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Echinomycin Binding Sites on DNA

Michael M. Van Dyke and Peter B. Dervan

A class of small molecules important
in antibiotic, antiviral, and antitumor
chemotherapy bind in an equilibrium
fashion to double-helical deoxyribonu-
cleic acid (DNA) (/). Their biological
activity is believed related to the forma-
tion of this complex with cellular DNA
(I). The DNA polymer consists of gua-
nine-cytosine (G-C) and adenine-thymine
(A-T) base pairs like rungs on a twisted

mer DNA’s such as dA-dT or dG-dC
would allow us to characterize drugs as
G-C or AT binders (1) (dA, dT, dG, dC,
deoxyadenylate, deoxythymidylate, de-
oxyguanylate, and deoxycytidylate).
However, the sizes of these drugs are
sufficiently large to cover typically two
to five contiguous base pairs, up to one
half-turn of the DNA helix. Because
there are four bases possible for each

Abstract. The preferred binding sites of echinomycin on DNA can be determined
by a method called ‘‘footprinting.”” A ¥P end-labeled restriction fragment from
PBR322 DNA is protected by binding to echinomycin, and cleaved by a synthetic
DNA cleaving reagent, methidiumpropyl-EDTA-Fe(Il); the DNA cleavage products
are then subjected to high-resolution gel analyses. This method reveals that
echinomycin has a binding site size of four base pairs. The strong binding sites for
echinomycin contain the central two-base-pair sequence 5'-CG-3'. From an analysis
of 15 echinomycin sites on 210 base pairs of DNA, key recognition elements for
echinomycin are contained in the sequences (5'-3') ACGT and TCGT (A, adenine; C,

cytosine; G, guanine; T, thymine).

ladder. The shapes of some of these
binding drugs are flat, allowing them to
sandwich or ‘‘intercalate’’ between the
base pairs. Other drugs with less obvious
structural features are believed to fit
snugly in the minor or major grooves of
the right-handed DNA helix by hydro-
phobic and hydrogen-bonding interac-
tions. For an optimum complementary
fit, these ‘‘groove binders’’ must recog-
nize the G-C or A-T base pairs and their
surrounding environment. A long-range
goal would be a detailed understanding
of how these drugs work in man. On the
basis of this information, it is not unrea-
sonable to attempt to design more selec-
tive and efficient classes of drugs not
found in nature. A fundamental first step
would be to solve the analytical problem;
namely, where on cellular DNA do these
molecules bind and what are the opti-
mum base pair combinations or se-
quence specificities for complexation of
these DNA binding drugs.

If intercalators or groove binders
bound only one base pair on DNA, that
is, one rung on the twisted ladder, the
solution to their base sequence prefer-
ences would be simple. Comparison of
equilibrium binding studies to homopoly-
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nucleotide position on each strand in the
DNA polymer and within the constraints
of the A'T and G-:C complementary na-
ture of the DNA helix, we can calculate
that binding site sizes of two to five base
pairs means that there are 10, 32, 136,
and 512 unique combinations of base
pairs or specific binding sites on DNA,
respectively (2).

In 1978 Galas and Schmitz devised a
general solution to this problem called
‘‘footprinting’” which is briefly explained
as follows (Fig. 1) (3). With the availabil-
ity of sequence-specific DNA cleaving
enzymes (restriction endonucleases) that
allow the isolation of discrete DNA frag-
ments 100 to 500 base pairs in size from
larger plasmid DNA, we now have avail-
able uniform DNA substrates with a suf-
ficiently large number of base pairs or
combinations of base pairs to be repre-
sentative of all possible drug binding
sites on DNA. With routine enzymatic
procedures, these 100- to 500-bp DNA
fragments can be tagged on one end of
one strand (5’ or 3’) with the label 32P. In
addition, it is known that the DNA cleav-
ing enzyme, deoxyribonuclease I
(DNase 1), cleaves DNA at every base
pair. Although the enzyme is sensitive to

