOy4 even at 50 uM echinomycin, but T residues within the A-T segment distal to the
5'-TCGA-3' sites were reactive to KMnQy at the lowest echinomycin concentrations tested
(Figure 63). At S0 uM echinomycin, all except the last §' T residues within the A-T
segment reacted moderately with KMnOy4 (Figure 63, lanes 2 and 11 and Figure 64 B).
Furthermore, the reaction pattern was 3' shifted and looked much like the DEP-adenosine
reactivity pattern shown in Figure 57 H. No clear pattern appeared for the other T residues
reactive to KMnOy4 in the presence of echinomycin except that T residues at strong
echinomycin binding sites did not react with the probe: The palindromic sequence 5'-
AGGATCCT-3' is a moderate echinomycin binding site and only the 3' extreme T residue
was moderately KMnQOy4-reactive, but the T residues within the sequence 5'-TCGT-3', a
strong echinomycin binding site, did not react with KMnOy4 even at 50 uM echinomycin

(Figure 64).

Neocarzinostatin (NCS) and Bleomycin Aj-Fe(II) (BLM) footprinting of
echinomyecin.

NCS and BLM are naturally occurring antibiotics that damage DNA by oxidative
degradation of the deoxyribose moiety.11,109.110 Unlike MPE-Fe(II) or EDTA-Fe(Il),
NCS and BLM each exhibit a moderately strong sequence binding/cleavage preference,
NCS preferring to cleave at A or T residues and BLM at GT, GC and GG sequences. Both
BLM and NCS appear to bind and damage DNA via the minor groove, although the modes
of DNA binding and cleavage mechanisms differ for each reagent (see Discussion). NCS
and BLM damage to the 628 bp fragment from pDMG10 is shown in Figure 65. In the
absence of echinomycin, NCS damage to DNA was modest and showed the expected

sequence preference (lanes 2 and 13). The A-T-rich segment at the bottom third of the gel



149

Figure 63. KMnO4 reactivity in the presence of echinomycin. Autoradiogram of high
resolution denaturing 8% polyacrylamide gel containing 5' (lanes 1-7) or 3' (lanes 8-14)
32p end-labeled 628 bp Eco RI-Bg! 1 restriction fragment from plasmid pDMG10. Lanes: 1
and 10, KMnOgy/piperidine cleavage of unbound DNA, 2-5 and 11-14, KMnQOy/piperidine
cleavage of DNA in the presence of 6.25, 12.5, 25 or 50 uM echinomycin, respectively.
Lanes 6 and 8 are the Maxam-Gilbert chemical sequencing G-specific reactions, lanes 7 and
9 the Maxam-Gilbert chemical sequencing purine-specific reactions on the 628 bp DNA
fragment. Reaction conditions were 100 mM Tris / 100 mM NaOAc pH 7.0 with HCI, 200
HM calf thymus DNA bp, 10% (v/v) methanol, 0-50 UM echinomycin and 50 uM KMnOQy.
KMnQO4 modification was for 15 minutes at 37°C.
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Figure 64. KMnOy4/piperidine cleavage patterns in the presence of 12.5 pM echinomycin
(A) or 50 uM echinomycin (B) on about 90 bp of the 628 bp restriction fragment from
plasmid pDMG10, as determined by densitometry of the autoradiogram in Figure 63.
KMnOy/piperidine cleavage patterns are shown as arrows with height proportional to
cleavage enhancement at each nucleotide compared to KMnOg/piperidine cleavage of
unbound DNA. Boxes represent the echinomycin binding sites on this fragment
independently determined by MPE-Fe(Il) footprinting.
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was subject to uniform damage by NCS. The NCS cleavage ladder actually resembled an
MPE-Fe(1]) cleavage ladder missing the rungs at GC-rich sequences. In the presence of
12.5 or 50 uM echinomycin (Figure 65, lanes 3-4 and 14-15) mild but significant changes
appeared in the NCS-mediated cleavage patterns of DNA. The most visible of these
changes occurred at the A-T-rich segment near the bottom of the gel. NCS-mediated
cleavage of this segment in the presence of echinomycin had the form of a well when
compared to cleavage in the absence of drug. There was slight inhibition of NCS action at
the center of the A-T segment that was accompanied by a spreading and intensification of
NCS-mediated cleavage at both ends of the A-T segment (compare Figure 65 lane 2 with 4
and lane 13 with 15). This pattern was even more evident in Figure 66, which shows NCS
cleavage of the 628 bp fragment from plasmid pDMAG10. NCS efficiently cleaved the A-T
segment in the absence of echinomycin (Figure 66 lanes 1 and 4). 12.5 or 50 uM
echinomycin inhibited NCS cleavage at the center of the A-T segment and enhanced NCS
cleavage at the ends of the A-T segment (compare Figure 66 lane 1 with lanes 2-3 and lane
4 with lanes 5-6). Densitometric analysis of the NCS cleavage inhibition by echinomycin
on pDMG10 is presented in Figure 67 A and B. NCS-mediated cleavage inhibition by
echinomycin is shown as bars and NCS-mediated cleavage enhancement by echinomycin is
shown as arrows (Figure 67A and B). Changes in NCS action at other sequences on this
fragment showed that NCS damage to DNA was inhibited within and enhanced directly
adjacent to strong echinomycin binding sites. On average, the patterns of NCS cleavage
inhibition by echinomycin were shifted to the 3’ side and agreed well with the echinomycin
binding sites determined by MPE-Fe(II) footprinting. However, the inherent specificity of -
NCS for damaging A or T residues makes it a limited reagent for footprinting a G-C
specific DNA binding ligand such as echinomycin.

Bleomycin cleavage of the 628 bp DNA restriction fragment in the absence of
echinomycin gave a more intense and specific pattern than did neocarzinostatin (Figure 65

lanes 5 and 16). BLM cleavage of the A-T-rich segment showed an apparent strand
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Figure 65. Neocarzinostatin (NCS) and Bleomycin Aj-Fe(Il) (BLM) footprinting of
echinomycin. Autoradiogram of high-resolution denaturing 8% polyacrylamide gel
containing 5' (lanes 1-9) and 3' (lanes 10-18) 32P end-labeled 628 bp Eco RI-Bg! 1
restriction fragment from plasmid pDMG10. Lanes: 1 and 12, intact DNA standards
subjected to 100 mM NaOH /0.1 mM EDTA / heat workup; 2 and 13, NCS cleavage of
unbound DNA; 3-4 and 14-15, NCS cleavage of DNA in the presence of 12.5-50 uM
echinomycin, respectively; 5 and 16, BLM cleavage of unbound DNA, 6-7 and 17-18,
BLM cleavage of DNA bound by 12.5-50 uM echinomycin, respectively; 8 and 10,
Maxam-Gilbert chemical sequencing G-specific reactions; 9 and 11, Maxam-Gilbert
chemical sequencing purine-specific reactions on the 628 bp fragment. Reaction conditions
were 100 mM Tris / 100 mM NaOAc pH 7.0 with HCl, 200 uM calf thymus DNA bp,
10% (v/v) methanol, 0, 12,5 or 50 uM echinomycin and either 4 units of NCS (protein +
chromophore in 15 mM NaOAc pH 5.0, Bristol Laboratories) or 4 UM BLM (Blenoxane) /
4 uM FAS. In addition, NCS reactions contained 10 mM 2-mercaptoethanol and BLM
reactions contained 4 mM dithiothreitol (DTT). Cleavage of DNA was allowed to proceed
for 20 minutes at 37°C and the DNA was precipitated and rinsed with ethanol. BLM
cleavage products were ready for application to the gel at this point, but NCS cleavage
products were developed by heating the DNA in 100 mM NaOH /0.1 mM EDTA for 30
minutes at 90°C. The mixture was then cooled, reprecipitated from ethanol and vacuum-
dried before application onto the polyacrylamide gel.
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Figure 66. Neocarzinostatin (NCS) footprinting of echinomycin. Autoradiogram of high-
resolution denaturing 8% polyacrylamide gel containing 5' (lanes 1-3 and 7-8) and 3'
(lanes 4-6) 32P end-labeled 628 bp Eco RI-Bgl 1 restriction fragment from plasmid
pDMAGI10. Lanes: 1 and 4, NCS cleavage of unbound DNA; 2-3 and 5-6, NCS cleavage
of DNA bound by 12.5-50 uM echinomycin; 7, Maxam-Gilbert chemical sequencing G-
specific reaction; 8, Maxam-Gilbert chemical sequencing purine-specific reaction on this
restriction fragment. Reaction conditions were 100 mM Tris / 100 mM NaOAc pH 7.0 with
HCI, 0.025 mM ZnSQy4, 200 uM calf thymus DNA bp, 10% (v/v) methanol, 4 units of
NCS (protein + chromophore in 15 mM NaOAc pH 5.0, Bristol Laboratories) and 10 mM
2-mercaptoethanol. NCS damage progressed for 15 minutes (dark) at 37°C and samples
were then subjected to heat/base workup.
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Figure 67. Densitometric analysis of NCS and BLM footprinting of echinomycin.
Differential DNA cleavage patterns produced by neocarzinostatin (A-B) or bleomycin
Ajy-Fe(Il) (C-D) in the presence of 12.5 uM echinomycin (A and C) or 50 pM echinomycin
(B and D) on about 100 bp of the 628 bp pDMG10 restriction fragment, as determined by
densitometry of the autoradiogram in Figure 65. Differential neocarzinostatin (NCS) and
bleomycin Aj-Fe(II) (BLM) DNA cleavage patterns are shown as bars with height
proportional to NCS or BLM cleavage inhibition and as arrows with height proportional to
NCS or BLM cleavage enhancement at each nucleotide compared to NCS or BLM cleavage
of unbound DNA. Boxes are the assigned echinomycin binding sites independently
determined by MPE-Fe(II) footprinting on this restriction fragment. The scale at the bottom
is as in Figures 57 and 59.
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preference, cleaving this segment only weakly on the 5' strand while cleaving the 3' labeled
strand quite efficiently (compare the bottom third of Figure 65 lanes 5 and 16). In the
presence of 12.5 or 50 uM echinomycin (lanes 6-7 and 17-18), BLM cleavage patterns on
this fragment changed markedly. BLM cleavage inhibition predominated in the top half of
each of these lanes, whereas BLM cleavage modulation was more complex on the lower
half of each of these lanes. BLM cleavage of the A-T segment in the presence of
echinomycin resembled a well: Echinomycin protected the core of the A-T segment from
BLM cleavage and rendered the outer edges of the A-T segment more susceptible to BLM
cleavage (compare lane 5 with lane 7 and lane 16 with 18 in Figure 65). This is shown in
graphic form to the left of Figure 67 C and D, bars showing BLM cleavage inhibition and
arrows showing BLM cleavage enhancement. This inhibition/enhancement pattern was
similar to that obtained with NCS under similar conditions (compare Figure 67 A and C, B
and D). Inhibition of BLM cleavage by echinomycin over the upper half of Figure 65 is
plotted to the right in Figure 67 C and D. BLM cleavage inhibition by echinomycin is
shifted to the 3' side and mapped to the echinomycin binding sites independently
determined by MPE-Fe(Il) footprinting. As with NCS, the inherent sequence specificity of

BLM limited its use as a footprinting reagent.

Distamycin A abolishes reactivity of the A-T segment toward DEP in the
presence of echinomycin.

The 17 bp run of A-T rich DNA in the 628 bp Eco RI-Bg! I fragment of pPDMAG10
is sandwiched by two strong echinomycin binding sites, 5'-TCGA-3". We tested the ability
of distamycin A or echinomycin to affect DNA binding of each other when their individual
binding sites were juxtaposed. Figure 68 presents the autoradiogram containing the results
of this test. In the absence of either drug, MPE-Fe(Il) produced its usual even ladder of
DNA cleavage products (lanes 2 and 19). 4 uM distamycin A (lanes 4 and 21) protected

virtually all of the 17 bp A-T-rich sequence from cleavage by MPE-Fe(II). This is seen as a
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Figure 68. MPE-Fe(Il) and DEP/piperidine footprinting of echinomycin and distamycin
A. Autoradiogram of high-resolution denaturing 8% polyacrylamide gel containing 5'
(lanes 1-15) or 3' (lanes 16-30) 32P end-labeled 628 bp Eco RI-Bgl I restriction fragment
from plasmid pDMAGI10. Lanes: 1 and 18, buffered, intact DNA (STD); 2 and 19,
MPE-Fe(Il) cleavage of unprotected DNA; 3 and 20, MPE-Fe(II) cleavage of DNA in the
presence of 50 uM echinomycin (E); 4-5 and 21-22, MPE-Fe(Il) cleavage of DNA in the
presence of 4-10 uM distamycin A (D); 6-7 and 23-24, MPE-Fe(Il) cleavage of DNA in
the presence of 50 uM echinomycin plus 4-10 uM distamycin A, respectively (E+D,
echinomycin added first); 8 and 25, DEP/piperidine cleavage of unbound DNA; 9-10 and
26-27, DEP/piperidine cleavage of DNA in the presence of 4-10 uM distamycin A; 11 and
28, DEP/piperidine cleavage of DNA in the presence of 50 UM echinomycin; 12-13 and 29-
30, DEP/piperidine cleavage of DNA in the presence of 50 uM echinomycin plus 4-10 uM
distamycin A (echinomycin added first); 14 and 16, Maxam-Gilbert chemical sequencing
G-specific reactions; 15 and 17, Maxam-Gilbert chemical sequencing purine-specific
reactions on this fragment. Reaction conditions were 100 mM Tris / 100 mM NaOAc pH
7.0 with HCI, 200 puM calf thymus DNA bp, and 10% (v/v) methanol. MPE-Fe(II)
reactions also contained 4 uM MPE, 8 uM FAS and 1 mM sodium L-ascorbate. DEP
reactions contained 68 mM DEP. After initial equilibration of drugs and MPE-Fe(II),
MPE-Fe(Il) cleavage was allowed to proceed for 35 minutes at 37°C. DEP modification of
DNA was allowed to proceed for 10 minutes at 37°C.
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Figure 69. Densitometric analysis of MPE-Fe(II) and DEP/piperidine footprinting of
echinomycin and distamycin A. (A-E) are the MPE-Fe(Il) cleavage inhibition patterns in
the presence of 4 uM distamycin A (A), 10 uM distamycin A (B), 50 uM echinomycin (C),
4 uM distamycin A + 50 uM echinomycin (D) or 10 uM distamycin A + 50 uM
echinomycin (E) on about 100 bp of the 628 bp Eco RI-Bg! I restriction fragment from
plasmid pDMAGI10, as determined by densitometry of the autoradiogram in Figure 68. (F-
H) are the DEP/piperidine cleavage patterns on the same 100 bp of DNA in the presence of
50 uM echinomycin (F), 4 uM distamycin A + 50 uM echinomycin (G) or 10 uM
distamycin A + 50 UM echinomycin (H), as determined by densitometry of Figure 68.
MPE-Fe(Il) cleavage inhibition patterns are shown as histograms or bars with height
proportional to the reduction of MPE-Fe(Il) cleavage at each nucleotide compared to
MPE-Fe(Il) cleavage of unbound DNA. DEP/piperidine cleavage patterns are shown as
arrows with height proportional to the enhancement of DEP/piperidine cleavage at each
nucleotide compared to DEP/piperidine cleavage of unbound DNA. Boxes are the assigned
echinomycin or distamycin A binding sites based on the model in References 4, 16 and 88.
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large gap in the MPE-Fe(II) cleavage pattern when compared to control cleavage of
unbound DNA. Higher concentrations of distamycin A (lanes 5 and 22) protected the same
region as well as some less A-T-rich DNA from MPE-Fe(Il) cleavage. This is presented in
graphic form as Figure 69 A and B. 50 uM echinomycin alone (lanes 3 and 20) protected
several regions of DNA on this fragment from MPE-Fe(Il) cleavage. The protected regions
mapped to the sequences (5'-3") TCATCGA, TCGA, AGGATCCT, ACGCCGGACGC,
TCGT, CCGG, TCACCGG, AGGT and GCGG (Figure 69 C). It was readily apparent
that echinomycin and distamycin A each bind entirely different DNA sequences on this
fragment (compare Figure 68 lane 3 with lanes 4-5, lane 20 with lanes 21-22 and Figure 69
Cto A and B). When 50 uM echinomycin was allowed to bind the restriction fragment and
distamycin A was added subsequently, the resulting MPE-Fe(II) cleavage inhibition
patterns closely resembled a simple summation of the MPE-Fe(Il) cleavage patterns
produced by each drug in the absence of the other (Figure 68 lanes 6-7 , lanes 23-24 and
Figure 69 D and E). It appeared that on this restriction fragment, echinomycin and
distamycin do not compete with one another for DNA binding.

