
mothers who personally take care oftheir children would encourage
women to stay out of the labor force. Some policies would tend to
lower fertility, others would raise it. Some would discourage
employers from hiring women while others would not. A major
challenge to social science research is to understand the economic
and social consequences of alternative policies.
Although there is disagreement on theory and policy, virtually

everyone agrees on one point. As long as parents are responsible for
children and this responsibility is borne disproportionately by
women, sex differences in the labor market are likely to persist.
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Design of Sequence-Specific
DNA-Binding Molecules

PETER B. DERVAN

Base sequence information can be stored in the local
structure of right-handed double-helical DNA (B-DNA).
The question arises as to whether a set of rules for the
three-dimensional readout of the B-DNA helix can be
developed. This would allow the design of synthetic
molecules that bind DNA ofany specific sequence and site
size. There are four stages of development for each new
synthetic sequence-specific DNA-binding molecule: de-
sign, synthesis, testing for sequence specificity, and re-
evaluation of the design. This approach has produced
bis(distamycin)fumaramide, a synthetic, crescent-shaped
oligopeptide that binds nine contiguous adenine-thymine
base pairs in the minor groove of double-helical DNA.

X -RAY ANALYSIS OF CRYSTALS OF RIGHT-HANDED DOUBLE-

helical DNA (B-DNA) reveals that base sequence informa-
tion can be stored in the local structure of the helix (1, 2).

The DNA polymer consists ofGC and AT base pairs like rungs on a
twisted ladder. The helical twist, groove shape, base pair slide and
roll, and handedness of double-helical DNA depend on base
sequence (1-7). In this article I address the issue ofwhether a set of
rules for the three-dimensional readout of B-DNA could be devel-

464

oped based on low molecular weight natural products commonly
identified as antibiotic, antiviral, or anticancer DNA-binding drugs.
This would allow the design of synthetic nonprotein molecules that
bind B-DNA of any base sequence and site size. The tools of
synthetic and mechanistic organic chemistry are used in combina-
tion with nucleic acid techniques such as high resolution gel
electrophoresis to define, in part, the scope and limitations of this
problem.
There are four bases possible for each nudeotide position on each

strand of the DNA helix, and, within the constraints of the AT and
GC complementary nature of double-helical DNA, for a binding-
site size ofn base pairs there are (4f)/2 distinguishable sequences for
odd n and (4")I2 + (45/2)12 for even n (Table 1). During the past
few years, a priority has been to develop the analytical methods
needed to analyze precisely the sequence specificities of either
natural or synthetic DNA-binding small molecules. These methods
are footprinting (8-18) and affinity cleaving (19-25). With regard
to the overall experimental approach, there are four stages of
development for each new synthetic DNA-binding molecule: de-
sign, synthesis, testing for sequence specificity, and reanalysis of the
design.
The initial design ideas are derived from examination of natural

P. B. Dervan is professor ofchemistry at California Institute ofTechnology, Pasadena,
CA 91125.
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products that bind to specific sequences in the minor groove of B-
DNA (26). Some of these DNA-binding molecules are flat, and this
shape allows them to sandwich or intercalate between the base pairs.
Other natural products with less obvious structural features are
believed to fit snugly in the minor or major grooves of the right-
handed DNA helix by hydrogen bonds, electrostatic interactions,
and van der Waals interactions. These natural products are in the
molecular weight range of 500 to 2000 and are sufficiently large to
cover two to five contiguous base pairs, up to one half-turn of the
DNA helix. Binding-site sizes of two to five base pairs have 10 to
512 unique combinations of base pairs or specific binding sites on
double-helical DNA, respectively (Table 1). What is,the combina-

Table 1. Relation between binding-site size and
number of distinguishable sequences.

n* Unique sites
(number)

2 10
3 32
4 136
5 512
6 2,080
7 8,192
8 32,896
9 131,072
10 524,800

*Sitc size (in base pairs).