DNA structure and cleaves along the
DNA polymer at nonidentical rates, for
the purposes of this experiment it can be
regarded as having relatively low se-
quence specificity, especially under con-
ditions of what is called single-hit kinet-
ics. After cleavage of a 3?P-labeled re-
striction fragment with DNase I, we can
visualize the ladder of the DNA cleavage
sites on the autoradiogram by high-reso-
lution gel electrophoresis which resolves
the set of cleavage products differing in
length by only one base pair. For foot-
printing, we allow the DNA binding mol-
ecules to bind their preferred sequences
among the 100 to 500 base pairs available
on the DNA restriction fragment, fol-
lowed by cleavage with DNase I. A
bound protein or drug would then ‘‘pro-
tect’” the recognition DNA site from
cleavage between the base pairs it cov-
ers. This is visualized on the autoradio-
gram of the high-resolution gel as a gap
or light region in the ‘‘sequencing lad-
der’’; the gap is due to the missing DNA
cleavage products, which are the sites
protected from cleavage (Fig. 1). A
chemical sequencing lane run alongside
as a marker permits precise identifica-
tion of these protected regions. This
technique, called ‘“DNase I footprint-
ing,”” was first used by Galas and
Schmitz to determine the sequence pref-
erences of DNA binding proteins that
cover about 20 base pairs or approxi-
mately two turns of the DNA helix (3).

Attempts to use DNase I footprinting
to determine the binding locations of
smaller molecules such as the antibiotic,
antiviral, and antitumor drugs have been
successful, except for one serious draw-
back. The DNase I footprinting method
reveals binding site sizes that are signifi-
cantly larger than would be expected for
small molecules complexed to DNA (¢4—
6). For example, from model building the
antitumor antibiotic, actinomycin, is ex-
pected to cover four base pairs. DNase I
footprinting revealed binding sites that
were six to nine base pairs in size (4-6).
Because binding site size is a critical
parameter for defining the sequence
specificities of small molecules on DNA,
a synthetic footprinting tool, called
methidiumpropyl-EDTA-Fe(II), was de-
veloped which would mimic DNase I as
a DNA cleaving reagent and, in addi-
tion, afford more accurate resolution of
the binding site sizes:for DNA binding
drugs in footprinting experiments (5, 7-
11).

Methidiumpropyl-EDTA (MPE) con-
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tains the DNA intercalator, methidium,
covalently bound by a short hydrocar-
bon tether to the metal chelator,
ethylenediaminetetraacetate (EDTA) (7,
8). In the presence of ferrous ion and
oxygen, MPE efficiently produces sin-
gle-strand breaks in double-helical DNA
(7, 8). Furthermore, the synthetic MPE-
Fe(II) is a relatively nonsequence specif-
ic DNA cleaving agent and cleaves DNA
with lower sequence specificity than
DNase I (5, 7-11). With the use of
MPE-Fe(Il) footprinting, the preferred
binding sites and binding site sizes of
small molecules such as actinomycin,
distamycin, netropsin, chromomycin,
mithramycin, and olivomycin on DNA
restriction fragments have been deter-
mined (5, 9-11). Comparisons of MPE-
Fe(II) and DNase I footprinting have
shown that the resolution of the binding
site size of small molecules on DNA
appears more accurate with MPE-Fe(Il),
especially in cases where several drugs
are closely spaced on the DNA (5).

Some (but not all) drugs upon binding
their optimum sequence distort the DNA
polymer, for example, by unwinding, or
helix extension. The question then arises
as to how far on the DNA this drug-
induced distortion or alteration of DNA
structure extends. Undoubtedly this al-
teration will be both drug dependent and
sequence dependent. It is in this area
that DNase 1 footprinting is now most
useful. DNase I is sensitive to DNA
structure, and DNase I cleavage should
be inhibited or enhanced by altered DNA
structure. DNase I footprinting should
prove to be a powerful technique for
determining the extent and sequence de-
pendence of altered DNA structure in-
duced by small molecules at specific
sites on DNA (4, 5).