Echinomycin and distamycin A differed not only in their DNA sequence binding
preferences, but also in their abilities to enhance DEP-purine hyperreactivity upon bindiné
to DNA. In the absence of either drug; DEP/piperidine did not cleave the DNA to a
significant extent (Figure 68 lanes 8 and 25). Both 4 and 10 uM echinomycin failed to
enhance any significant DEP-purine reactivity (lanes 9-10 and 26-27). As seen before on a
similar restriction fragment, 50 uM echinomycin dramatically enhanced DEP-purine
reaction at and adjacent to its binding sites (lanes 11 and 28). However, addition of 4 and
10 uM distamycin A to DEP-DNA reactions containing echinomycin selectively and almost
totally inhibited DEP reaction of the adenosine residues within the A-T rich segment
(compare lane 11 with lanes 12-13 and lane 28 with lanes 29-30). Figure 69 E-H presents
the densitometric analysis of these results. Note that reactivity of all the other purines to

DEP was not significantly affected by the addition of distamycin A to the system.
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Distamycin A therefore selectively abolished the DEP reactivity of purines at its binding

sites.

NaCl concentration dependence of echinomycin induced DEP-purine
reactivity.

Figure 70 shows the DEP/piperidine cleavage patterns in the presence of O or 50
UM echinomycin over the entire aqueous solubility range of NaCl. In the absence of
echinomycin (lanes 1-6 and 17-22), DEP did not modify the 628 bp fragment from
pDMG1O to a significant extent. There was no NaCl concentration dependence upon the
DEP reactivity of this DNA fragment in the absence of echinomycin. This result implied
that high or low NaCl concentrations did not cause gross structural rearrangements to occur
on this DNA fragment in the absence of echinomycin. DEP/piperidine cleavage in the
presence of 50 UM echinomycin produced a number of intense cleavage bands on the
autoradiogram (lanes 7-12 and 23-28). As before on this restriction fragment, these
cleavage bands mapped to the first and/or fourth base pair positions of echinomycin
binding sites with the exception of the A-T-rich segment at the bottom quarter of the gel.
Densitometric analyses of results are presented in Figure 71. Two previously undetecteé
5'-GGGG-3' echinomycin binding sites were seen within the G10 run and showed the 1,4
pattern of DEP/purine reaction (see Figure 71 B and C).

Significant modulation of the DEP/piperidine cleavage patterns produced by
echinomycin occurred over the range of "zero” NaCl to saturated NaCl. Overall
DEP/piperidine cleavage outside echinomycin binding sites was inversely proportional to
NaCl concentration (Figure 70 lanes 7-12 and 23-28). The DEP reactivity of adenosine
residues within the A-T segment decreased markedly on progressing from 10 mM to 1.0 M
to saturated NaCl (Figure 71 A-C). Further, the DEP reactivity of adenosine residues
adjacent to assigned echinomycin binding sites decreased with increasing NaCl

concentration. Several examples include the base pairs at positions 64, 99 and 120-121.
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Figure 70. DEP/piperidine footprinting of echinomycin: NaCl concentration dependence.
Autoradiogram of high-resolution denaturing 8% polyacrylamide gel containing either 5'
(lanes 1-14) or 3' (lanes 15-28) 32P end-labeled 628 bp Eco RI-Bg! I restriction fragment
from plasmid pDMG10. DEP/piperidine cleavage was performed either without drug (lanes
1-6 and 17-22) or in the presence of 50 uM echinomycin (lanes 7-12 and 23-28) at "0" mM
NaCl (no added salt, lanes 1,7,17,23), 10 mM NaCl (lanes 2,8,18,24), 1.0 M NaCl (lanes
3,9,19,25), 4.0 M NaCl (lanes 5,11,21,27) or saturated NaCl (lanes 6,12,22,28). Lanes
13 and 15 are the Maxam-Gilbert chemical sequencing G-specific reactions, lanes 14 and
16 the Maxam-Gilbert chemical sequencing purine-specific reactions on this DNA
restriction fragment. Reaction conditions were 10 mM Tris. HCI pH 7.4, 0, 0.01, 0.1, 1.0,
4.0 or saturated NaCl, 200 uM calf thymus DNA bp, 10% (v/v) methanol and 68 mM
DEP. Reaction was for 15 minutes at room temperature.



168

= =
DEP DEP/ECH oo oo DEP DEP/ECH
, DEF

1 i i
23 242526 27 28

H 1 T
1 2345857809101 12131151617

i
18 19 20 21 22

j

i ww
\ I‘u‘
it
ke
i
i
b 4

f
N
IR

|
I
|
EH

§ m ‘\‘” !

i = - = ———— — —— -
- _o- o= - - s . e .-
B - e =2 =
= bl = =
e
- s - e —

]
1
|
|
|
l

¥
[
¥
Vi
()
i
i !
|

'

1

LT

NNy
iy

EREN

Frerm
BRRR] [

by
[
/IR I

I

ey
L AREE
WLy

WM\ [

i

I
il
L]
i

|
il

\' ! w m
(B T

(2]
g T

‘\m‘ [
v ]

T T
"
»

o T
o
]
e o
(T
T
¥ \m\ i

]
N
]
(T
L IR



169

Figure 71. NaCl concentration dependence of DEP/piperidine cleavage patterns in the
presence of 50 uM echinomycin on about 100 bp of the 628 bp Eco RI-Bg! I restriction
fragment from plasmid pDMG10, as determined by densitometry of the autoradiogram in
Figure 70. DEP/piperidine cleavage patterns at 50 pM echinomycin plus 10 mM NaCl (A),
1.0 M NaCl (B) or saturated NaCl (C) are shown as arrows with height proportional to the
enhancement of DEP/piperidine cleavage at each nucleotide compared to DEP/piperidine
cleavage of unbound DNA at the same NaCl concentration. Boxes are the assigned
echinomycin binding sites based on DEP/piperidine cleavage at the first and/or fourth base
pair positions of four base pair echinomycin binding sites containing a central 5'-3' CG,
CC, GG or CA dinucleotide.38 The scale at bottom corresponds to the first 5' thymidine of
the Eco RI site of pPDMG10 defined as position 1.



10 mM NaCl ' | l

A 111 ;llllllu | |
5 - ITCGAITAAGCTTATATATATATAAAAAGGGGGGGGG CG
3 - TIAGCTATTCGAATATATATATATTTTTCCCCCCCCCCAGC

Poapreee ,| ]

} Iy l I [} '

ACGCAfTCG cccccncm ccachceTfecagrTe
&ccc}‘rlwcﬂg GCCjcTAGTGGC EGGTEECCA';GCCIAAC
T

Qo
Ill
=]
3
ao
aon
-y
- (5]
aa
oo
— | > =)
GIG]
-
>
aa
Qo
X«
aa
oo

1.0 M NaCl

d c”“llncu; llc Il Iy oo by b
5-AITCGA|[TAAGCTTATATATATATAAAAAGGIGGGGIGGGGITCG GGATCCT|C CG| GGACGCAITCG CGGICATCACCG CCAICIAGGTIGCGG|TTG
3-TAGCTIATTCGAATATATATATATTTTTCCICCCCICCCCIAGCTIAITCCTIAGGA|GA[TGClGIGCCITGCGlTIAGC GCCIGTAGTIGGC GGT|GITCCAICGCCAAC

, oty ] ]ttT'ftl]I |t |

ll lllllulllul ll; Il Il Y TR Y VTR
5- AIlTCGAITAAGCTTATATATATATAAAAAGGIGGGG|GGGGITCGA|TIAGGA|TCCTICTIACGICICGCIACGCIAITC G GICCGGICATCAICCGGICIGCCA|CJAGGT|IGCGG|TTG
3 - TIAGCTATTCGAATATATATATATTTTTCCICCCCICCCCIAGCTIMITCCTIAGGAIGA|TGCIGIGC CITGCG|TIAGC CIGGCCIGTAG GCCIGICGGTIGITCCA|CGCCAAC

’ IRRRE ‘ Pttt oy I it tott ot

Sat'd NaCl

s i ' i | - 1 L 'l I} I |

30 40 50 60 70 80 90 100 110 120

0L



171

Within strong echinomycin binding sites, the dependence of NaCl concentration
upon DEP reactivity was less clear. Adenosine residues on both strands within the 5'-
TCGA-3' site starting at position 24 reacted more intensely with DEP as NaCl
concentration increased. A similar increase in DEP-purine reactivity with increasing NaCl
concentration was seen at the sites (5'-3") GGGG, AGGA, ACGC, TCGT and CCGG.
However, a second 5'-TCGA-3' site at position 60 showed increased adenosine-DEP
reactivity on the upper strand and decreased adenosine-DEP reactivity on the lower strand
as NaCl concentration increased. In general, DEP-purine reactivity within strong
echinomycin binding sites increased with increasing NaCl concentration and DEP-purine
reactivity adjacent or distal to strong echinomycin binding sites decreased with increasing
NaCl concentration. Similar results were obtained using 10 mM to 4 M MgCly (data not
shown). In addition, the clarity of this autoradiogram also allowed the assignment of two
new 5'-GGGG-3' echinomycin binding sites within the G10 segment present in plasmid

pDMG10.

pH dependence of DEP/piperidine cleavage.

Figure 72 shows DEP/piperidine cleavage patterns in the presence of 0 or 50 uM
echinomycin in tris-acetate (TA) buffer pH 2.7, 3.7, 4.7, 5.7, 7.0 or 8.0. In the absence
of echinomycin, DEP/piperidine cleavage of the 628 bp fragment from pDMG10 was very
weak (lanes 1-6 and 17-22). At the lowest pH values employed, slightly greater cleavage
was observed at most adenosine residues, probably because of slow depurination (de-
adenylation) of the DNA at pH 2.7 and 3.7. Other than this, no significant DEP/piperidine
cleavage occurred without echinomycin over the pH range 2.7 to 8.0. This implied that
acidic conditions alone do not grossly affect the structure of this DNA restriction fragment.
Addition of 50 uM echinomycin to the system gave the usual pattern of intense
DEP/piperidine cleavage bands (lanes 7-12 and 23-28). Progressing from reactions

conducted at pH 2.7 to those performed at pH 8.0, some DEP/piperidine cleavage
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Figure 72. DEP/piperidine footprinting of echinomycin: pH dependence of the reaction.
Autoradiogram of high-resolution denaturing 8% polyacrylamide gel containing 5' (lanes 1-
14) or 3' (lanes 15-28) 32P end-labeled 628 bp Eco RI-Bgl I DNA restriction fragment
from plasmid pDMG10. DEP/piperidine cleavage was performed either without drug (lanes
1-6 and 17-22) or in the presence of 50 uM echinomycin (lanes 7-12 and 23-28) at pH 2.7
(lanes 1,7,17,23), pH 3.7 (lanes 2,8,18,24), pH 4.7 (lanes 3,9,19,25), pH 5.7 (lanes
4,10,20,26), pH 7.0 (lanes 5,11,21,27) or pH 8.0 (lanes 6,12,22,28). Lanes 13 and 15
are the Maxam-Gilbert chemical sequencing G-specific reactions, lanes 14 and 16 the
Maxam-Gilbert chemical sequencing purine-specific reactions on this DNA fragment. DEP
reaction conditions were 100 mM Tris / 100 mM NaOAc pH 2.7,3.7,4.7,5.7,7.0 or 8.0
with HCl, 10% (v/v) methanol, 200 uM calf thymus DNA bp, 0 or 50 uM echinomycin
and 68 mM DEP. DEP modification of DNA was for 10 minutes at 37°C. “
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Figure 73. pH dependence of DEP/piperidine cleavage patterns in the presence of 50 uM
echinomycin on about 100 bp of the 628 bp fragment from pDMG10, as determined by
densitometry of the autoradiogram in Figure 72. DEP/piperidine cleavage patterns at 50 uM
echinomycin in buffer pH 2.7 (A), pH 4.7 (B) or pH 7.0 (C) are shown as arrows with
height proportional to the enhancement of DEP/piperidine cleavage at each nucleotide
compared to DEP/piperidine cleavage of unbound DNA in the same pH buffer. Boxes are
the assigned echinomycin binding sites based on DEP-purine reactivity at the first and/or
fourth base pair positions of four base pair echinomycin binding sites centered around the
dinucleotides 5'-3' CG, CC, GG or CA.88 The scale at the bottom corresponds to that
shown in Figure 71.
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bands intensified while others diminished. These findings are presented graphically in
Figure 73. For most purines, the change in DEP reactivity was moderate throughout the
pH 2.7 to 8.0 range tested. DEP reactivity at the A-T segment in the presence of
echinomycin remained essentially constant, tapering off slightly at higher pH values.
Inspection of Figure 73 A-C shows a general trend in the observed DEP-purine reactivity at
echinomycin binding sites: As pH increased, the degree of guanosine-DEP reactivity
increased gradually, whether the G was within or adjacent to an echinomycin binding site.
The dependence of DEP-adenosine reactivity upon pH was slightly different. Within
echinomycin binding sites, DEP-adenosine reactivity increased with increasing pH,
whereas the opposite was true of DEP-adenosine reactivity adjacent to echinomycin binding
sites. For example, compare adenosine-DEP reaction at the 5-TCGA-3' echinomycin
binding site (positions 60-64) to that at the sequence 5'-ATCA-3' (positions 98-101) in
Figure 73 A-C.