tion of nonbonded stabilizing and destabilizing interactions that
allows structurally diverse natural products such as netropsin and
distamycin to bind AT-rich sequences of DNA and echinomycin,
triostin A, bleomycin, actinomycin D, and chromomycin to bind
GC-rich sequences of DNA? X-ray structures are the most reliable
sources for model building. A small but significant number ofcrystal
structures of small molecule-oligonucleotide complexes such as
actinomycin D (27, 28), daunomycin (29), triostin A (30), echino-
mycin (31), and netropsin structures (32) are now available. In the
absence of crystal structures for other natural products, such as
chromomycin bound to duplex DNA, we rely on model building
with consensus nucleotide sequences gained from footprinting
experiments on several DNA restriction fragments. Plausible models
are tested by synthesizing simpler molecules that are believed to
contain key recognition features of the more complex natural
product. CPK space-filling models of DNA-small molecule com-
plexes are useful for indicating what is unrealistic. As computer
graphics model building and adequate molecular mechanics pro-
grams become available, there is hope for improvement in this area
(33).
This design-synthesis-footprinting (or affinity cleaving) exercise is

relevant to the general problem of refining our understanding of
molecular recognition. Within the area ofnucleic acids, the develop-
ment ofsynthetic molecules that can read large sequences ofdouble-
helical DNA may lead to the development ofnew research tools for
use in molecular biology, diagnosis of disease states at the level of
DNA, and novel chemotherapeutic strategies.

Footpig
With the availability of restriction endonucleases and techniques

that allow the isolation of discrete DNA fragments, uniform DNA
substrates are available that have a sufficiently large number of base
pairs or combinations of base pairs to be representative of all
possible small molecule-binding sites on DNA. With routine

25 APRIL I986

enzymatic procedures, DNA fragments (typically 100 base pairs in
size or larger) are tagged on one end of one strand (5' or 3') with
32p. Footprinting can be carried out with DNA-cleaving agents such
as the enzyme DNase I (8) or the synthetic reagent methidiumpro-
pyl-EDTA (MPE) (9, 34, 35), which cleave double-helical DNA at
every base position. After cleavage of a 32P-labeled restriction
fragment, the set of labeled DNA cleavage fragments differing in
length by 1 base pair is resolved on a high-resolution denaturing
polyacrylamide gel. A bound ligand protects the DNA-binding site
from cleavage by covering the base pairs it binds. This is visualized
on the autoradiogram of the high-resolution gel as a gap in the
ladder ofDNA fragments. A chemical sequencing lane run alongside
as a marker permits precise identification of these protected regions.
This footprinting technique was first described by Galas and
Schmitz, who used DNase I to determine the sequence preferences
of DNA-binding proteins that cover about 20 base pairs, or
approximately two turns of the DNA helix (8).
For smaller molecules (500 to 2000 molecular weight) such as the

antibiotic, antiviral, and antitumor drugs, footprinting with DNase
I reveals binding-site sizes that are several base pairs larger than
would be expected from model building of these molecules com-
plexed to DNA (11, 12). Because binding-site size is a useful
parameter for defining the sequence specificities of small molecules
on DNA, a synthetic footprinting tool, called MPE - Fe(II), is often
employed because it mimics DNase I as a DNA-cleaving reagent and
affords accurate resolution of the binding-site sizes for DNA
binding small molecules in footprinting experiments.
MPE contains the DNA intercalator methidium covalently bound

by a short hydrocarbon tether to the metal chelator EDTA (34, 35)
(Fig. 1). In the presence of ferrous ion, reducing agents such as

H2NC NH2
f N%~Me

0
Fig. 1. Methidiumpropyl-EDTA * NH °
Fe(II) [MPE * Fe(ll)]. Me, methyl

'group. N

KN N - Fe
H

0

dithiothreitol and dioxygen, MPE at micromolar concentrations
produces single-strand breaks at 25°C (pH 7.0) in double-helical
DNA (34,35). The synthetic MPE - Fe(II) cleaves DNA with lower
sequence specificity than DNase I (14, 15). By means of MPE-
Fe(II) footprinting, the binding locations and site sizes of several
natural products such as actinomycin D, distamycin, netropsin,
chromomycin, mithramycin, olivomycin, and echinomycin on DNA
restriction fragments have been determined (9, 10, 13-15, 18) (Fig.
2).