The identification of the preferred
binding sites for drugs on native DNA in
solution is only a first step to under-
standing the rules of recognition for com-
plex formation between drugs and DNA.
Questions such as how the drug binds in
the major or minor groove, what distor-
tions do the drugs impose on the DNA,
and what are the key recognition ele-
ments on the drug and the DNA helix
that afford such a tight complex cannot
be answered by footprinting; we must
rely on more direct methods such as high
resolution x-ray analysis of judiciously
chosen drug-oligonucleotide complexes.
The number of available crystal struc-
tures of drug-DNA complexes are few
and a critical mass of comparisons of
solution studies with solid-state x-ray
analyses are lacking.

It is the purpose of this article to
present MPE-Fe(1l) footprinting data on
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Table 1. Four-base-pair echinomycin binding
sites on pBR322 DNA. Abbreviations: s,
strong; m, medium; w, weak.

Frag- Site . Bind-
ment (5 !_3/) Location ing
517 TCGT 4343-4340 S
517 ACGC 4336-4333 w
517 AGGT 5322-4319 w
517 ATGT 4317-4314 w
517 TGGT 4301-4298 m
517 ACGT 4290-4287 s
517 AGGT 4285-4282 w
517 TCGG 4273-4270 m
167 TCGA 24-27 s
167 GCGG 38-42 s
167 CAGT 53-56 w
167 ACGC 67-70 w
167 CCGT 79-82 w
280 CCGG 410413 w
280 TCGG 469-472 m

the optimum DNA binding sites in solu-
tion of the natural product echinomycin.
Because an x-ray structure of a similar
molecule bound to DNA is presented in
the accompanying article (/2), this is one
of those rare opportunities in the field of
drug-DNA complexation to compare so-
lution studies with solid-state structure
studies.
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Echinomycin

Echinomycin is a DNA binding mole-
cule that has significant antibiotic, anti-
viral, and antitumor activity (I3-17).
Structural features that characterize
echinomycin are a cyclic octapeptide di-
lactone, two quinoxaline chromophores,
and a thioacetal bridge (18, 19) (Fig. 2).
Echinomycin is one of the quinoxaline
antibiotics and is distinguished as the
first reported example of a DNA bis
intercalator (20). Binding affinities for
echinomycin to naturally occurring
DNA’s of differing base composition
vary with a preference for DNA rich in
G+C content (2/). However, the nature
of the sequence preferences remains ob-
scure. The highest binding affinity ob-
served was with Micrococcus lysodeikti-
cus DNA (72 percent G+C) and not with
the copolymer poly[d(G-C)] or the ho-
mopolymer poly(dG-dC), suggesting that
all four bases in the binding site may be
important in the recognition process
(I5). Recent Kinetic studies of echinomy-
cin on heterogeneous DNA provides
supporting evidence for more than one
class of binding sites (22). This led War-
ing and co-workers to estimate that, if
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Fig. 1. Illustration of the footprinting technique with MPE-Fe(ll) cleavage of drug-protected
DNA restriction fragments, followed by analysis with high resolution gel electrophoresis.

- NW s

5’ 3’

Echinomycin

Fig. 2. Formula of echinomycin. The figure at lower left illustrates a bis intercalator bound in
the minor groove of DNA bracketing the two central base pairs of a 4-bp binding site.
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echinomycin has a binding site size of
four base pairs, of the 136 distinguish-
able permutations, only three or four of
these are highly preferred binding sites
(22). Most likely, part of the sequence-
specific binding of echinomycin to DNA
involves interactions between the pep-
tide portion of echinomycin and the
bases in the minor groove of the DNA
helix. One step toward understanding
the recognition elements for echninomy-
cin-DNA complexation is the identifica-
tion of those highly preferred echinomy-
cin binding sites on native DNA.