DISCUSSION

Structure of d(A-T), segments.

Alternating A-T copolymeric DNA segments have the capacity to adopt an array of
non-B-form DNA structures. Based on previous x-ray diffraction,!1l NMR 112 and
nuclease digestion studies,!13 Klug er al.114 suggested that d(A-T), sequences adopt an
"alternating B-DNA" structure in order to maximize 5'-A-T-3' base overlap. Recent
nuclease digestion studies by Suggs and Wagner 115 support the hypothesis that d(A-T),
structure consists of a dinucleotide repeat with an alternating sugar-phosphate backbone
structure, even when the d(A-T), segment is buried within a large DNA fragment.
McClellan er al.108 reached a similar conclusion using micrococcal nuclease and OsOy to

probe the structure of a d(A-T)16 segment imbedded within a plasmid DNA. Thus, in the
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absence of any torsional stress or unusual buffer conditions; 1.e., high salt or low pH, d(A-
T)n segments appear to exist in a non-B-DNA structure.

Under conditions of negative supercoiling, d(A-T), segments within DNA are
readily extruded into cruciform structures to relieve torsional stress. Extensive studies
detailing cruciform extrusion have been carried out by Lilley and co-workers
34,35,87,108,116 and by others 36:86 using chemical probes, nuclease hypersensitivity and 2-
D gel electrophoresis to characterize cruciform formation. Cruciform extrusion is facile for
alternating d(A-T), sequences when n is greater than about 8-10. Other non-B-form
structures are available to d(AT),. McLean et al. 117 and Wang et al. 118 showed that
alternating A-T base pairs can also adopt the left-handed Z-form when flanked by short
d(C-G),, sequences. As will be discussed below, the d(T-A)g tract hyperreactive to DEP in
the presence of echinomycin appears to adopt yet another structure, that of partially

unwound DNA.

The d(T-A)g segment hyperreactive to DEP in the presene of echinomycin is
not a cruciform or single-stranded DNA.

The DEP-adenosine hyperreactivity patterns produced at the A-T segment of
pDMG10 in the presence of 50 UM echinomycin were shifted to the 3' side and covered
most of this A-T segment (Figures 57, 69 and 76). This pattern is inconsistent with the
formation of a cruciform loop at the A-T-rich segment in the presence of echinomycin
because DEP modifies cruciform structure intensely and specifically at purine residues
within the single-stranded loop region of the cruciform.86:87 Also, no torsional stress was
available to extrude the A-T segment into a cruciform because all DEP modifieation
reactions were performed on relaxed, linear DNA restriction fragments. It is possible that
bound echinomycin molecules provide a microenvironment of torsional stress that is du€ to
local helix unwinding, but this is unlikely to be large enough to induce cruciform extrusion.

Furthermore, the d(T-A)g stretch of alternating copolymer within the entire A-T stretch is
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probably too short to adopt a cruciform structure, except under forcing conditions.108
Other observations argued against cruciform formation and/or single-strand character at the
A-T segment were the lack of S1 nuclease hypersensitivity of this segment (Figures 61 and
62) and the failure of bromoacetaldehyde (BAA) to react with adenosine residues at the A-T
segment in the presence of 50 uM echinomycin (data not shown). Both these reagents are
powerful probes of single-stranded nucleic acids 119-122, and their failure to act suggested
that echinomycin did not induce single-stranded character in the A-T segment. We would
also have expected to see a diminution in MPE-Fe(II) mediated cleavage at the loop region
of a cruciform because MPE-Fe(Il) specifically binds double-stranded nucleic acids.123
This diminution of MPE-Fe(II) cleavage was not observed. A similar argument is true for
DNase I digestion because Drew 124 and Drew and Travers 125 showed that DNase I
recognizes the twin sugar-phosphate backbones in the minor groove of right-handed DNA.
DNase I actually cleaves some of the residues within the A-T segment more efficiently in
the presence of echinomycin, inconsistent with cruciform formation or single-stranded

character of this segment.

The d(T-A)¢ segment does not form Z-DNA in the presence of
echinomycin.

d(T-A); sequences do not readily undergo the B ---> Z transition. Although d(T-
A); can adopt the Z conformation when flanked by d(G-C), sequences,!17 d(A-T), base
pairs in Z-DNA are less stable than d(G-C), base pairs in this conformation.!18 The d(T-
A)g segment contained within plasmids pDMG10 and pPMAG10 was neither flanked by
d(G-C), sequences nor under any torsional stress when subjected to DEP treatment. ‘In the
presence of echinomycin, the DEP-reactivity of adenosine residues within the A-T segment
decreased with increasing NaCl concentration (Figures 70 and 71). High NaCl
concentrations are known to assist the B ---> Z transition. 24,126 Because adenosines

within Z-DNA are extremely reactive to DEP,83 the results of Figures 70 and 71 are
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contrary to Z-DNA formation within the A-T segment in the presence of echinomycin. The
pattern of KMnOy reactivity also argues against Z-DNA formation at the A-T segment in
the presence of echinomycin. As with OsO4 84107 we would have expected to observe
KMnO4 modification only at B-Z junctions, but Figures 63 and 64 show KMnQOy4 to
modify regions putatively within the Z-DNA regions. Clearly, the A-T rich segment of the
plasmids studied cannot be forming Z-DNA in the presence of echinomycin.

Discussion up to this point has focussed on what structures are notr adopted by the
A-T-rich segment in the presence of echinomycin. We are confident that it is not B-DNA,
not Z-DNA, not single-stranded DNA and not a cruciform loop. This description is
informative, but not very specific. Below we present a model in which the A-T-rich

segment is partially unwound by a distal echinomycin binding event.

Influence of echinomycin upon A-T segment structure.

The dependence of DEP-adenosine reactivity at the A-T segment upon echinomycin
concentration suggests that a distal echinomycin binding event causes a structural
rearrangement to occur within the A-T segment. Figure 57 E-H shows that DEP reactivity
of adenosine residues within the A-T segment grew in intensity and spread over most of thé
A-T segment as echinomycin concentration was increased. This finding is consistent with
a model where a structural rearrangement nucleates at the core of the A-T segment at low
echinomycin concentrations and then propagates to cover most of the A-T segment at high
echinomycin concentrations. We do not believe that binding of echinomycin to the A-T
segment is responsible for the increased DEP-adenosine reactivity. Because three side-by-
side copies of the sequence 5-TATA-3' occur within the A-T segment, we would have
expected to see a repeating pattern of DEP-adenosine reactivity if echinomycin were to bind
those sites. Such a pattern was not observed. Further, MPE-Fe(I), DNase I and

EDTA-Fe(Il) footprinting methods failed to detect strong echinomycin binding to the A-T
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segment. The pattern of KMnOy4 reaction within the A-T segment also supports the idea
that echinomycin does not bind to the A-T rich segment (see below).

KMnOy specifically modifies thymidine residues in unwound and single-stranded
DNAs by addition to the 5,6 double bond. KMnOy is not subject to direct in-line attack by
nucleophilic base positions as are DEP, DMS and other alkylating/acylating reagents.
Instead, the permanganate "sits down" upon the 5,6 double bond of thymidine and oxidizes
this bond to disrupt base aromaticity. Base damage is then converted into a DNA strand
break by conventional Maxam-Gilbert chemical sequencing workup.”® B-DNA is
unreactive toward KMnQOy, probably because this form of the polymer does not provide
enough room for KMnQOy4 to approach the thymidine 5,6 double bond in a geometry
productive for oxidation. Figures 64 and 65 show that KMnOj4 does not modify T residues
at strong echinomycin binding sites such as (5'-3") TCGA and TCGT, even at high
echinomycin binding densities. Echinomycin binding to these sites unwinds the DNA, yet
in the presence of the drugs, KMnOjy failed to react with T residues at these sequences. A
simple explanation for this finding is that stacking of the antibiotic quinoxaline ring(s)
blocks vertical approach of KMnOy4 upon the 5,6 double bond of unwound thymidine
residues. KMnO4 modification of T residues within the A-T segment increased witﬁ
increasing echinomycin concentration (Figure 64 lanes 2-5 and 11-14, Figure 65 A and B).
If echinomycin were to bind the A-T segment, we would have expected an opposite trend
in the KMnOy4 reactivity of T residues because the intercalated quinoxaline rings should
block KMnO4 modification of thymidine residues within the A-T segment. As seen for
DEP-adenosine reactivity, the KMnO4-thymidine reactivity pattern starts at the core of the
A-T segment, then intensifies and spreads throughout the entire segment as echinomycin
concentration increases. This pattern of KMnQ4 reactivity is consistent with progressive

unwinding of the A-T segment as echinomycin concentration increases.
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Neocarzinostatin and Bleomycin probing of the A.T segment in the
presence of echinomycin.

Figures 65 and 67 show that NCS and BLM cleavage inhibition by echinomycin
bound to the 628 bp pDMG10 fragment mapped primarily to the echinomycin binding sites
independently determined by MPE-Fe(II) footprinting. There also appeared a modicum of
NCS and BLM cleavage enhancement adjacent to the defined echinomycin binding sites,
especially at higher echinomycin binding densities. NCS and BLM cleavage of the A-T
segment in the presence of 12.5 or 50 UM echinomycin was remarkably similar. In each
case, 12.5 uM echinomycin rendered the ends of the A-T segment more susceptible to
NCS and BLM cleavage relative to NCS/BLM cleavage of unbound DNA. 50 uM
echinomycin accentuated the NCS/BLM cleavage enhancement at the ends of the A-T
segment and protected a few bases at the core of the A-T segment from NCS or BLM
cleavage (Figure 67 B and D).

The nonprotein chromophore of neocarzinostatin (NCS-C) is responsible for DNA
damage by NCS and is known to intercalate into DNA.127.128 NCS-C cleaves the polymer
by thiol-catalyzed abstraction of the sugar 5' proton primarily at A and T residues.10® The
preferred binding site for the NCS-C is 5'-GNT-3', with intercalation at the G-N step and
cleavage at T.129 The DNA-binding mode of bleorﬁycin is less clearly defined. The issue
as to whether BLM binds via intercalation, groove binding or a combination of both modes
remains to be resolved, but it is clear that BLM also cleaves DNA by oxidative degradation
of the sugar residue, primarily by H4' abstraction.!11.110 BLM preferentially cleaves at the
pyrimidine sugar in the sequences 5'-3' GT and GC.!1,110 1t is surprising that two such -
different reagents gave similar cleavage modulation patterns at the A-T segment in the
presence of echinomycin. Particularly interesting is the inhibition of NCS-C and BLM
cleavage at the core of the A-T segment at high echinomycin binding densities.

In the absence of other data, the simplest interpretation is that echinomycin occupies

a 5'-ATAT-3' site at the A-T segment core and thus blocks cleavage there by NCS-C and
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BLM. However, MPE-Fe(Il) failed to detect any binding of echinomycin to this segment.
Because MPE and NCS-C have similar DNA binding affinities 104.129 and both bind via
intercalation, we would expect NCS-C to readily displace weakly bound echinomycin at the
A-T segment as would MPE-Fe(Il), resulting in no cleavage inhibition. This pattern was
not observed. An alternative explanation is that NCS-C recognizes a more complex and
specific DNA structure and that long-range unwinding of the A-T segment by echinomycin
disrupts the structure recognized by the NCS-C, thus lowering its affinity and cleavage
intensity at the points of maximal DNA unwinding/unstructuring. It is particularly
interesting that NCS-C cleavage inhibition occurred only at the core of the A-T segment.
According to our model, unwinding of the A-T segment nucleates at the same positions
where maximal NCS-C cleavage inhibition occurred, consonant with the latter
interpretation of the NCS-C cleavage inhibition data. However, we cannot rule out the
possibility that NCS-C is detecting weakly bound echinomycin at the core of the A-T
segment. We feel that the same is true for the observed inhibition of BLM cleavage at the
core of this segment. Another interesting feature of the NCS-C and BLM cleavage patterns
at the A-T segment in the presence of echinomycin is the cleavage enhancement at both
ends of the segment. This pattern is reminiscent of the enhanced OsOy4 reactivity at BZ
junctions in DNA.84.107 We thus interpret the NCS-C and BLM cleavage intensity maxima
at or near the ends of the A-T segment to indicate a junction between canonical B-DNA
outside the A-T segment and an unwound DNA structure within the A-T segment in the
presence of echinomycin. It may be that the structure of this junction is preferentially
recognized by both NCS-C and BLM. Partial unwinding at these "junction” sequences
may facilitate intercalation and/or recognition of DNA by NCS-C and BLM, leading to
more efficient cleavage, while extensive unwinding at the core of the A-T-rich segment may

displace the recognition elements, leading to decreased BLM and NCS-C cleavage there.’
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Conditions affecting B-DNA stability.
Distamycin A,

Distamycin A is known to stabilize B-form DNA and can tip the B-Z and B-A
equilibrium in favor of the B-form by binding to and thus stabilizing this form.2:42 We
believe that distamycin A also disfavors the putative unwinding of the A-T segment induced
by a distal echinomycin binding event. Figures 68 and 69 show that on the 628 bp
fragment from pDMAG10, distamycin A and echinomycin did not directly compete with
one another for binding sites. Also, echinomycin induced a DEP reactivity pattern at the A-
T segment of the fragment virtually identical to that produced under similar conditions on
plasmid pDMG10. While distamycin A failed to induce any DEP-purine reactivity even at
10 uM concentrations, this drug selectively inhibited DEP-adenosine reaction at the A-T
segment in the presence of 50 UM echinomycin (Figure 69 F-H). This inhibition cannot be
due to direct steric blockage of DEP action by distamycin A because DEP modifies DNA in
the major groove (purine N7), whereas distamycin A binds in the minor groove of DNA.
We believe that distamycin A binding to the A-T-rich segment stabilizes the DNA within
that region such that long-range helix unwinding by a distal bound echinomycin can no

longer take place.

NaCl concentration and pH dependence of DEP reactivity.