X-ray crystal structures reveal that DNA accommodates some of
these small molecules by changing its shape and conformation (29-
32). For example, the crystal structures of echinomycin and triostin
A complexed to the DNA fragment with sequence (5'-3')-
CGTACG reveal that the bisintercalator reorganizes the nucleic acid
helix to a novel structure (30, 31). The bisintercalators create a
Hoogsteen base pair at an A * T base pair flanking the quinoxaline-
intercalating moiety with A in the syn conformation. In addition,
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base pairs flanking the intercalation site are unwound. How far from
the intercalation site altered DNA structure extends undoubtedly
depends on both the DNA binding molecule and the neighboring
DNA sequences. DNase I is sensitive to local DNA structure, and
enzymatic cleavage can be inhibited or enhanced by altered DNA
structure. Using DNase I footprinting, several groups of investiga-
tors have observed enhanced rates of cleavage flanking the binding
sites of the antibiotics distamycin, actinomycin, and echinomycin
(11, 12, 14-17). This enhanced susceptibility to cleavage by DNase I
has been interpreted by Waring and co-workers as the antibiotic
altering the width of the minor groove at nearby sequences (17).
DNase I footprinting is proving to be a sensitive technique for
determining the extent and sequence dependence of altered DNA
structure in solution induced by small molecules at specific binding
sites on DNA. Understanding the extent ofconformational changes
produced by ligand binding-whether they are restricted to the
actual binding site or are distributed over neighboring regions of
DNA-will influence our choice of coupling strategies for synthetic
hybrids of different DNA-binding natural products.

Affinity Cleaving
With the finding that attachment of EDTA - Fe(II) to a DNA-

binding molecule such as methidium creates an efficient DNA-
cleaving molecule (at 25°C and pH 7.0), attachment of EDTA to
sequence-specific DNA-binding molecules was examined (19, 20).
The EDTA attachment converts a sequence-specific DNA-binding
molecule to a sequence-specific DNA-cleaving molecule (19, 20).
Analysis of the cleavage products from a 32P-end-labeled restriction
fragment on the autoradiogram of a high-resolution denaturing
polyacrylamide gel allows the binding locations, site size, and

5 3

5' 3'
_ L

High-resolution gel

N N
N N
N N

m N N
N N

amp MN N
MN N
N N ~

N N
NN
N N
N N
NIN

53

Fig. 2. Scheme for the MPE * Fe(ll) footprinting method. (Left) Sequence-
specific DNA-binding molecule protects a region of a restriction fragment
labeled with 32P at the 5' (and 3') end from oxidative cleavage of the DNA
backbone generated by nearby bound MPE - Fe(II) molecules. The arrows
indicate cleavage intensities on opposite DNA strands resulting from nearest
bound MPE * Fe(II). Asymmetric cleavage protection to the 3' side of each
strand is due to a diffusible reactive species (most likely hydroxyl radical)
capable of cleaving DNA generated in the minor groove ofB-DNA (20,35).
(Center) Autoradiogram, which allows visualization of deavage patterns
resulting from DNA cleavage products on a high-resolution denaturing gel.
(Right) Histograms represent missing DNA cleavage products resulting
from protection from MPE * Fe(II) deavage. Box represents an assignment
of binding locations and site size.