We have examined the preferred bind-
ing sites of echinomycin on 210 base
pairs from three restriction fragments
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Fig. 3. Autoradiogram of 5’ (odd-numbered
lanes) and 3’ (even-numbered lanes) 32P end-
labeled DNA restriction fragments. (A) Lanes
1to 8 are from the 517-bp fragment. (B) Lanes
9 to 16 are from the 167-bp fragment. Lanes 1,
2, 9, and 10 are Maxam-Gilbert chemical
sequencing (28) G-specific reactions. Lanes 3,
4, 11, and 12 are MPE-Fe(lI) footprinting of
echinomycin at 200 uM. Lanes S, 6, 13, and
14 are MPE-Fe(Il) cleavage of unprotected
DNA. Lanes 7, 8, 15, and 16 are intact DNA,
From this autoradiogram 80 base pairs of the
517-bp fragment (lanes 1 to 8) and 70 base
pairs of the 167-bp fragment (lanes 9 to 16)
have been analyzed by densitometry. The
bottom to arrow at the middle of the autora-
diogram 'is the sequence left to right in
Fig. 5.
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from pBR322 plasmid DNA. The
MPE-Fe(Il) footprinting of echmomycm
bound to these DNA fragments from
pBR322 plasmid resulted in two major
observations. The minimum binding site
size for echinomycin is four base pairs,
and strong binding sites are 5’-3' ACGT
and TCGT. For comparison, DNase I
footprinting of echinomycin affords foot-
prints in similar locations and of larger
size.

MPE-Fe(Il) Footprinting

Footprints produced by partial cleav-
age of three DNA restriction fragments
from plasmid pBR322 protected by
echinomycin were examined (23-27). A
517-bp (Rsa I-Eco RI), a 167-bp (Eco
RI-Rsa I), and a 280/276-bp (Bam HI-
Sal I) fragment all appeared to have sev-
eral strong echinomycin binding sites.
The DNA fragments labeled at the 3’ (or
5') end with 32P were allowed to equili-
brate with echinomycin at ratios of
echinomycin to DNA base pairs of 0.03
t0 0.50 (Figs. 3 and 4). Then MPE-Fe(II)
was added to afford a final ratio of
MPE-Fe(II) to DNA base pairs of 0.025.
The reaction was initiated by the addi-
tion of dithiothreitol (DTT) at 4 mM
concentrations. Cleavage by MPE-Fe(II)
was stopped after 15 minutes (37°C) by
freezing, lyophilization, and resuspen-
sion in formamide buffer. The 32P end-
labeled DNA products were analyzed by
denaturing gel (8 percent polyacrylam-
ide-50 percent urea) electrophoresis ca-
pable of resolving DNA fragments differ-
ing 'in length by one nucleotide. The
autoradiogram for MPE-Fe(II) footprint-
ing on the 517-bp and 167-bp fragments is
shown in Fig. 3. The autoradiogram for
MPE-Fe(Il) and DNase I footprinting on
the 280/276-bp fragment is shown in Fig.
4, ‘

The 517-bp fragment (Rsa I-Eco RI).
Control lanes 7 and 8 (Fig. 3A) are the
buffered intact 517-bp restriction frag-
ment of DNA (400 pM, in base pair),
10 pM Fe(Il), and 4 mM DTT concen-
trations used in the footprinting reac-
tions. Control lanes 5 and 6 (Fig. 3A) are

MPE-Fe(Il) cleavage of the 517-bp re-

striction fragment labeled at the 5’ (or 3')
end with *2P. A relatively uniform DNA
cleavage pattern is observed. Lanes 1
and 2 (Fig. 3A) are the Maxam-Gilbert
chemical sequencing G lanes used as
markers (28). Echinomycin was allowed
to equilibrate with the 517-bp DNA frag-
ment at a ratio of echinomycin to DNA
base pairs of 0.50, followed by partial
cleavage with MPE-Fe(II) (Fig. 3A, lanes
3 and 4). From densitometric analyses,

the footprints (cleavage inhibition) on 80
bp of the 517-bp DNA fragment are
shown in Fig. 5. MPE-Fe(Il) cleavage
reveals eight binding locations four base
pairs in size (Fig. § and Table 1).