Addition of sodium chloride to the buffer appeared to have a similar effect as did
distamycin A upon DEP-adenosine reactivity at the A-T segment in the presence of
echinomycin. Figures 70 and 71 show that as NaCl concentration increased, DEP-
adenosine reactivity within the A-T segment decreased. This observation suggests that
higher sodium chloride concentrations stabilize the A-T segment, making it more difficult to
deform. Alternatively, high NaCl concentrations may stabilize the A-T segment to such a
degree that weak echinomycin binding to the region is depressed, but we favor the

interpretation that high NaCl concentrations stabilize the A-T segment and prevent its
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unwinding by echinomycin bound at least 6 bp away. Variation of buffer pH in the range
2.7 to 8.0 had little effect on the DEP-adenosine reactivity at the A-T segment in the
presence of echinomycin (Figure 72 lanes 7-12 and 23-28). A small decrease in DEP
reactivity at the A-T segment occurred at higher pH values, but this is likely an artifact that
is due to enhanced adenosine depurination at lower pH, independent of the presence of
echinomycin. Therefore, whatever structural rearrangement underlies the DEP-adenosine

reactivity at the A-T segment is not detectably dependent upon buffer pH.

Summary.

An array of enzymatic and chemical probes was used to characterize the structure of
an A-T-rich DNA sequence in the presence of echinomycin. We find that echinomycin
binding at least 6 bp away from the A-T-rich segment appears to induce a structural
rearrangement within this segment that is neither B-form DNA, single-stranded DNA, Z-
form DNA, nor a cruciform loop. Instead, a distal echinomycin binding event on
contiguous DNA appears to transmit helix unwinding into the A-T segment, rendering the
segment reactive to DEP and KMnOy4. We believe this to be another form of "telestability"

or long-range stabilization of DNA structure by DNA-binding ligands.130

Other sequences affected by echinomycin binding.

To investigate whether the structure of sequences other than d(A-T), can be affected
by adjacent echinomycin binding, we constructed a series of plasmids containing a
repeating, non-echinomycin-binding sequence immediately adjacent to a strong
echinomycin binding site:

5' ATATATATATAAAAANNNNNNNNNNTCGA 3'

ACACACACAC pDMAC10
AGAGAGAGAG pDMAG10
GCGCGCGCGCG pDMGC11.
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The d(A-T)gdAs sequence serves as a "buffer sequence” and next, a 10-11 bp tract
of repeating DNA sequence (underlined) was juxtaposed 5' to a strong echinomycin
binding site, (5'-3") TCGA. We then tested to see whether echinomycin binding to 5'-
TCGA-3' can transmit helix deformation into different sequences at the Njg.11 segment.
The results presented below suggest that under appropriate conditions, echinomycin can
alter the structure of a variety of repeating DNA sequences adjacent to its binding sites.
Apparently, the ability to modify DNA structure is a general property of echinomycin
binding to DNA and may be a prime example of a small molecule acting as an allosteric

effector on biopolymer structure.

pDMACI10
Figure 74 displays the pH dependence of DEP-purine reactivity within the 628 bp

fragment from pDMACI10. pPDMACI10 is identical to pPDMG10 described above except that
the 10 bp poly G tract was replaced by a 10 bp alternating A-C segment. As seen with
pDMG10, DEP did not react with the DNA in the absence of echinomycin over the pH
range 2.7-8.0 (Figure 74 lanes 1-6 and 17-22). 50 uM echinomycin produced a typical
DEP-purine reactivity pattern (lanes 7-12 and 23-28), but a new set of DEP-reactiv.é
purines appeared that was not seen with pPDMG10. These are seen in lanes 7-12 as a set of
alternating dark-light-dark-light-dark bands approximately one-third of the way from the
gel bottom. Alternate adenosine residues within the AC10 segment reacted with DEP to
give this pattern, presented in histogram form in Figure 76 A-C. This pattern was
suggestive of an ordered, non-B-DNA structure. Interestingly, the guanosine residues on
the complementary GT10 strand did not react with DEP even in the presence of
echinomycin. This is likely because the 5-methyl group of a T residue immediately 3' to a
G residue sterically blocks the guanosine N7 from reacting with DEP.83 DEP-adenosine
reactivity within the AC10 segment was most intense at low pH (compare Figure 76 A and

C). More interesting was the reactivity pattern of this segment at neutral pH: Although the
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alternation of dark-light bands persisted, adenosine-DEP reaction within the AC10 segment
gradually decreased away from the strong 5'-TCGA-3' echinomycin binding site at the 3'
end of the AC10 tract. This immediately suggested that echinomycin binding to the 5'-
TCGA-3' site transmitted helix unwinding into the adjacent AC10 segment and that the
degree of helix unwinding and thus DEP-adenosine reactivity progressively decreased
away from the strong echinomycin binding site.

We do not believe that echinomycin bound to the AC10 segment because BLM
cleavage of the GT10 strand was unimpaired in the presence of 50 UM echinomycin (data
not shown). However, MPE-Fe(II) and DNase I cleavage of the AC10 segment was
inhibited by 12.5 and 50 uM echinomycin (Figure 75 lanes 2-4, 19-21 and lanes 5-7, 22-
24). Within this segment, the magnitude of DNase I and MPE-Fe(II) cleavage inhibition
was directly proportional to the enhancement of DEP-adenosine reactivity by echinomycin
(compare Figure 75 lanes 8-13 and 25-30 with the MPE-Fe(II) and DNase I cleavage
lanes). This correlation suggested two different explanations for the observed DEP-
adenosine reactivity at the AC10 sequence: Either echinomycin bound to half of the AC10
segment closest the 5'-TCGA-3' site or echinomycin bound at the 5'-TCGA-3' site induced
a structural transition to occur within the AC10 segment such that DNase I and MPE-Fe(Iﬁ
no longer recognized this DNA. As yet, we cannot distinguish between these poséibilitics,
but either would be a novel characteristic of echinomycin binding to DNA. Direct binding
by echinomycin would be unusual because the 5'-ACAC-3’ sites at the segment do not fit
the preferred echinomycin binding sequences 5'-NCGN-3' very well. Further, it is
questionable why echinomycin would inhibit MPE-Fe(Il) and DNase I cleavage on only
one-half of the AC10 segment closest the S'-TCGA-3' site. We favor the interpretation that
echinomycin disrupts the AC10 structure enough to prevent recognition and cleavage by

DNase I and MPE-Fe(II), but more study is required to substantiate this view.
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Figure 74. DEP/piperidine footprinting of echinomycin: pH dependence of the reaction.
Autoradiogram of high-resolution denaturing 8% polyacrylamide gel containing 5' (lanes 1-
14) or 3' (lanes 15-28) 32P end-labeled 628 bp Eco RI-Bgl I DNA restriction fragment
from plasmid pDMAC10. DEP/piperidine cleavage was performed either without drug
(lanes 1-6 and 17-22) or in the presence of 50 UM echinomycin (lanes 7-12 and 23-28) at
pH 2.7 (lanes 1,7,17,23), pH 3.7 (lanes 2,8,18,24), pH 4.7 (lanes 3,9,19,25), pH 5.7
(lanes 4,10,20,26), pH 7.0 (lanes 5,11,21,27) or pH 8.0 (lanes 6,12,22,28). Lanes 13
and 15 are the Maxam-Gilbert chemical sequencing G-specific reactions, lanes 14 and 16
the Maxam-Gilbert chemical sequencing purine-specific reactions on this DNA fragment.
DEP reaction conditions were 100 mM Tris / 100 mM NaOAc pH 2.7, 3.7, 4.7, 5.7, 7.0
or 8.0 with HCl, 10% (v/v) methanol, 200 pM calf thymus DNA bp, 0 or 50 uM
echinomycin and 68 mM DEP. DEP modification of DNA was for 10 minutes at 37°C, -



188

DEP DEP/ECH s
i I 1T oo
2345?89%@4!%3

g DEP DEP/ECH
ool 1T 1
16 17 18 19 20 21 22 23 24 2526 27 28




189

Figure 75. DNase I, MPE-Fe(II) and DEP/piperidine footprinting of echinomycin on a
large DNA restriction fragment. Autoradiogram of 5' (lanes 1-15) and 3' (lanes 16-30) 3ZP
end-labeled 628 bp Eco RI-Bgl I restriction fragment from plasmid pDMACI10. Lanes: 1
and 18, buffered, intact DNA (STD); 2-4 and 19-21, MPE-Fe(II) cleavage of DNA in the
presence of 0, 12.5 or 50 uM echinomycin, respectively; 5-7 and 22-24, DNase I cleavage
of DNA in the presence of echinomycin at 0, 12.5 or 50 pM, respectively; 8-10 and 25-27
DEP/piperidine cleavage of DNA (TA buffer) in the presence of 0, 12.5 or 50 uM
echinomycin, respectively; 11-13 and 28-30, DEP/piperidine cleavage of DNA (TKMC
buffer) in the presence of 0, 12.5 or 50 uM echinomycin, respectively; 14 and 16, Maxam-
Gilbert chemical sequencing G-specific reactions; 15 and 17, Maxam-Gilbert chemical
sequencing purine-specific reactions on this restriction fragment. MPE-Fe(II) digestion of
DNA was performed for 35 minutes at 37°C in 100 mM Tris / 100 mM NaOAc pH 7.0
with HCI1 (TA buffer), 200 uM calf thymus DNA bp, 10% (v/v) methanol, 4 uM MPE, 8
LM FAS, 0, 12,5 or 50 uM echinomycin and 1 mM sodium L-ascorbate. DNase [
digestions were performed for 3 minutes at room temperature with 1.32 ng of DNase [ in
10 mM Tris-HCI pH 7.9 / 10 mM KCl1/ 10 mM MgCl, / 5 mM CaCl; (TKMC buffer),
200 uM calf thymus DNA bp, 10% (v/v) methanol and 0, 12.5 or 50 uM echinomycin.
DEP reactions were performed for 10 minutes at 379C in either TA or TKMC buffer, 200
uM calf thymus DNA bp, 10% (v/v) mehanol and 0, 12.5 or 50 uM echinomycin.
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Figure 76. pH dependence of DEP/piperidine cleavage patterns in the presence of 50 uM
echinomycin on about 100 bp of the 628 bp fragment from pDMACI10 (A-C) or pPDMAG10
(D-F), as determined by densitometry of the autoradiograms in Figures 74 and 77,
respectively. DEP/piperidine cleavage patterns at 50 uM echinomycin in buffer pH 2.7 (A
and D), pH 4.7 (B and E) or pH 7.0 (C and F) are shown as arrows with height
proportional to the enhancement of DEP/piperidine cleavage at each nucleotide compared to
DEP/piperidine cleavage of unbound DNA in the same pH buffer. Boxes are the assigned
echinomycin binding sites based on DEP-purine reactivity at the first and/or fourth base
pair positions of four base pair echinomycin binding sites centered around the dinucleotides
5'-3' CG, CC, GG or CA.88 The scale at the bottom corresponds to that shown in Figure
71.
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pDMAGI10
When the G10 or AC10 segment adjacent the 5'-TCGA-3' site was replaced by a

10 bp (A-G)s repeat (AG10 segment), a different pattern of DEP-purine reactivity was
produced in the presence of echinomycin. Figure 77 shows the pH dependence of
DEP/piperidine cleavage on the 628 bp pDMAG10 fragment. All conditions were as in the
analogous studies on pDMG10 and pDMACI10. Lanes 7-12 show weak DEP-purine
reactivity within the AG10 segment in the presence of 50 pM echinomycin. Adenosine
residues at this block of purines reacted preferentially with DEP at pH 3.7 and below,
whereas above this pH value, both A and G residues in the AG10 segment were modified
weakly by DEP (Figure 76 D-F presents the densitometric analysis of these results). We
also favor a model wherein echinomycin binding to the 5'-TCGA-3' site at the 3' end of the
AG tract deforms the AG segment, rendering it reactive toward DEP. We do not believe
that echinomycin binds directly to the AG repeat because NCS cleavage of the AG repeat
(the complementary CT strand) was actually enhanced by the presence of 50 uM
echinomycin (Figure 66 lanes 4-6). The amount of DEP reaction at the AG10 segment
suggests that this segment was not subject to a large amount of unstructuring by
echinomycin. Nonetheless, some type of unstructuring was apparently detectable and wag

dependent upon echinomycin.

pDMGC11
This plasmid places an 11 bp alternating G-C copolymer adjacent to the 5-TCGA-

3' site at postion 60, but is identical in all other respects to the plasmids described thus far
(see Experimental section for plasmid construction). Under identical conditions used to
analyze pDMG10, pDMACI10 and pDMAG10, the GC11segment showed no increased
reactivity to DEP in the presence of echinomycin at different pH (Figure 78). Howeverl if
NaCl concentration was varied instead of pH, the GC11 segment became reactive to DEP

only in the presence of echinomycin (Figure 79).
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Figure 77. DEP/piperidine footprinting of echinomycin: pH dependence of the reaction.
Autoradiogram of high-resolution denaturing 8% polyacrylamide gel containing 5' (lanes 1-
14) or 3' (lanes 15-28) 32P end-labeled 628 bp Eco RI-Bgl I DNA restriction fragment
from plasmid pDMAG10. DEP/piperidine cleavage was performed either without drug
(lanes 1-6 and 17-22) or in the presence of 50 UM echinomycin (lanes 7-12 and 23-28) at
pH 2.7 (lanes 1,7,17,23), pH 3.7 (lanes 2,8,18,24), pH 4.7 (lanes 3,9,19,25), pH 5.7
(lanes 4,10,20,26), pH 7.0 (lanes 5,11,21,27) or pH 8.0 (lanes 6,12,22,28). Lanes 13
and 15 are the Maxam-Gilbert chemical sequencing G-specific reactions, lanes 14 and 16
the Maxam-Gilbert chemical sequencing purine-specific reactions on this DNA fragment.
DEP reaction conditions were 100 mM Tris / 100 mM NaOAc pH 2.7, 3.7, 4.7, 5.7,7.0
or 8.0 with HCl, 10% (v/v) methanol, 200 pM calf thymus DNA bp, 0 or 50 uM
echinomycin and 68 mM DEP. DEP modification of DNA was for 10 minutes at 37°C. F
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The 629 bp fragment from pDMGCI11 reacted weakly with DEP in the absence of
echinomycin throughout the aqueous solubility range of NaCl (Figure 79 lanes 1-6 and 17-
22). 50 uM echinomycin at "normal” salt concentrations gave the usual purine-DEP
reactivity pattern at its strong binding sites and at the A-T segment distal to these binding
sites (Figure 79 lanes 7-9 and 23-25). None of the guanosine residues within the GC11
tract reacted with DEP in these lanes. As NaCl concentration was increased to 4.0 M and
finally to saturation, a few of the G residues at the center of the GC11 sequence reacted
moderately with DEP (lanes 11-12 and 27-28). Adenosine-DEP reactivity at the
neighboring A-T segment showed the opposite trend, A residues reacting more feebly with
DEP as NaCl concentration increased. Under appropriate conditions, echinomycin thus
appeared capable of transforming even an adjacent d(G-C), segment into a structure
reactive to DEP. The nature of the DEP reactivity at G residues within the GC11 segment at
high salt is not yet clear. This may reflect nonspecific binding of echinomycin to the GC11
segment as echinomycin is known to approach monointercalative binding at higher ionic
strength.59 We also speculate that the observed reactivity may be caused by the GC11
segment adopting the Z-form. High salt is known to favor the Z-form of d(G-C), polymefs
24,126, and echinomycin binding adjacent the GC11 segment may facilitate the B--->Z
transition by destabilizing the B-form of this sequence. This hypothesis has not been
tested, but an interesting experiment presents itself: Poly d(G-Me3C)y is known to
undergo the B---> Z transition at lower salt than poly d(G-C),.24 It would be interesting to
see if the GC11 segment becomes reactive to DEP at lower salt concentrations in the
presence of echinomycin when the the C residues of this tract are 5-methylated by the
action of Hha I methylase. If DEP-guanosine reaction at the GMe3C11 tract were to occur
at lower salt than observed for the GC11 tract in the presence of echinomycin, then it
would appear that echinomycin binding adjacent a d(G-C)n sequence may shift the B-Z

equilibrium toward the Z-form.
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CONCLUSION