orientation of synthetic molecules on double-helical DNA to be
visualized (19, 20). The resulting cleavage patterns are the positive
image visualized on an autoradiogram with respect to the negative
image produced by footprinting (Fig. 3).
The antibiotic distamycin is a crescent-shaped tripeptide contain-

ing three N-methylpyrrolecarboxamides that binds in the minor
groove of B-DNA with a strong preference for AT-rich sequences
(36-44). The EDTA moiety was tethered to the amino or carboxyl
terminus of tris-N-methylpyrrolecarboxamide to give distamycin-
EDTA (DE) and EDTA-distamycin (ED), respectively (20) (Fig.
4). DE - Fe(II) and ED * Fe(II) at micromolar concentrations cleave
pBR322 plasmid DNA at discrete locations in the presence of
oxygen and reducing agents such as dithiothreitol. From sequencing
gel analyses, it has been found that DE - Fe(II) and ED * Fe(II)
afford DNA-cleavage patterns covering four contiguous base pairs
adjacent to 5-bp sites consisting of AT-rich DNA. The multiple
contiguous cleavages at each site are taken as evidence for a diffusible
oxidizing species, most likely hydroxyl radical (20, 35). The relative
intensity of cleavages on each side of the 5-bp site permits assign-
ment ofmajor and minor orientations ofthe tripeptide binding unit.
A comparison ofED * Fe(II) with DE * Fe(II) shows DNA-cleavage
patterns flanking the same site (for example, 5'-AAATT-3') but
with intensities ofopposite polarities (20). The cleavage patterns on
opposite DNA strands are asymmetric, that is, shifted to the 3' side,
which can be understood by examination of a model of B-DNA
(Fig. 5). In the minor groove of right-handed DNA, the proximal
deoxyriboses on opposite strands are 2 bp apart to the 3' side.
Assuming that the multiple cleavage events result from a diffusible
reactive species, the average position of the EDTA * Fe(II) group is
given by the approximate twofold symmetry ofthe deavage pattern.
From this position, the site of the attached DNA-binding unit can
be estimated. A model for the relation between the cleavage pattem
and the binding site is given in Fig. 5. If the major and minor
orientations of DE - Fe(II) bind the same site, it appears that the
tripeptide unit of distamycin covers 5 bp. Analysis of the ED -

Fe(II) cleavage pattern confirms this conclusion. The solution data
support a model where each of the four pyrrolecarboxyamide NH's
can hydrogen-bond to two bases on the floor of the minor groove
on adjacent base pairs on opposite strands of the helix (21, 32) (Fig.
6).

U.

s' 3' 5' 31

5 ,35' 3'
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Fig. 3. Scheme for the affinity-deaving method. (Left) Sequence-specific
DNA-binding molecule equipped with EDTA * Fe(II) can assume two
orientations, affording asymmetric cleavage patterns on opposite strands of a
restriction fragment labeled with 32p at the 5' (and 3') end. Lengths of
arrows indicate frequency of deavage. (Center) Autoradiogram of cleavage
patterns of a high-resolution denaturing gel. (Right) Assignment ofbinding-
site boundaries based on the model in Fig. 4.
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Recognition of Large Contiguous
Sequences of AT-Rich DNA
From recent x-ray analysis ofthe complex ofnetropsin with the B-

DNA dodecamer 5'-CGCGAATTCGCG-3', Dickerson and co-
workers have provided a molecular basis for the sequence-specific
recognition ofDNA by a bis-N-methylpyrrolecarboxamide and, by
extension, distamycin (32). Netropsin sits symmetrically in the
center of the minor groove of right-handed DNA and displaces the
water molecules at the spine of hydration. Each of its three amide
groups forms a bridge between adjacent adenine N-3 or thymine 0-
2 atoms on opposite helix strands. Dickerson and co-workers
suggest that the base specificity ofnetropsin for contiguous AT-rich
sequences in B-DNA is provided not by hydrogen bonding but by
close van der Waals contacts between adenine C-2 hydrogens and
CH groups on the pyrrole rings of the oligopeptide molecules.
Because increased binding-site size would afford increased sequence
specificity for DNA-binding molecules, the question arises as to
whether higher numbers of N-methylpyrrolecarboxamides in syn-
thetic oligopeptides would fit the natural twist of the B-DNA helix
(45, 46). Tetra-, penta-, and hexa(N-methylpyrrolecarboxamide)s
equipped with EDTA (P4E, P5E, and P6E) were synthesized and
compared on sequencing gels by means of affinity cleaving (23)
(Fig. 7).
The homologous oligopeptide-EDTA * Fe(II) molecules cleave