The 167-bp fragment (Eco RI-Rsa I).
Control lanes 15 and 16 (Fig. 3B) are the
buffered intact 167-bp restriction frag-
ment of DNA (400 pwM, in base pair),
10 pM Fe(Il), and 4 mM DTT concen-
trations used in the footprinting reac-
tions. Control lanes 13 and 14 (Fig. 3B)
are MPE-Fe(Il) cleavage of the 167-bp
restriction fragment labeled at the 5’ (or
3) end with **P. A relatively uniform
DNA cleavage pattern is observed.
Lanes 9 and 10 (Fig. 3B) are the chemical
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Fig. 4. Autoradiogram of 3’ (odd-numbered
lanes) and §' (even-numbered lanes) 32P end-
labeled 280/276-bp DNA restriction fragment.
Lanes 1 and 2, intact DNA; lanes 3 and 4,
MPE-Fe(ll) cleavage of unprotected DNA;
lanes 5 and 6, DNase I cleavage of unprotect-
ed DNA; lanes 7 and 8, MPE-Fe(II) footprint-
ing of echinomycin at 12 uwM; lanes 9 and 10,
DNase 1 footprinting of echinomycin at 12
pM; lanes 11 and 12, MPE-Fe(Il) footprinting
of echinomycin at 48 uM; lanes 13 and 14,
DNase I footprinting of echinomycin at 50
1M, lanes 15 and 16, Maxam-Gilbert chemical
sequencing G-specific reaction. From this
autoradiogram, 70 base pairs have been ana-
lyzed by densitometry. Bottom to arrow at
the middle of the autoradiogram is the se-
quence left to right in Fig. 6.
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sequencing G lanes used as markers.
Echinomycin was allowed to equilibrate
with the 167-bp DNA fragment at a ratio
of echinomycin to DNA base pairs of
0.50, followed by partial cleavage with
MPE-Fe(Il) (Fig. 3B, lanes 11 and 12).
From densitometric analyses, the foot-
prints on 70 bp of the 167-bp DNA
fragment are shown in Fig. 5. Cleavage
with MPE-Fe(II) reveals five binding lo-
cations four base pairs in size (Fig. 5 and
Table 1).

The 280/276-bp fragment (Bam HI-
Sal I). Control lanes 1 and 2 (Fig. 4) are
the buffered intact 280/276-bp restriction
fragment of DNA (400 wM in base pair),
10 uM Fe(1l), and 4 mM DTT concentra-
tions used in subsequent footprinting re-
actions. Control lanes 3 and 4 (Fig. 4) are
MPE-Fe(Il) cleavage of the 280/276-bp
restriction fragment labeled at the 3’ (or
5') end with 32P. A relatively uniform
DNA cleavage pattern is observed. DN-
ase I cleavage exhibits a higher sequence
specificity shown in lanes S and 6 (Fig.
4). Lanes 15 and 16 (Fig. 4) are Maxam-
Gilbert (28) chemical sequencing G lanes
used as markers. Echinomycin was al-
lowed to equilibrate with the 280/276-bp
DNA fragment at a ratio of echinomycin
to DNA base pairs of 0.03, followed by
partial cleavage with MPE-Fe(II) (Fig. 4,
lanes 7 and 8) or DNase I (Fig. 4, lanes 9
and 10). From densitometric analyses
the footprints on 60 bp of the 280/276—bp
DNA fragment are shown in Fig. 6, A
and B. For echinomycin at low binding
density, MPE-Fe(II) cleavage affords
four footprints, which are four, six, nine,
and four base pairs in size (reading
5" — 3’ on the top strand of Fig. 6A).
DNase I cleavage affords four footprints
in the same locations which are larger in
size; 6, 8, 20, and 5 base pairs in size
(reading 5’ — 3’ on the top strand of Fig.
6A). Echinomycin was allowed to equili-
brate with the 280/276-bp DNA fragment
at a ratio of echinomycin to DNA base
pairs of 0.12, followed by partial cleav-
age with MPE-Fe(II) (Fig. 4, lanes 11 and
12) or DNase I (Fig. 4, lanes 13 and 14).
In addition to the four footprints ob-
served at the lower concentrations, an
additional footprint six base pairs in size
appears (Fig. 6B). DNase I detected this
site at the lower echinomycin concentra-
tions.