We found that purines within a number of repeating DNA sequences adjacent or
distal to strong echinomycin binding sites became reactive to DEP in the presence of
echinomycin. Because B-DNA and the repeating DNA sequences were unreactive to DEP
in the absence of echinomycin, it appeared that adjacent or distal echinomycin binding
events disrupted the structure of these sequences. The structure of a d(T-A)g segment at
least 6 bp away from a strong echinomycin binding site was characterized with an array of
chemical and enzymatic probes. Based on the cleavage/base modification patterns of these
probes in the presence and absence of echinomycin, we believe that echinomycin binding at
least 6 bp away causes unwinding to occur at the center of a contiguous d(T-A)g sequence
of DNA. Under various conditions, purines within the sequences d(A-G)5-d(C-T)s, d(A-
C)5:d(G-T)5 and d(G-C)5G-dC(G-C)5 become reactive to DEP only in the presence of
echinomycin when these sequences were adjoined to a strong echinomycin binding site.
The structures of the DEP reactive forms of these sequences are as yet uncharacterized, but
the ability of echinomycin to render them reactive to DEP suggests that echinomycin can

alter the structure of many DNA sequences adjacent to or near its binding sites.
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Figure 78. DEP/piperidine footprinting of echinomycin: pH dependence of the reaction.
Autoradiogram of high-resolution denaturing 8% polyacrylamide gel containing 5' (lanes 1-
14) or 3' (lanes 15-28) 32P end-labeled 629 bp Eco RI-Bgl I DNA restriction fragment
from plasmid pDMGC11. DEP/piperidine cleavage was performed either without drug
(lanes 1-6 and 17-22) or in the presence of 50 uM echinomycin (lanes 7-12 and 23-28) at
pH 2.7 (lanes 1,7,17,23), pH 3.7 (lanes 2,8,18,24), pH 4.7 (lanes 3,9,19,25), pH 5.7
(lanes 4,10,20,26), pH 7.0 (lanes 5,11,21,27) or pH 8.0 (lanes 6,12,22,28). Lanes 13
and 15 are the Maxam-Gilbert chemical sequencing G-specific reactions, lanes 14 and 16
the Maxam-Gilbert chemical sequencing purine-specific reactions on this DNA fragment.
DEP reaction conditions were 100 mM Tris / 100 mM NaOAc pH 2.7, 3.7, 4.7, 5.7, 7.0
or 8.0 with HCl, 10% (v/v) methanol, 200 uM calf thymus DNA bp, 0 or 50 uM
echinomycin and 68 mM DEP. DEP modification of DNA was for 10 minutes at 37°C.
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Figure 79. DEP/piperidine footprinting of echinomycin: NaCl concentration dependence.
Autoradiogram of high-resolution denaturing 8% polyacrylamide gel containing either '
(lanes 1-14) or 3' (lanes 15-28) 32P end-labeled 628 bp Eco RI-Bg! 1 restriction fragment
from plasmid pDMGC11. DEP/piperidine cleavage was performed either without drug
(lanes 1-6 and 17-22) or in the presence of 50 uM echinomycin (lanes 7-12 and 23-28) at
"0" mM NaCl (no added salt, lanes 1,7,17,23), 10 mM NaCl (lanes 2,8,18,24), 1.0 M
NaCl (lanes 3,9,19,25), 4.0 M NaC(Cl (lanes 5,11,21,27) or saturated NaCl (lanes
6,12,22,28). Lanes 13 and 15 are the Maxam-Gilbert chemical sequencing G-specific
reactions, lanes 14 and 16 the Maxam-Gilbert chemical sequencing purine- specific
reactions on this DNA restriction fragment. Reaction conditions were 10 mM Tris"HC! pH
7.4, 0, 0.01, 0.1, 1.0, 4.0 or saturated NaCl, 200 uM calf thymus DNA bp, 10% (v/v)
methanol and 68 mM DEP. Reaction was for 10 minutes at 37°C.
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CHAPTER 3

Experimental
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EXPERIMENTAL

Reagents and Materials.
In general, the highest purity reagents available were used without further
purification except for formamide that was recrystallized three times prior to use. Water
~was purified through a Milli-Q® system (Millipore Corp, Bedford, MA) comprised of a
coarse organic removal cartridge, two ion-exchange cartridges, a fine "polishing" organic
removal cartridge and two filters. This water was used exclusively for HPLC buffers.
Echinomycin was the generous gift of Dr. Matthew Suffness of the National Cancer
Institute Natural Products Center. This sample was used as received. Solutions of
echinomycin were made in spectrophotometric grade methanol, and concentrations were
determined spectrophotometrically using €325nm=11,550 1 mol-1.14 The antibiotic was
protected from light at all times and stock solutions were stored at +4° or -20°C. Suppliers

for all other materials can be found in the accompanying source list.

Restriction Endonucleases Source
Bam HI Boehringer-
Mannhiem (BMB)

Bgll BMB

EcoRI BMB

Hind III BMB

Tagl New England Biolabs
(NEBL)

DNA Modification Enzymes

Deoxyribonuclease, bovine pancreatic Worthington
(DNase])
DNA Polymerase I, large fragment (Klenow) BMB, NEBL

Ribonuclease A

- Sigma
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S1 Nuclease
Taq I methylase
T4 DNA ligase

T4 Polynucleotide kinase

Chemicals

Acetic Acid (99.7+%, ACS reagent grade)
Acetonitrile (glass distilled, UV grade)
Acrylamide

Agarose (Sea Kem®, Sea Plaque®)
Boric Acid

Diethyl pyrocarbonate

Dimethyl sulfate

EDTA

Ethyl chloroformate

Formamide

Formic Acid

2-Mercaptoethanol
4,5,6-triaminopyrimidine sulfate
2,4-diamino-6-hydroxypyrimidine
NaNOy

NalSNO, (>99% enriched)

Phenol (redistilled)

Triethylamine (HPLC grade)
Tris*HCl, Tris Base

Urea

BMB
NEBL
NEBL
BMB

Aldrich

Burdick & Jackson
BMB, Bio-Rad

FMC Corp.

J. T. Baker

Aldrich

Aldrich

Baker

Kodak

BMB

Aldrich

Aldrich

Aldrich

Aldrich

Aldrich

Cambridge Isotope Labs
Bethesda Research Labs (BRL)
Fisher

Sigma, BMB

BRL



Radionucleotides

v-32P ATP (>5000 Ci/mmol)
(purified, aqueous)

®-32P dATP (~3000 Ci/mmol)
(purified, aqueous)

Antibiotics
Actinomycin D
Ampicillin

Bleomycin (Blenoxane)
Chloramphenicol
Distamycin A
Echinomycin
Neocarzinostatin

Tetracycline

Instrumentation.

All 13C NMR spectra were recorded on a JEOL FX-90Q spectrometer using a 1-
second pulse delay for proton decoupling. Acquisition was normally for 2-3 hours, but the
[5-15N]-carbethoxyamino-2,4-diamino-6-hydroxypyrimidine spectrum was acquired
overnight to enhance the signal of carbons split by the 1N. 1H NMR spectra were
recorded on a JEOL GX400 spectrometer. All NMR spectra were obtained in DMSO-dg
and this solvent was also used as internal standard for the assignment of chemical shifts.
Electron impact and fast atom bombardment mass spectrometry was performed by the
Midwest Center for Mass Spectrometry at the University of Nebraska, Lincoln, Nebraska.

Infrared spectrometry was performed exclusively on a Shimadzu IR-435 instrument using
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Amersham Corp.

Amersham Corp.

Calbiochem

Sigma

Bristol

Parke-Davis

BMB

NCI, Natural Products Center
Bristol

Sigma
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KBr pellets. Electronic spectra were obtained using either a Perkin-Elmer Lambda 4C or a

Beckman Model 25 UV-Visible spectrophotometer.

Buffers.

All buffers prepared with double-distilled or Milli-Q® quality HoO were sterilized
either by autoclaving or by filtering (0.45 or 0.20 uM) where necessary. Buffers used for
restriction endonuclease digestions and DNA modifying enzymes were as suggested by the
manufacturer. One exception was Taqg I Methylase, where it was necessary to use 2 mM S-

adenosylmethionine (SAM) instead of the 80 uM SAM recommended by New England

Biolabs. Compositions of the other buffers used for chemical and enzymatic footprinting

are listed below:
TN Buffer TA Buffer
10 mM Tris-HC1 pH 7.4 100 mM Tris
50 mM NaCl 100 mM NaOAc
pH 2.7, 3.7, 4.7,
5.7,7.0or 8.0
with HCl
TKMC Buffer STE Buffer
10 mM Tris:HCl pH 7.9 100 mM NaCl
10 mM KCl 10 mM Tris-HCI pH 8.0
10 mM MgClh 1 mMEDTA
5 mM CaClp
TE Buffer TAE Buffer (Agarose gels)
10 mM Tris*HCI pH 8.0 40 mM Tris
1 mMEDTA 5 mM NaOAc
1 mMEDTA
to pH 7.9 w/ Acetic Acid

TBE Buffer (High-resolution gels)

Formamide loading Buffer

100 mM Tris pH 8.3 80% (v/v) Formamide
100 mM H3BO3 1X TBE buffer
2 mMEDTA Bromophenol Blue

Xylene Cyanol
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Oligonucleotide synthesis and purification.
All oligodeoxyribonucleotides were synthesized by machines employing solid-
phase phosphite-triester chemistry.131-133

10 pumol scale oligonucleotides.

10 pmol scale syntheses were performed on an Applied Biosystems (Foster City,
CA) model 380 A DNA synthesizer. Oligonucleotides were constructed with B-cyanoethyl
phosphoramidites, and the terminal 5' dimethoxytrityl (DMT) protecting group was left
attached to the oligomer to assist in purification. After deprotection in NH4OH (55°C, 12-
24 h), the NH4OH/oligonucleotide solution was allowed to cool to room temperature. This
was then injected directly onto a Pharmacia FPLC® (Fast Protein Liquid Chromatography,
Pharmacia-LKB Biotech, Piscataway, NJ) system for purification. Six to eight separate
1.25 - 1.5 umol injections of each oligonucleotide were chromatographed on an HR 10/10
MONO Q® cation exchange column using denaturing conditions. The solvent gradient
program used for purification is shown schematically in Figure 80. The flow rate was 1.5
ml/min and buffers were: A, 10 mM ultrapure NaOH (Morton-Thiokol) / 0.5 M NaCl; B,
10 mM ultrapure NaOH/ 1.5 M NaCl

FPLC Gradient--Oligonucleotide Purification

1007t >—0

80+ /
60} /
% B

L J
401
0/
20-/
0e o — + @ ®

0 10 20 30 40 50 60 70
Time (minutes)

Figure 80. FPLC® solvent gradient program used for large-scale oligonucleotide
purification.
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A typical chromatogram produced under this method is shown in Figure 81. All material
not retaining a SDMT group elutes early in the gradient whereas oligonucleotides with the

5' DMT group attached elute at nearly 100% B or ~1.5 M NaCl. Note the excellent

resolution between 5' DMT-on and 5' DMT-off material.
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Figure 81. Typical FPLC® chromatogram illustrating the resolution between DMT-on
and DMT-off oligonucleotides.

Fractions corresponding to the late-eluting material were collected and neutralized
by adding 1/10 volume of 100 mM HCL. The six to eight injections of each 10 pmol scale
oligonucleotide yielded about 50 to 60 mL of 5' DMT-on fractions. The volume of these
pooled fractions was reduced to ca. 15 mL (saturated NaCl) via lyophilization on a Savant
Speedvac (Savant Instruments, Farmingdale, NY) and the NaCl was removed by extensive
dialysis (6 X 1L) against H2O. Dialyzed product was then reduced in volume to 4 mL via
lyophilization and the 5' DMT group removed by adding either 1 mL of glacial acetic acid
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(ACS reagent, 99.7%+) or 4 mL of 1% (v/v) trifluoroacetic acid to the 4 mL of dialyzed
product. DMT removal at room temperature was allowed to continue for 20 minutes (acetic
acid) or 5 minutes (trifluoroacetic acid). After incubation with acid, excess concentrated
NH4OH was added to the detritylated oligonucleotide to prevent depurination and the
mixture was lyophilized to dryness. This mixture was resuspended in 2.2 mL of 2% (w/v)
NaOAc pH 5.2 and then precipitated by adding 6 mL. of absolute ethanol to the tube. Large
masses of white flocculent material usually appeared immediately upon adding ethanol to
the DNA. The mixture was then frozen at -80°C overnight and centrifuged for 30 minutes
at 10 K rpm, 4°C in a Beckman J2-21 centrifuge using a JA-20 rotor plus rubber adapter.
The supernatants were discarded, the pellet rinsed with 2 mL of 70% ethanol and dried
under vacuum. FPLC® analysis of the purified material showed a single, sharp peak with
no evidence of contaminating shoulder or forepeaks. Concentration and oligonucleotide
purity was determined spectrophotometrically in 1X STE buffer pH 8.0, assuming €260nm
~10,000 1 mol-! bp-! cm-! per residue for a mixed sequence oligonucleotide. 260nm/280nm
ratios were typically 1.8-1.9, indicating that the oligonucleotide was free of protein.
Typical yield for a purified 10 pmol scale 34 residue oligonucleotide was 35 milligrams or
about 30% assuming 100% coupling efficiency. Although FPLC® and polyacrylamide gévl
electrophoresis showed these oligonucleotides to be extremely pure, upon radiolabeling
with T4 polynucleqtide kinase and y-32P ATP, we consistently observed about four to five
closely spaced bands in the autoradiogram of high-resolution denaturing gels. This pattern
was consistént whether acetic or trifluoroacetic acid was used to remove the DMT group.
Other than this problem, the manually detritylated oligonucleotides behaved as expected and
showed ideal hybridization to their respective complementary strands. To obtain-clean
radioactively labeled material for gel electrophoretic analysis, we found it necessary to re-
synthesize each oligonucleotide on the 1 pwmol scale and to remove the terminal 5' DMT

group on the machine. However, the manually deprotected oligonucleotides were used in
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the large-scale DEP-DNA reactions and as carrier DNA in the reactions containing

radiolabeled oligonucleotides.