restriction fragments at common locations rich in AT that differ
incrementally in the size of the binding site (23). From analysis of
the cleavage patterns visualized by high-resolution denaturing gel
electrophoresis, the oligopeptides with four, five, and six N-methyl-
pyrrolecarboxamide units and containing five, six, and seven amide
groups bind sites ofAT-rich DNA consisting ofsix, seven, and eight
contiguous base pairs, respectively (23) (Table 2). The general rule
of n amides affording binding-site sizes of n + 1 base pairs is
explained by the solid state structure ofthe netropsin:DNA duplex.
From the relative intensities of the cleavage patterns flanking the

binding site, the orientation preference of the oligopeptide at each
binding site can be estimated as a function of local sequence,
flanking sequences, and number of N-methylpyrrolecarboxamide
units. Dickerson has shown that, although netropsin binding nei-

Table 2. Comparison of DNA-binding sequences for synthetic oligopep-
tides. In each sequence bases in the binding site are symbolized by capital
letters, and the italic letters show the neighboring nucleotides. Data taken
from one major binding location on a 517-bp restriction fragment from
pBR322 DNA (pairs 4338-4278) (23, 25).

oligo- n* Site (5'-3') Site size
peptide (base pairs)
DE 4 A'TIT-ITATA 5
P4E 5 AT'I'TITTATA 6
P5E 6 A1TITTATA 7
P6E 7 A1'Tl--ATA 8
BEDF 8 AT'-TlATA 9

*Nurner of amide units.

ther unwinds nor elongates the dodecamer, it does force open the
minor groove by 0.5 to 2.0 A and bends back the helix axis by 80
across the region of attachment (32). One explanation for nonequiv-
alent binding orientation on an AT-rich binding site that lacks
twofold symmetry is that the narrowness of the minor groove in B-
DNA differs with local DNA sequence. For example, DE has an
orientation preference for the amino end of the tripeptide to the 5'
side of the sequence 5'-AGAAATTGC-3'. DE has no orientation
preference for the sequence 5'-7TAAATTGC-3'. Since the binding
sites are the same but occur in different locations on DNA, we
conclude that different local structures can be conferred on identical
binding sites by flanking sequences.

Netropsin and distamycin have been characterized as molecules
that bind preferably to AT-rich regions of DNA. It is known from
equilibrium binding studies of distamycin analogs that homopoly-
mer dA * dT sequences are preferred over alternating d(A - T) .
d(A - T) copolymer sequences. From footprinting and affinity
cleaving data we find that GC base pairs are permissible in the
preferred binding sites of netropsin, distamycin, and higher oli-
go(N-methylpyrrolecarboxamide) homologs on DNA (18,23). For
example, P4E binds (5'-3')GAAATT, P5E binds AGAAATT, and
P6E binds TAGAAATT (23). Perhaps the close van der Waals
nonbonded contacts between the pyrrole CH and the -NH2 group
of guanine are adjustable or are not identical for every pyrrole
position on the bound crescent-shaped oligopeptide. Moreover,

A B C \'o

Fig. 4. (A) Distamycin, (B) distamycin-EDTA- Fe(II) [DE * Fe (II)], and (C) EDTA-distamycin - Fe(II)
[ED * Fe(II)].