Discussion

Assignment of binding site size of
echinomycin from MPE-Fe(II) footprint-
ing is based on a model where the DNA
cleavage inhibition pattern is shifted one
to two base pairs on the 3’ side and is one
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base pair underprotected on the 5’ side
of the DNA (10, 11). The minimum bind-
ing site size for echinomycin by MPE-
Fe(Il) footprinting is four base pairs.

This is consistent with the average bind-
ing site size (four to six base pairs)
calculated from equilibrium binding

studies (20, 21) as well as CPK (Corey,

LANE

A . ..
N _— i ol waliine . i 3
GGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGG
« 4340 . 4320 4300 .« 4280
CCGGAGCACTATGCGGATAAAAATATCCAATTACAGTACTATTATTACCAAAGAATCTGCAGTCCACCGTGAAAAGCCCC

—— - ~- - e - - 4

GGCQT CG G ATGATAATA GGTTTCTTAGACGTCIAGG TIGGCACT T TTCGGGG
CCGGAGC TACTATTAT C CADAGAATCITGCAGTCCACCGTGAAAAGCOCC

LANE
c anill, oiilie -_ il - "
CTTATCATCGATAAGCTTTAATGCGGTAGTTTATCACAGTTAAATTGCTAACGCAGTCAGGCACCGTGTA
.40

GAATAGTAGCTATTCGAAATTACGCCATCAAATAGTGTCAATTTAACGATTGCGTCAGTCCGTGGCACAT
-~y -y - - - 12

CG TATTTTTA
GCe ATAAAAATA CC

D

CTTATCAAGCTTTAA ﬁ AGTTTATCAAATTGCTGTCAGGC TA

GAATAGTAGCTRTTCGAAAT TA ATCAAATAGTIGTCAAT TTAACGAT[TGCGTCAGTCCG TIGGC ACAT
Fig. 5. MPE-Fe(II) footprints of echinomycin at 200 uM concentration on 80 and 70 base pairs of
the 517-bp and 167-bp restriction fragments, determined by densitometry from the autoradio-
grami in Fig. 3. The MPE-Fe(II) footprints (light regions in the gel autoradiogram, Fig. 3) are
shown as histograms, the height is proportional to the reduction of cleavage at each nucleotide
compared with the MPE-Fe(ll) cleavage of unprotected DNA (see control lanes 5, 6, 13, and 14
in Fig. 3). The top strand patterns are for 5’ end-labeled DNA; the bottom strand patterns are
for 3' end-labeled DNA. Boxes are the echinomycin binding sites as suggested on the