1umol scale oligonucleotides.

1 umol scale oligonucleotide syntheses were performed on either an Applied
Biosystems model 380 A or a Beckman System 1 Plus DNA synthesizer. The terminal §’
DMT group was removed by the machine and after deprotection in NH40H (55°C, 24 h)
and removal of NH4OH, oligonucleotides were purified by electrophoresis on a high-
resolution denaturing 15 or 20% polyacrylamide gel. Oligonucleot_ides were visualized by
UV shadowing over an activated TLC plate, were excised from the gel with a scalpel and
were then electroeluted from the gel slice using an Elutrap® (Schleicher & Schuell, Keene,
NH). Electrophoresis buffer salts were removed from the oligonucleotide by passage over

a prepacked Sephadex® G-25 column (Pharmacia-LKB Biotech, Piscataway, NJ).

5' End-labeling of oligonucleotides.

About 100-200 pmol of single-stranded oligonucleotide in buffer was incubated
with 50 uCi y-32P ATP and 30 units of T4 polynucleotide kinase for 30 minutes at 370C.
Kinase was then denatured by incubation at 65°C for 15 minutes. Unicorporated
radionucleotide was then removed with a G-15 Sephadex® spun-column 134 and then 1/10
volume of 10X STE buffer and a twofold molar excess of unlabeled complementary strand
was added to the labeled oligonucleotide. The sample was mixed, heated at 90°C for 5
minutes in a temperature block heater and then the oligonucleotides were allowed to anneal
ovefhight by removing the heat block from its base and placing it in a covered styrofoam
box. After cooling overnight, about 1.25 nmol of the same unlabeied oligonucleotide
duplex was added to the labeled material as carrier DNA. The labeled DNA was then

precipitated with ethanol, rinsed with 70% ethanol and dried under vacuum prior to use.
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Large-scale oligonucleotide hybridization.

1 pmol each of two complementary single-stranded oligonucleotides in HoO were
combined in a screw-capped glass vial and lyophilized to dryness. They were then
dissolved in 4 mL of 1X STE buffer supplemented with 4 mM MgCl,, mixed thoroughly
and then heated at 90°C for 10 minutes in a heat block. The block containing the
oligonucleotide mixture was then removed from its electrical base and placed in a closed
styrofoam box to allow the oligonucleotides to cool slowly overnight. After cooling, the

mixtures were vortexed briefly and were then stored at -20°C until ready for use.

DEP/piperidine footprinting of echinomycin and ethidium bromide on
oligonucleotide duplexes 47+48 to 60+61.

In a 1.5 mL microcentrifuge tube, a 193 L solution of buffered singly 5' 32P end-
labeled oligonucleotide duplex, echinomycin or ethidium bromide, methanol and unlabeled
FPLC®-purified oligonucleotide duplex was incubated for 1 hour at room temperature in
the dark. Next, 7 UL of neat diethyl pyrocarbonate (DEP) was added to and mixed with the
solution. DEP modification was allowed to proceed for 30 minutes at room temperature in
the dark. Final reaction conditions were 100 mM Tris / 100 mM NaOAc pH 7.0 with HCI
(TA buffer), 0.3 mM MgClj, 600-700 uM oligonucleotide duplex bp, 10% (v/v) methanol,
0 or 120-140 uM echinomycin (echinomycin:DNA bp = 1:5), 0 or 3.0-3.6 mM ethidium
bromide (ethidium bromide:DNA bp = 5:1) and 200-230 mM DEP (DEP:bp ~300
equivalents)'. DEP reaction was terminated and DNA binding drugs removed by extracting
the reaction mixture three times each with 200 uL of H>O saturated n-butanol. DEP control -
cleavage reactions were treated exactly as those containing echinomycin or ethidium
bromide, except for the omission of the DNA-binding ligand. The DNA was then
precipitated with ethanol, rinsed with 70% ethanol and then vacuum-dried on a Speedvac
concentrator. The resulting pellet was resuspended in 300 uL of freshly diluted 100 mM

piperidine, divided into three portions and heated for 15, 30 or 60 minutes at 90°C. After
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heating, the reactions were centrifuged briefly and then lyophilized twice to remove
piperidine. The Cerenkov radiation of each sample was measured with a Beckman LS 3801
liquid scintillation counter and the samples were then dissolved in formamide loading
buffer to a specific activity of 4,000 cpm uL-1. 4 uL of each sample was then loaded onto a
high-resolution denaturing 15% polyacrylamide gel for electrophoretic separation of the

cleavage products.

Product analysis: Large-scale reaction of DEP with oligonucleotide
duplexes 47+48 to 60+61.

100 nmol of duplex oligonucleotide (32-36 base pairs in length) in ~400 puL of 100
mM NaCl/ 10 mM TrissHCl pH 8 / 1 mM EDTA /4 mM MgCl, was placed in a 3 dram
glass, screw-cap vial containing 1000 uL of 5X TA buffer pH 7.0. To this was added
H,0, methanol and either no drug, or 1600-1800 L of 10 mM ethidium bromide in H20O
or 320-360 UL of 2000 uM echinomycin in methanol. The solutions were mixed and
allowed to equilibrate for 2 hours in the dark at room temperature. After this equilibration
period, 160-180 pL of neat DEP was added to the mixture; the vials were then sealed with
Teflon tape, covered with Al foil and shaken for 30 minutes at room temperature on a
mechanical "wrist-action" shaker. After addition of the DEP, reaction volume was exactly
5000 puL and contained 10% (v/v) methanol, 1X TA buffer, 0.3 mM MgCl,, 640-720 uM
oligonucleotide DNA bp, 3.2-3.6 mM ethidium bromide, 128-144 uM echinomycin and
220-240 mM DEP. The molar ratios of drug to DNA bp remained constant at ~5:1 for
ethidium bromide and ~1:5 for echinomycin. About 330 equivalents of DEP to DNA bp -
were used for each reaction. After shaking, drugs and DEP were extracted twice with 5 mL
dry n-butanol and twice with 5 mL H»O saturated n-butanol. This also reduced the reaction
volume to about 2.5 mL. The extracted reaction mixture was then desalted by loading onto
a rinsed, prepacked G-25 Sephadex® column (Pharmacia NAP-25). The sample was eluted

with 3.5 mL H>O into a screw-cap vial and then lyophilized to dryness using a Speedvac
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concentrator. The lyophilizate was redissolved in 1800 uL of H»O, after which 200 uL of
ACS reagent grade (96%+) formic acid was added. A light precipitate formed after addition
of the acid and persisted after mixing. The vial was capped tightly, sealed with teflon tape
and then incubated at 60°C for 24 hours in a circulating water bath to depurinate the DNA.
After heating, the mixture had cleared and it was then allowed to cool to room temperature.
It was then lyophilized to dryness, resuspended in 1 mL of H7O and then lyophilized again
to remove trace formic acid. After the second lyophilization, the residue was resuspended
in 1 mL H>O by brief sonication and extensive agitation. To remove nucleic acid fragments
produced during the depurination, the suspension was applied to an HpO-rinsed 500 mg
disposable SAX column (strong anion exchange, PGC scientifics, Gaithersburg, MD) and
allowed to drip slowly through the column. The column was then eluted with 4mL of HyO
by gravity feed. The eluents were lyophilized to dryness in a 1.5 mL microcentrifuge tube
and then resuspended in 35 puL of H2O for HPLC analysis. The samples were centrifuged
for 8-10 minutes at 14,000 rpm in a microcentrifuge to remove particulates and 35 pL of
cleared solution was then transferred to a 100 pL (conical center) HPLC autosampler vial

containing 3 UL of saturated p-anisaldehyde (in H20O) as internal standard.

HPLC chromatography.

All separations were performed on a Hewlett-Packard HP1090M instrument
equipped with a diode array detector and an autosampler. 10 pL of sample was injected for
each chromatographic run and components were resolved on a C»/Cyg mixed-bed reversed-
phase column 4.6 mm in diameter by 20 cm in length (Mino RPC™ § 5/20 Pharmacia-
LKB Biotech, Piscataway, NJ). A guard column packed with the same Cy/C;g resin was
always used. Buffers A (20 mM triethylammonium acetate TEAA pH 7.0) and B (20 mM
TEAA pH 7.0 + 50% CH3CN) prepared by diluting a 1.0 M TEAA pH 7.0 stock solution
were filtered and sonicated for ~10 minutes prior to analysis. Reagents used in the buffers

were the highest purity available, including HPLC grade triethylamine (Fisher), ACS
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reagent grade glacial acetic acid (Aldrich), Milli-Q® purified HO and glass-distilled
acetonitrile (Burdick & Jackson). Two different solvent gradients were employed to
separate DEP-purine adducts, RAMP3 and RAMPY, and these are depicted in Figures 82
and 83.

HPLC RAMP3
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Figure 82. Schematic diagram of HPLC solvent gradient RAMP3.
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Figure 83. Schematic diagram of HPLC solvent gradient RAMP9.
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In each case, the solvent flow rate was 0.5 mL min-! and detection was at 254 nm
(10 nm bandwidth) versus a reference wavelength of 510 nm (10 nm bandwidth). Peak
spectra were collected from 210 to 400 nm and a 90-second wash of the injection syringe

was performed between each run to prevent sample carry-over.

Synthesis of 5-carbethoxyamino-4,6-diaminopyrimidine hydrochloride (X).

5 g (22.4 mmol) of 4,5,6-triaminopyrimidine sulfate was suspended in 75 mL of
H>0 and the suspension added to 50 grams of Amberlite® IRA-400(OH) anion exchange
resin in a 150 mL screw-cap centrifuge bottle. The mixture was mechanically shaken for
three hours at room temperature, after which all of the sulfate salt dissolved. The slurry
was filtered and the resin rinsed with about 25 mL of H7O to give a pale-yellow filtrate
with pH ca. 11. The filtrate was frozen overnight at -80°C and then lyophilized to dryness
to give 1.81 grams (65%) of 4,5,6-triaminopyrimidine as pale-yellow needles. 22.5 MHz
proton decoupled 13C NMR (DMSO-de) 8 106.6, 147.6, 151.5 ppm, all singlets relative to
internal standard DMSO at 39.5 ppm. The free base was stored under argon in the dark at
40C, Synthesis of 5-carbethoxyamino-4,6-diaminopyrimidine hydrochloride was carried
out essentially as described by Leonard et al94 1.25 g (10 mmol) of 4,5,6;
triaminopyrimidine was stirred with 50 mL of dry pyridine at 0°C to give a suspension. To
the stirring suspension was added 2.16 g (20 mmol) of ethyl chloroformate dropwise over
a period of 30 minutes. During the course of ethyl chloroformate addition, the suspension
cleared to give an orange solution. Stirring at 0°C was continued for another 1.5 hours in a
stoppered flask, and the pyridine was then stripped from the reaction mixture on a rotovap
to give a yellow-orange gum. The gum was resuspended in 90 mL of absolute ethanel and
divided between two 50 mL polypropylene centrifuge tubes. Centrifugation for 5 minutes
at 1500 rpm in a clinical centrifuge separated the mixture into a large white mass under a
clear, deep-orange supernatant. The supernatant was removed and each tube extracted with

another 45 mL of absolute ethanol. The extraction/centrifugation was performed a total of
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four times and the supernatant was clear by the fourth extraction. The massive white pellet
was filtered, rinsed with cold absolute.ethanol and then dried to give 1.6 g (68%) of 5-
carbethoxyamino-4,6-diaminopyrimidine hydrochloride (X) as a pale yellow powder. 400
MHz 1H NMR (DMSO-dg) 8 1.23 (t, 3H), 4.05 (q, 2H), 7.66 (broad s, 3H, exchanged
with D,0), 8.17 (2s, 2H); 22.5 MHz proton decoupled 13C NMR (DMSO-dg) 8 14.4,
60.7, 93.1, 147.2, 154.4, 156.4 ppm (all singlets) relative to internal DMSO-dg standard
at 39.5 ppm; Exact mass (positive ion FAB) for C7H5N5O2+, calculated: 198.0991,
found: 198.0995; IR (KBr) 3150, 2700, 1640, 1250 cm-!; UV (20 mM TEAA pH 7.0/
15.3% CH3CN) Amax 217, 260 nm.

Synthesis of 2,4,5-triamino-6-hydroxypyrimidine sulfate (C).

The synthesis below is an adaptation of two previous procedures.98.135 252 mg (2
mmol) of 2,4-diamino-6-hydroxypyrimidine was dissolved in 7.2 mL of 1.0 M HCI and
was then stirred in a brine / ice-H»O bath at between -5° and 0°C to give a suspension. To
this stirred suspension was added dropwise over 20 minutes 212 mg (3.1 mmol) of
NaNO; dissolved in 750 pL of H2O. A heavy, bright-pink precipitate formed immediately
upon adding the first few drops of the NaNO> solution. The temperature of the reaction
was kept between -59 and 0°C during NaNO; addition by stirring rapidly within a
relatively large volume brine / ice-HpO bath. When the NalNO; addition was complete, the
cooling bath was removed and the mixture stirred for 1 hour while warming to room
temperature. Solid NaHCO3 was added portionwise until the pH of the mixture was
approximately 8. The bright-pink solid was rinsed with cold H>O and resuspended in ca.
15 mL HO for further reaction. The pink solid was judged to be 5-nitroso-2,4-diamino-6-
hydroxypyrimidine based on identical appearance and solubility properties with reference
material. The nitroso compound is virtually insoluble, failing to dissolve in H,O, 1 M HCl,
1 M NaOH, CH,Clp, DMSO or DMF. The resuspended nitroso compound was heated to
reflux (110°C) in a 25 mL flask fitted with a Kugelrohr condenser. About 5 drops of 1.0 M
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NaOH were then added, followed by the portionwise addition of 760 mg (4.4 mmol) solid
NasS204 (sodium dithionite, sodium hydrosulfite). At this point, the mixture began to
clear. Another 380 mg (2.2 mmol) of Na3S204 was added portionwise and the mixture
turned a clear pale orange color. Reflux was continued for another 2-3 minutes and then the
mixture was acidified by adding about 10-20 drops of 50% (v/;/) H,S804. Heating was
continued for another 30 seconds to 1 minute, after which the heat was removed and the
solution allowed to cool to room temperature. After a few hours, a pale-yellow precipitate
formed. The precipitate was filtered, rinsed with 95% ethanol, absolute ethanol, ether and
was then dried under vacuum overnight to give 463 mg (96% for two steps) of 2,4,5-
triamino-6-hydroxypyrimidine sulfate as pale-yellow needles. 2,4,[5-15N]-triamino-6-
hydroxypyrimidine sulfate was synthesized in the same fashion except that >99% enriched
Nal5NO, (Cambridge Isotope Laboratories) was used as the nitrogen source. This gave
453 mg (94%) of 2,4,[5-15N]-triamino-6-hydroxypyrimidine sulfate as pale-yellow

needles.