# XI I
5' NNNNNNNNNNN
3' NNNNNNNN[NNNN

t t

Fig. 5. Model for the asymmetric
DNA cleavage pattern generated by
a diffusible oxidizing species irn the

minor groove of right-handed
DNA.
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Fig. 6. Model for tris- (3tN-methylpyrrolecrbox- N
amide binding in the 3' 5' H
minor groove ofDNA
at AT-rich sequences 5
bp in size, based on /2HN 0
affinity cleaving data in
solution (21) and x-ray N
crystal structure of ne-
tropsin:DNA in the _~-HN
solid state (32). Circles / "/
with two dots repre-
sent lone pairs of elec- , / ' -
trons on N-3 of ade- N
nine and 0-2 of thy- 5. HHH
mine at the edge of the 31 N -T
base pairs on the floor
ofthe minor groove of
B-DNA. Dotted lines
are bridged hydrogen bonds to the amide NH's. For DE,
R = (CH2)2NHCOCH2N(CH2CO2H) CH2CH2N(CH2CO2H)2 and
R'= H. For ED, R = H and R' = (CH2)2NHCOCH2N(CH2CO2H)
CH2CH2N(CH2CO2H)2-

there are several pure AT sites that are not strong binding sites for
the oligo(N-methylpyrrolecarboxamide)s.
According to the n + 1 rule, the minimum recognition unit for

the N-methylpyrrolecarboxamide on B-DNA is 2 bp. Ifthe recogni-
tion elements for the carboxamide NH are on adjacent residues on
opposite helix strands, there are ten bridged base possibilities. AA,
AT, AC, AG, TT, TC, TG, CC, GG, and CG. The data from affinity
deaving studies reveal that the preferences of bridge hydrogen
bonds between adjacent bases on opposite helix strands decrease in
the following order: AT >> AA > TT > AC, TC, TG >> AG,
CG, CC, GG. The preferred 2-bp DNA sequences for the N-
methylpyrrolecarboxamide DNA binding unit are, in decreasing
order, (5'-3')TT >> TA, AT > GA, GT, CT >> CA, CC, GC,
CG (23).

Coupled DNA Binding Units of Similar and
Mixed Specificity
Undoubtedly there is an upper limit where oligo(N-methylpyr-

rolecarboxamide)s will no longer fit the natural twist of the B helix.
For sequence-specific DNA-binding molecules that read very large
sequences of double-helical DNA, there will be a need to couple
DNA-binding units derived from natural products of similar or
mixed base-pair specificities (24, 25, 47). For the success of this

coupled DNA-binding unit strategy, the base-specific recognition
elements of each subunit and the linkers connecting them must be
compatible with the same groove (major or minor in B-DNA) and
conformational state of the DNA.
The initial design attempts for large sequences of AT-rich DNA

involved the construction ofdimers ofdi- and tripeptides connected
by flexible hydrocarbon tethers (24, 47). Khorlin and co-workers
constructed two netropsin-like molecules linked by C4, C6, C8, and
C12 hydrocarbon biscarboxamide linkers (47). From saturation levels
of binding, they concluded that the dimer of netropsin with a C8
spacer afforded simultaneous binding ofboth dipeptides (47). From
affinity cleaving experiments, we found that a tripeptide dimer with
the C7 linker bis(EDTA-distamycin)Fe(II) [BED * Fe(l)] binds a
9-bp AT-rich site (5'-A7TITTATA-3'), a result consistent with
simultaneous binding. However, this dimer also binds a 5-bp site
(5'-AATAA-3'), suggesting that the C7 hydrocarbon tether allows
both dimeric and monomeric binding modes (24).
A shorter linker, such as the diamide offumaric acid, more closely

mimics the N-methylpyrrolecarboxamide DNA-binding unit with
regard to shape and curvature between the amide NH's (Fig. 8). A
second molecule, bis(EDTA-distamycin)fumaramide (BEDF),
which is a crescent-shaped octamide containing two N-methylpyr-
role tripeptide units coupled at the amino termini via a C4 tether,
fumaric acid (Fig. 9), reveals major cleavage sites flanking two AT-
rich sequences, 5'-ATf1fITATA-3' and 5'-ATAATAAT-3' (25).
The observation of exclusive 8- to 9-bp binding in the absence of 5-
bp binding for BEDF suggests that the tripeptides are binding
exclusively simultaneously on double-helical DNA.