asymmetric MPE-Fe(lI) footprinting model (10, 11). (A) and (B) are from the 517-bp restriction
fragment. (C) and (D) are from the 167-bp restriction fragment.
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A i i .‘. L K
m _ 10
5 ATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCGGGCTC
420 -440 -460
3 TAGTGGCCGCGGTGTCCACGCCAACGACCGCGGATATAGCGGCTGTAGTGGCTACCCCTTCTAGCCCGAG
A z [z ] 9
-— -_T- . "= 7
B ol il S e .
|l ] [ 14
5 ATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCGGGCTC
420 -440 ~460
3 TAGTGGCCGCGGTGTCCACGCCAACGACCGCGGATATAGCGGCTGTAGTGGCTACCCCTTCTAGCCCGAG
2 o o _W 13
- e -_ O
c
r 1 I
5 ATC GCCACAGGTGCGGTTGCTGGCGCCTAT o A GCTC
3 TAGT CGGTGTCCACGCCAACGACCGCGGATAT A TA r QCcCT TC
| I | —J
D .
(= : L) f LI
5 ATCﬁ; GCCA! GGTGCGG TGCTGGCGCCTAT ATCIACCGAT GGJGGAAG. CTC
3 TAG GCGGTGIQQ-\_QE_CAACGACCGCGGATA l TAG| CCTTCT G
L | J J

Fig. 6. MPE-Fe(II) and DNase I footprints of echinomycin at (A and C) 12 uM and at (B and D)
48 uM concentrations on 70 base pairs of the 280/276-bp fragment determined by densitometiy
from autoradiogram in Fig. 4. MPE-Fe(II) footprints (light regions in the gel autoradiogram) are
shown as histograms; the height is proportional to the reduction of cleavage at each nucleotide
compared with the MPE-Fe(Il) cleavage of unprotected DNA (see control lanes 3 to 4 in Fig. 4).
DNase I-DNA cleavage inhibition is shown by light and dark bars, corresponding to partial and
complete cleavage inhibition, respectively. Top strand patterns are for 5’ end-labeled DNA;
bottom strand patterns are for 3’ end-labeled DNA. Boxes are echinomycin binding sites from
MPE-Fe(lI) footprints (Fig. 4) based on the MPE-Fe(II) footprinting model (10, 11). Brackets
are DNase I footprints on each strand for comparison.
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Prelog, Koltun) space-filling model
building studies of the echinomy-
cin'DNA comiplex. Therefore, we as-
sume that the occurrence of a footprint
four base pairs in size corresponds only
to one echinomycin site. On the 210 base
pairs examined there are 15 echinomycin
sites that are four base pairs in size
(Table 1).

If the 15 echinomycin binding sites
that are four base pairs in size are
weighted equally, we find that the first
base pair of the tetramer (reading 5’ to
3’) has sequence preference (in decreas-
ing order) A,T > C,G; the second base
is C >> G > A,T,; the third base is G in
all cases; and the fourth base is
T > G > C,A. From this limited set of
data one would conclude that optimum
sequences for echinomycin binding
would be 5'-TCGT-3' and 5'-ACGT-3'".
By qualitatively grouping the 15 sites as
strong, medium, and weak from the in-
tensity of the MPE-Fe(Il) footprint, we
find that the strong echinomycin sites
appear to be (5'-3') TCGT, ACGT,
TCGA, and GCGG. All strong sites con-
tain the central sequence 5'-CG-3' (Table
1).

The echinomycin binding sites larger
than four base pairs observed by
MPE-Fe(1l) footprinting are more diffi-
cult to interpret (Fig. 6). We presume
that these represent regions of close mul-
tiple or overlapping binding sites for
echinomycin. The larger MPE-Fe(Il)
footprints for echinomycin are, 5'-
AGGTGCGG-3' (bp, 421 to 428), 5'-
TCGCCGA-3' (bp, 444 to 450), and 5'-
ACCGATGG-3' (bp, 455 to 462) (Fig.
6D). If we presume from the four base
pair sites that the central sequence 5'-
CG-3' is a key recognition element in the
binding of echinomycin to DNA, one
interpretation of the data is that the
seven-base-pair site 5'-TCGCCGA-3’
(bp, 440 to 450) is the result of two
overlapping echinomycin sites 5'-
TCGC(CGA)-3' and 5-(TCG)CCGA-3'.
Similarly, the eight-base-pair site 5'-
ACCGATGG-3’ (bp, 455 to 462) could be
the result of overlapping 5'-(A)CCGA
(TGG)-3' and 5'-(ACCG)ATGG-3' (Fig.
6). In this latter case, the two-base-pair
sandwich rule of 5'-CG-3' in the center
appears to relax to 5'-TG-3'. Finally, the
eight-base-pair site 5'-AGGTGCGG-3’
(bp, 421 to 428) that appears &t higher
echinomycin concentrations could be the
result of 5'-(AGGT)GCGG-3' and 5'-
AGGT(GCGG)-3'.