Synthesis of S-carbethoxyamino-2,4-diamino-6-hydroxypyrimidine (Y) and
[5-15N]-carbethoxyamino-2,4-diamino-6-hydroxypyrimidine. ”

239 mg (1mmol) of 2,4,5-triamino-6-hydroxypyrimidine sulfate was stirred with
10 mL of H,O plus 3.5 mL of saturated NaHCO3 to give a light purple solution. Next, 200
pL (227 mg, 2.1 mmol) of ethyl chloroformate was added all in one portion and the stirring
continued af room temperature. Within 5 minutes, a white precipitate began to form with
the evolution of some gas. Stirring was continued for another 4 h, after which the
precipitate was filtered and then rinsed with H2O. The retentate was then recrystallized
from ca. 15 mL of hot H2O to give yellow needles. The first crop of crystals was filtered,
rinsed with absolute ethanol, ether, dichloromethane and was then dried under vacuum
overnight. The first crop of crystals gave 60 mg (28%) of 5-carbethoxyamino-2,4-diamino-
6-hydroxypyrimidine. 400 MHz 'H NMR: (DMSO-de) 3 1.17 (t, 3H), 3.96 (q, 2 H), 5.73
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(s, 2H, exchanged with D>0), 6.09 (s, 2H, exchanged with D20), 7.27 (s, 1H, exchanged
with D20), 9.87 (s, 1H, exchanged with D,0); 22.5 MHz proton decoupled 13C NMR:
(DMSO-dg) & 14.7, 59.7, 89.5, 153.4, 1559, 160.1, 161.6 (all singlets) relative to
internal DMSO-dg at 39.5 ppm; IR (KBr) 3250, 1720, 1690, 1630, 1480, 1340, 1240
cm-1; UV (20 mM TEAA pH 7.0) Amax 216 nm, 270 nm; m/e 213 (M+, C7H11N503),
with major decomposition products at m/e 167 (CsHsNsO», loss of ethoxy group) and 140
(C4HgN5O0, loss of carbethoxy group)
[5-15N]-carbethoxyamino-2,4-diamino-6-hydroxypyrimidine was synthesized
exactly as was the all 14N-compound, except that 2,4,[5-15N]-triaminopyrimidine sulfate
was used as precursor. This gave a first crop of 63 mg (29%) of [5-15N]-
carbethoxyamino-2,4-diamino-6-hydroxypyrimidine as yellow needles. 22.5 MHz proton
decoupled 13C NMR: (DMSO-dg) & 14.7 (s), 59.7 (s), 89.5 (d, J=19Hz), 153.4 (s),
155.9 (d, J=26Hz), 160.1 (s), 161.7 (s) relative to internal DMSO-dg at 39.5 ppm; m/e
214 (M+, C7H11N40315N), with major decomposition products at m/e 168
(CsHsN40,15N, loss of ethoxy group) and 141 (C4HgN4O15N, loss of carbethoxy

group).

Plasmid Construction.

A series of plasmids was constructed to investigate the sequence and length
dependence of allosteric effects that were due to echinomycin binding to DNA. Figure 84
depicts the construction of plasmid pDMG10. The other plasmids were constructed in a
similar fashion. Each plasmid was constructed by hybridizing a pair of 5' phosphorylated
synthetic oligonucleotides to give a short duplex possessing cohesive Bamn HI and Hind II1
termini. Table 6 lists the oligonucleotides used to construct the plasmids. Each duplex was
ligated (16°C overnight) into the 4.0 kilobase (kb) Bam HI-Hind III fragment of plasmid
pBR322. The resulting ligation mixture was used to transform E. coli. strain HB101

according to the standard CaClj procedure, pp. 250-251 of Reference 134. Recombinant
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clones were selected for ampicillin resistance and tetracycline sensitivity because deletion of
the small Bam HI-Hind III fragment from pBR322 disrupts the gene responsible for
tetracycline resistance.136 Milligram quantities of each recombinant plasmid were isolated
according to the procedure that follows. Restriction mapping and chemical sequencing
confirmed each construct. The inserted sequence is contained in the ~628 bp Eco RI-Bgl 1
fragment for each plasmid. The exact size of this fragment differs for each plasmid: 623 bp
for both pDMGS5 and pDMATS; 628 bp for pDMG10, pDMAT10, pDMAGI10 and
pDMACI10; 629 bp for pPDMGCI11.

Table 6. Oligonucleotides Used for Plasmid Construction.

Plasmid Oligonucleotide duplex

(size)
pDMGS5 S5'AGCTTATATATATATAAAAAGGGGGTCGATAG 3!
(4049 bp) 3'ATATATATATATTTTTCCCCCAGCTATCCTAG 5°

pDMATS 5'AGCTTATATATATATAAAAATATATTCGATAG 3' -
(4049 bp) 3'ATATATATATATTTTTATATAAGCTATCCTAG 5

pDMGI10 5'AGCTTATATATATATAAAAAGGGGGGGGGGTCGATAG 3!
(4054 bp) 3'ATATATATATATTTTTCCCCCCCCCCAGCTATCCTAG 5°

pDMAT10 S'AGCTTATATATATATAAAAATATATATATATCGATAG 3'
(4054 bp) 3'ATATATATATATTTTTATATATATATAGCTATCCTAG 5'

pDMAGI10 S5'AGCTTATATATATATAAAAAGAGAGAGAGATCGATAG 3!
(4054 bp) 3'ATATATATATATTTTTCTCTCTCTCTAGCTATCCTAG 5°

pDMACI10 S'AGCTTATATATATATAAAAACACACACACATCGATAG 3!
(4054 bp) 3'ATATATATATATTTTTGTGTGTGTGTAGCTATCCTIAG 5'

pDMGC11 5'AGCTTATATATATATAAAAAGCGCGCGCGCGTCGATAG 3
(4054 bp) 3'ATATATATATATTTTTCGCGCGCGCGCAGCTATCCTAG S
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Figure 84. Construction scheme for plasmid pDMG10.
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Plasmid Preparation.

The following practical protocol was supplied by Dr. Lianna Johnson of Caltech
and is an adaptation of the method described in Reference 137.
Media Preparation and Growth of Bacteria.

Prepare 2 liters of Vogel-Bonner media (1 liter in each of two 2 liter-erlenmeyer

flasks). Recipe for 1 liter of Vogel-Bonner media is as follows:
2 g casamino acids
20 mL 50X Vogel-Bonner salts
50 mL autoclaved 1 mg/mL thymine
water to give 980 mL total volume.

Autoclave the above media and allow to cool to room temperature, add:
20 mL sterile (autoclaved) 20% w/v D-glucose
2 mL ampicillin (25 mg/mL, filtered sterile 0.2 pm)
1 mL thiamine-HCl (1 mg/mL, filtered sterile 0.2 pm).

Inoculate 1 liter of Vogel-Bonner minimal media with 4 mL of an overnight culture
of bacteria in L-broth containing 50 ug/mL ampicillin (to keep selective pressure on to
increase yield of plasmid). Grow the cells in 379C incubator shaker until O.D.59¢ = 0.6 to
0.9. Amplify by adding 2 mL. 100 mg/mlchloromycetin sodium succinate
(chloramphenicol) per 1 liter of culture (100 mg/mL solution is made by adding 10 mL
sterile water via syringe to a 1 g vial of chloramphenicol and shaking until it has completely

dissolved). Continue shaking of cultures at 37°C for 12-17 hours.

Cell Harvest and Lysis.
1. Chill cells in the 2-liter growth flasks on ice bath with frequent agitation. Load chilled

cells into 500 mL bottles, balance with a double pan balance. Spin at 5000 rpm at 4°C for

20 min. Discard supernatants and wipe bottles dry.
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2. Resuspend the cell pellets in 4-6 mL of 25% sucrose/50 mM Tris pH 8. Transfer the
resuspended cells to a 70Ti (polycarbonate) tube and add:
-1.6 mL 5 mg/mL lysozyme (prepared just before use) and let sit on ice for 5 min
with occasional stirring, then add:
-5 mL 0.5 M EDTA pH 8 and let sit on ice for 5 min with occasional stirring.
3. One tube at a time, add 12 mL 10% Triton X-100/50 mM Tris pH 8/60 mM EDTA pH 8
and shake vigorously until the lysates clear (looks like shampoo that's been shaken).
Usually the process takes about 20 to 30 sec. Try to avoid clumping of lysates.
4. Balance tubes to within 0.01g difference, load into Ti 70 rotor. Spin in ultracentrifuge
at 30,000 rpm at 4°C for 30 min.
5. Pour supernatants into 50 mL polypropylene centrifuge tubes and avoid gluey junk near
cell debris.
6. Add 350 pL of 2 mg/mL RNaseA (DNase free) and incubate for 20 min at 37°C.
7. Add 1/3 volume (6 to 7 mL) of 30% PEG 8000/1.5 M NaCl to each tube, shake to mix
and incubate 30 min to 8 hours on ice (longer the time of incubation equals better yield).
8. Centrifuge the PEG/NaCl mixture at 6000 rpm for 20 min at 4°C and discard
supernatant.
9. Resuspend pellet in 2-5 mL of cold 10X TE buffer (100 mM Tris*HCl/10 mM EDTA
pH 8) using a glass rod.
10. Set up the first CsCl isopycnic banding run. For every 500 mL of original culture, use

one 40 mL quick seal tube. For 2 liters of original culture, combine the following:
119.04 g CsCl (ultrapure)
pellets in 10X TE from step 9
6.4 mL of 10 mg/mL EtBr
1X TE buffer to give a final weight of 228 g (this equals 160 mL of 48%
w/w CsCl and has density of 1.55 g/mL).

Stir to dissolve the CsCl and load into 4 VTiS0 tubes. Balance to within 0.01 g difference

and seal the tubes using the Beckman tube sealer. Allow the tube sealer to warm up for 10
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to 20 min before using. Load the tubes into the VTi50 rotor, put spacers and caps in place
and start the first gradient at 42,000 rpm for 20 hrs at 17°C.

11. Pull lower (plasmid) band (using UV illumination) by puncturing the quick-seal® tube
about 1 cm below band with an 18 gauge needle and a 10 mL syringe. Keep needle bevel
up and protect DNA from excessive exposure to UV light.

12. Transfer bands from step 11 into VTi65 tubes (5 mL tube volume) and fill tubes with
CsCl filling solution if necessary (48% CsCl and 400 ug/mL EtBr). Balance the tubes
again to 0.01 g difference, seal and load into VTi65.2 rotor.

13. Spin at 55,000 rpm at 17°C for 12 hrs.

14. Extract plasmid band as before in step 11, but use a 3 mL syringe.

15. Extract EtBr with 1X TE saturated isoamyl alcohol. About 12-15 extractions of 1
volume each are needed (DNA is in the aqueous layer at the bottom). Check for EtBr
presence with transilluminator.

16. Dialyze plasmid vs. 1X TE pH 8 buffer at 4°C. The dialysis requires 4-5 changes over
a period of 24 hrs.

17. Check O.D.2¢g and O.D.2g¢ of the dialyzed plasmid for concentration and purity.

Radiolabeling of the Eco RI-Bgl I restriction fragments.

A uniquely labeled Eco RI-Bg! I restriction fragment containing the desired insert
was obtained by linearizing plasmid pDMG10 (or any of the other plasmids described) with
Eco RI and then labeling the 5' termini with T4 polynucleotide kinase and y-32P ATP or by
labeling the 3' termini with the large fragment (Klenow enzyme) of E.coli. 'DNA
polymerase I and o.-32P dATP. The fragment containing inserted sequence was liberated by
digestion of the labeled DNA with Bg/ I. An Eco RI + Bgl I double digest of each
recombinant DNA plasmid above gives rise to four DNA restriction fragments, ~300 bp,

~628 bp, ~900 bp and ~2200 bp. The ~628 bp fragment contains the inserted sequence at
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~30 bp from the labeled Eco RI end. After Bgl 1 digestion of the labeled DNA, the

restriction fragments were separated by electrophoresis through a 1.5% low-melting

agarose gel. The desired fragment was then excised from the gel and then extracted from

the agarose with phenol. A practical protocol for the preparation of purified, uniquely end-

labeled 628 bp *Eco RI-Bg! I fragment from plasmid pDMG10 is presented below:

5' Labeling

15 ug Eco RI digested, dephosphorylated
pDMG10
29 uLL HO
5 uL. 10X T4 kinase buffer

5 pL. 10mg/mL DTT, fresh
10 uL 4-32P ATP ~100 puCi
_1 puL T4 polynucleotide kinase (10 units/pL)
50 uL

Incubate:
20 minutes, 37°C

Add:
1 uLL T4 polynucleotide kinase (10 units/pL)

Incubate:
20 minutes 37°C

3' Labeling

15 ug Eco RI digested pDMG10
18 uL H2O
S uL 10X Hae 11 buffer
5 uL 10 mg/mL DTT (freshly
prepared
12 uL a-32P dATP ~120 uCi
5 uL dTTP, 10 mM pH 7
_5 uL Klenow fragment (5 units/uL)
S50 uL

25 minutes, 25°C

5L dTTP, 10 mM pH 7
5 uL dATP, 10 mM pH 7

10 minutes, 25°C

Precipitate twice with ethanol, vacuum dry pellet for ca. 3-5 minutes on Speedvac.

Bgl1digest

15 ug 5' or 3' end-labeled pDMG10, dried pellet

40 uL. H2O
5 uL 10X Hinf I buffer
resuspend for 10-15 minutes at 37°C

1 uL 2-mercaptoethanol (100 mM, freshly prepared)

4 uL Bgl I (8 units/uL, Boehringer)

50 uL



225
Incubate for 1-2 hours at 379C; check digest on minigel.

If digest is complete via minigel, reduce volume to ~35 uL via Speedvac, add ~5 pL ficoll
loading buffer + dyes and apply to a 1.5% low-melting agarose gel in the cold room.

Electrophorese @ 20-30V overnight, stain with ethidium bromide. Excise the second

smallest (~628 bp) band and trim away excess agarose not containing DNA, transfer slice
to 1.5 mL microcentrifuge tube.

Extraction of DNA from agarose:
To the gel slice containing radiolabeled DNA add:

5 volumes (relative to gel slice volume) of 1X TE buffer pH 8, incubate at 65°C for 10-15
minutes to melt gel slice.

Add: 1 volume (relative to total gel slice + TE volume) of H»O saturated phenol, vortex
vigorously and centrifuge at room temperature for 3-4 minutes at 14000 rpm.

Transfer: top (aqueous) layer to a clean 1.5 mL tube; avoid carrying fluffy white material.
Repeat extraction: 1X with 1 volume phenol:chloroform:iso-amyl alcohol 25:24:1, (save
top layer), 1X with 1 volume chloroform:iso-amyl alcohol 24:1(save top layer) and 3-5X
with 1 volume dry n-butanol to reduce volume and to extract ethidium bromide (save
bottom layer).

Precipitate DNA with ethanol, rinse with 70% ethanol and vacuum-dry. Redissolve to a
specific activity of ca. 15000-20000 cpm/uL and store at 4°C in an acrylic shielding box.

MPE-Fe(II) footprinting.

Three different but similar protocols were used for MPE-Fe(II) footprinting.
Unless stated otherwise, all incubations were performed in the dark.

1) MPE-Fe(Il) footprinting in TN buffer. A buffered 16 pL solution containing
purified end-labeled restriction fragment, echinomycin, methanol, and sonicated,
deproteinized calf thymus DNA was incubated for 15 minutes at 37°C. Next, 2 pL of an 80
UM MPE / 160 uM Fe(NH4)2(SO04)2 (FAS) solution was added, the mixture was vortexed
to mix and allowed to equilibrate another 15 minutes at 370C. DNA strand scission was
initiated by adding 2 UL of a freshly prepared 40 mM dithiothreitol (DTT) solution.

Cleavage at 37°C was terminated after 20 minutes by freezing on dry ice, followed by two
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precipitations from ethanol. The final concentrations in the 20 uL reaction mixture were 400
uM DNA bp, 1X TN buffer pH 7.4, 8 uM MPE, 16 uM FAS, 10% (v/v) methanol, 4 mM
DTT and 0, 12.5, 25, 50 or 100 uM echinomycin.

2) MPE-Fe(II) footprinting of echinomycin in the absence of methanol. A 40 uL
solution of buffered, purified end-labeled DNA restriction fragment, sonicated,
deproteinized calf thymus DNA, echinomycin and 10% (v/v) methanol was incubated for
15 minutes at 37°C. This mixture was then lyophilized to dryness, redissolved in 34 uL of
HO and allowed to stand for 20 minutes at 37°C. Next, 2 uL of an 80 uM MPE / 160 uM
FAS solution was added; the mixture was vortexed and allowed to stand another 15
minutes at 37°C. MPE-Fe(II)-mediated strand scission was initiated by addition of 4 uL of
a freshly prepared 10 mM sodium L-ascorbate solution and continued for 2 minutes at
37°C before termination by freezing and ethanol precipitation. Prior to addition of ethanol,
the 40 uL reaction mixture contained 1X TN buffer pH 7.4, 200 uM DNA bp, 4 uM MPE
/ 8 UM FAS and 0, 12.5 or 50 uM echinomycin.

3) MPE-Fe(Il) footprinting in Tris-acetate (TA) buffer. Incubation was as in (1)
above except that strand scission was continued for 25 to 35 minutes at 37°C. Final
concentrations prior to reaction termination were 1X TA buffer pH 7.0, 200 uM DNA bp
0 or 50 pM echinomycin, 10% (v/v) methanol, 4 uM MPE, 8 uM FAS and 1 mM sodium
L-ascorbate. For simultaneous footprinting of two drugs, a second incubation step was

added to allow the second drug to bind the DNA.

EDTA-Fe(II) Footprinting.

A 40 uL solution of buffered, end-labeled DNA restriction fragment, sonicated,
deproteinized calf thymus DNA, 10% (v/v) methanol and 0, 12.5 or 50 UM echinomycin
was incubated for 15 minutes at 37°C in the dark. This solution was lyophilized to dryness
on a Speedvac concentrator and then re-equilibrated in 32 uL of H7O for 20 minutes at

370C. Next, 4 uL of a 2 mM EDTA (Nay-H;0) / 2 mM FAS solution was added; the
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mixture was then vortexed and allowed to stand for another 15 minutes at 379C. DNA
strand scission was initiated by the addition of 4 pL of a freshly prepared 10 mM sodium
L-ascorbate solution. After mixing, cleavage was allowed to proceed for 10 minutes at
37°C and was terminated by the addition of 150 uL of cold absolute ethanol to the reaction
mixture. The DNA was then precipitated from ethanol and dried under vacuum in
preparation for loading onto high-resolution denaturing polyacrylamide gels. Final
concentrations prior to reaction termination were 1X TN buffer, 200 pM calf thymus DNA

bp, 0, 12.5 or 50 uM echinomycin, 200 uM EDTA / 200 uM FAS and 1 mM sodium L-

ascorbate.

DNase I footprinting.

A 36 uL solution of buffered, end-labeled DNA restriction fragment, sonicated,
deproteinized calf thymus DNA and methanol or echinomycin (dissolved in methanol) was
incubated (dark) for 15 minutes at 37°C. Next, 4 UL of a freshly prepared 330 ng/mL
solution of DNase I (bovine pancreatic deoxyribonuclease I, Worthington) was added to
the wall of the microcentrifuge tube and then vortexed to mix with the buffered DNA and to
initiate DNA strand scission. Cleavage was terminated after 2 to 3 minutes at room
temperature by the addition and mixing of 5 uL of 3 M ammonium acetate / 250 mM EDTA
solution. The DNA was then precipitated with ethanol, rinsed with 70% ethanol and
vacuum-dried. Final concentrations in the reaction mixture prior to termination were 1X
TKMC buffér, 200 pM calf thymus DNA bp, 10% (v/v) methanol, 0, 6.25, 12.5, 25 or 50

UM echinomycin and 1.32 ng of DNase L.

DEP footprinting.
A buffered 38 pL solution containing purified end-labeled DNA restriction
fragment, methanol or echinomycin (dissolved in methanol) and sonicated, deproteinized

calf thymus DNA was incubated (dark) for 15 rninute_s at 37°C. Next, 2 uL of a freshly
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made 5-fold dilution of DEP in methanol was added; the mixture was vortexed and then
incubated for 10 minutes at 37°C. The final concentrations in the 40 uL modification
reactions were 1X TA buffer, pH 2.7, 3.7, 4.7, 5.7, 7.0 or 8.0, 200 uM calf thymus DNA
bp, 10% (v/v) methanol, 0 to 50 uM echinomycin and 68 mM DEP. DEP modification
reactions were terminated by ethanol precipitation, rinsing with 70% ethanol and then
vacuum-drying. The dried, modified DNA pellet was resuspended in 100 puL of freshly
diluted 100 mM piperidine and then heated at 90°C for 15 minutes (5' label) or 5 minutes
(3' label) to effect strand scission at the bases modified by DEP. Piperidine was removed
by two lyophilizations, and the DNA was then dissolved in formamide loading buffer in
preparation for high-resolution denaturing gel electrophoresis. Control DEP modification
reactions lacked only echinomycin and were treated exactly as were samples containing
echinomycin. This procedure can also be used with TN and TKMC buffers and with

different DNA bp concentrations.

DMS footprinting.

A 48 uL solution of buffered, 5' end-labeled oligonucleotide duplex, purified
carrier duplex oligonucleotide, methanol and echinomycin or ethidium bromide was
incubated (dark) at room temperature for 30 minutes. Then 2 UL of a dimethyl sulfate
(DMS) solution (saturated in HoO) was added; the mixture was then vortexed and allowed
to stand for 15 minutes (dark) at room temperature. DMS modification was terminated by
adding 4 uL of neat 2-mercaptoethanol to the solution and then mixing. The DMS-modified
DNA was then precipitated with ethanol, rinsed with 70% ethanol and then vacuum-dried.
The resulting pellet was redissolved in freshly diluted 100 mM piperidine and heated in a
tightly capped 600 UL microcentrifuge tube at 90°C for 30 minutes. The condensate was
returned to the bottom of the tube by brief centrifugation and the mixture was lyophilized
twice to remove piperidine before loading onto high-resolution denaturing polyacrylamide

gels. Final concentrations prior to termination were 1X TA buffer pH 3.7 or 8.0, 680 uM
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oligonucleotide bp, 136 UM echinomycin or 3.9 mM ethidium bromide, 10% (v/v)

methanol and a 25-fold dilution of saturated DMS in H»O.

KMnO4 footprinting.

A 36 uL solution of buffered, end-labeled DNA restriction fragment, sonicated,
deproteinized calf thymus DNA and methanol or echinomycin (in methanol) was incubated
for 15 minutes at 370C. Next, 4 uL of a freshly prepared 500 pM KMnOy4 solution was
added; the mixture was vortexed and then incubated for another 15 minutes at 37°C,
KMnOg4 modification was terminated by ethanol precipitation and rinsing, followed by
vacuum-drying. The dried pellet was then resuspended in 100 UL of freshly diluted 100
mM piperidine, heated for 15 minutes at 90‘5C and then lyophilized twice prior to loading
on sequencing gels. Final concentrations in the modification reactions before precipitation
were 1X TA buffer pH 7.0, 200 uM calf thymus DNA bp, 10% (v/v) methanol, 0, 6.25,
12.5, 25 or 50 UM echinomycin and 50 uM KMnO4.

Bleomycin Aj-Fe(II) (BLM) and Neocarzinostatin (NCS) footprinting.

A 32 pL solution of buffered end-labeled DNA restriction fragment, sonicated',
deproteinized calf thymus DNA, and methanol or echinomycin (in methanol) was incubated
in the dark for 15 minutes at 370C. Next, 4 UL of either NCS (Bristol, 1 unit/uL in 15 mM
NaOAc pH 5.0) or 4 uL of a freshly prepared 40 uM BLM (Blenoxane, Bristol) / 40 uM
FAS solutidn was added, mixed and the resulting solution incubated another 5 minutes in
the dark at 370C. Different thiol sources were then added to each mixture in order to initiate
DNA cleavage: For NCS reactions, 4 pL of a freshly prepared 100 mM 2-mercaptoethanol
solution was added and for BLM reactions, 4 uL of a freshly prepared 40 mM dithiothreitol
(DTT) solution was added. After addition of thiol, the reactions were mixed and then
incubated for 20 minutes in the dark at 379C, after which DNA strand scission was

interrupted by ethanol precipitation and rinsing followed by vacuum-drying. The final
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concentrations in the 40 uL reaction mixtures before ethanol precipitation were 1X TA
buffer pH 7.0, 200 uM calf thymus DNA bp, 0, 12.5 or 50 pM echinomycin, 10 mM 2-
mercaptoethanol or 4 mM DTT and 4 uM bleomycin /4 uM FAS or 0.1 unit / uL of NCS.

High-Resolution Denaturing Polyacrylamide Gel Electrophoresis.

DNA cleavage products produced in footprinting reactions were separated on high-
resolution denaturing 8% or 15% polyacrylamide gels. The acrylamide was crosslinked
1:20 with bis-acrylamide, and the gels also contained 50% (w/v) urea and 1X TBE buffer.
All gels were wedge-shaped, having a thicker bottom to enhance resolution and to more
evenly resolve the products of DNA cleavage. Dimensions for all 8% gels were 34 cm (w)
x 40 cm (1) x 0.2 mm (comb) x 0.6 mm (base). 15% gels had the same length and width
but were 0.4 mm thick at the comb and 1.2 mm thick at the base. We used the Bethesda
Research Laboratories Model S2 sequencing apparatus exclusively for high-resolution gel
electrophoresis. Prior to loading samples, gels were pre-electrophoresed for 1 hour at 1500
V with 1X TBE as the running buffer. Samples in formamide loading buffer were
denatured by heating at 90°C for 2 minutes after which they were placed in a polyethylene
glycol mold kept at -20°C. This process was more effective than wet ice in preventing
renaturation of the DNA samples. Approximately 4 pL of sample was loaded onto each
lane of the pre-electrophoresed gel with an Eppendorf® ultramicro pipettor. Prior to
denaturation and loading, the Cerenkov radiation of each sample was measured and the
samples were then made to a common specific activity (ca. 4000 cpm pL-1) so that uniform
anounts of radiolabeled material could be applied to each lane without having to change the
pipettor setting. This is important because loading 28 to 30 lanes on a gel requires a
significant amount of time, and the DNA can renature during loading if pipettor séttings
have to be changed for each lane. After application of samples to the gel, 1500 V was again
applied and the gel electrophoresed for 2-4 hours until the bromophenol blue marker dye

had migrated 40 cm (8% gels) or 25 cm (15% gels) from the origin. After this, the gel was
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transferred to a sheet of Whatman 3 MM chromatography paper and was then dried under
vacuum at 80°C using a Bio-Rad slab gel dryer. 15% gels contained ca. 2-3% glycerol to
prevent cracking during the drying process. 8% gels were dried for 90 minutes, 15% gels
for 3-4 hours, and then were allowed to cool to room temperature on the gel dryer while
still under vacuum. They were then placed in an aluminum cassette and allowed to expose
Kodak X-OMat XAR-5 film. An intensification screen was used for the exposure of 15%
gels at -80°C, whereas all 8% gel exposures were made at room temperature without
intensification screens. Typically, the ~15,000 cpm loaded per lane gave a good image after
12 hours of intensified exposure or after about 3.5 to 4 days exposure without intensifier.
After developing, the autoradiograms were cut and then scanned with an LKB model 2222

XL laser densitometer.

Chemical Sequencing Reactions.

The Maxam-Gilbert chemical sequencing G and G+A specific reactions were
performed as described in the original reference 79, except that 100 mM piperidine was
used instead of the 1.0 M piperidine for strand scission at the points of modified bases. We
found this concentration of piperidine to give a cleaner background with the purine specifié
reactions. However, we do not know if 100 mM piperidine is sufficient to cleave at the
points of pyrimidine modification. Optimum DMS methylation times were about 90
seconds for the 628 bp restriction fragments and about 8 minutes for the ~34 bp
oligonucleoﬁdes. Optimum formic acid treatment was for 4 minutes on the 628 bp
restriction fragments and 15 minutes on the ~34 bp oligonucleotides. All incubations were

performed at room temperature (20-220C).
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