. For echinomycin, DNase I footprint-
ing provides larger binding site sizes than
MPE:Fe(ll), especially in cases where
several binding sites are closely spaced
on DNA (Fig. 6). This is implied by the
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smaller and multiple discrete footprints
observed with MPE-Fe(Il) cleavage
which more closely resembled the ex-
pected binding site size of echinomycin
on DNA (Fig. 6). The difference in the
size of the echinomycin footprints gener-
ated by DNase I and MPE-Fe(I1) may be
a reflection of the differences in the size
of the DNA cleaving agents. The syn-
thetic MPE, an intercalator, is signifi-
cantly smaller than DNase I, a high
molecular weight protein. MPE-Fe(II)
footprints might simply represent re-
gions of the DNA where echinomycin
directly inhibits intercalation by MPE.
The catalytic site on the enzyme DNase I
might not be accessible to the unprotect-
ed base pairs immediately flanking
echinomycin in the minor groove of
DNA affording a slightly larger footprint.
Because DNase I is known to be sensi-
tive to DNA structure (29), an alterna-
tive explanation for the larger binding
site sizes for DNase I footprints is that
the DNase I cleavage could be either
inhibited or enhanced by altered DNA
structure contiguous to the echinomycin
binding site.

In summary, MPE-Fe(Il) footprinting
of echinomycin on native DNA from
pBR322 reveals a binding site size of four
base pairs. Footprinting reveals that the
sequences (5'-3') TCGT and ACGT are
preferred recognition sites for echinomy-
cin (Table 1). The three-dimensional
structure of a complex between the quin-
oxaline antibiotic, triostin A, and a DNA
duplex, 5'-CGTACG-3' has recently
been solved by Rich and his co-workers
(12). They find direct evidence that trios-
tin A is a bis intercalator that brackets a
two-base-pair sandwich 5'-CG-3’, form-
ing three important hydrogen bonds be-
tween the L-alanine of the octapeptide
backbone of triostin A and the guanine
(G) in the minor groove of DNA (/2).
The NH groups of both alanine residues
on triostin A form hydrogen bonds to the
guanine (G) on opposite and adjacent
base pair residues of the DNA duplex.
However, only one carbonyl of the two
alanines forms a hydrogen bond to gua-
nine, suggesting that recognition of trios-
tin A on opposite strands of DNA is
unequal (/2). In addition, they made the
remarkable observation that the AT
base pairs on the outside of the intercala-
tion site are rearranged from Watson-
Crick to Hoogsteen pairing (/2). The
antibiotics echinomycin and triostin A
are structurally similar. They share the
same quinoxaline rings and octapeptide
ring. Echinomycin differs from triostin A
only in the cross bridge, thioacetal in the
former and disulfide in the latter. The
Rich group has also found that crystals

of the complex of echinomycin and 5'-
CGTACG-3' have the same diffraction
pattern as the complex of triostin A and
5'-CGTACG-3’, an indication that its
structure may be the same (/2). If this is
true, the crystal structure of the complex
of triostin A and DNA explains the foot-
printing data of echinomycin on DNA in
solution with regard to the size of the
binding site, the importance of the cen-
tral 5’-CG-3’, and the possible fate of the
AT base pair capping the four-base-pair
binding site.
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