Several natural products that sequence-specifically bind double-
helical DNA have the structural-binding feature of being both an
intercalator and groove binder. The natural product actinomycin D
consists ofan aromatic chromophore, phenoxazone, coupled to two
identical cyclic pentapeptide lactones (27, 28). Actinomycin is an
intercalator that unwinds DNA by 260 (48) and binds 4 bp with a
preference for 5'-NGCN-3' sequences (9-12). The cyclic pentapep-
tides fit snugly above and below the intercalating ring in the minor
groove of DNA.

X-ray crystal structures for 1: 2 complexes of actinomycin with
d(GpC) and dG show an intercalative structure and specific hydro-
gen bonds from the guanine 2-amino group to the carbonyl oxygen
of the L-threonine residue as well as two hydrogen bonds between
the D-valne residues of the peptide rings (27, 28). As determined
from footprinting data, the binding-site locations of both the AT-
binding distamycin and the GC-binding actinomycin are known on
several DNA restriction fragments (9-18). From DNase I footprint-
ing experiments, enhancement ofDNA cleavage contiguous to sites

Fig. 7. Tetra-, penta-, and hexa(N-methylpyrrolecarboxamide)

468 SCIENCE, VOL. 232
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Fig. 8. Model of fumaramide bind-
ing in the minor groove of AT-rich N
DNA. 6-F-No

0

Fig. 9. (Left) Bis[Fe(II) - EDTA-distamycin]fumara-
mide [BEDF * Fe(II)] (25). (Right) Bis[Fe(II) * EDTA-
distamycin]phenoxazone [BEDP - Fe(II)] (64).

bound by actinomycin afford some idea of the extent of local helix
distortion caused by binding ofactinomycin to double-helical DNA.
Waring found that this ligand-induced effect can be propagated in
either direction from the binding site over more than one turn ofthe
helix (17). Not every bound molecule produces an enhancement of
cleavage at flanking sequences.

Given the different binding modes of actinomycin and distamycin
(intercalation compared to minor groove binding), the question
arises as to whether the DNA helix can accommodate both these
ligands within close proximity, despite their unique distortions, to
the DNA structure. There is evidence indicating that proximal
binding of the two ligands is possible. Spectral titration, circular
dichroism, and methylation studies of the effect of actinomycin
binding to distamycin-DNA complexes indicate that binding of
actinomycin does not give rise to appreciable dissociation of dista-
mycin at normal binding densities (27). Spectral titration data for
the simultaneous binding of actinomycin and netropsin indicate that
adjacent binding is possible (49). A nuclear magnetic resonance
study of simultaneous netropsin and actinomycin binding to a
synthetic dodecamer (5'-CGCGAATTCGCG-3') provides further
evidence for adjacent binding (50).

Because simultaneous intercalation of actinomycin and minor
groove binding of distamycin in close proximity are possible, the
question arises as to whether an intercalator and a minor groove
binder can be covalently linked in such a way that the sequence
specificity and the ability to bind both moieties simultaneously is
retained. Krivtsova and co-workers have reported the synthesis of a
series of hybrid molecules, called distactins, that have one, two, and
three N-methylpyrrolecarboxamides directly attached to the 1,9
positions of the phenoxazone chromophore (51). From spectropho-
tometry, viscometry, and flow birefringence studies, they concluded
that the distactin containing three N-methylpyrrole rings is bound
to DNA only on the outside ofthe double helix through the peptide
fragments and that intercalation of the phenoxazone does not take
place (51). Distactins with one or two N-methylpyrrole rings appear
to have both intercalation and groove binding modes (51).

In our laboratories, the two cyclic pentapeptides of actinomycin
were replaced with the tripeptide from distamycin and, in addition,
the postulated key carbonyl amide guanine NH recognition element
of actinomycin was retained (Fig. 9). As judged from distance and
steric considerations from model building studies, the distamycin
tripeptide was connected to the phenoxazone by a glycine tether

(52) (Fig. 9). The resulting bis(distamycin)phenoxazone is a possi-
ble groove binder-intercalator-groove binder that may bind 10 bp
of DNA having the sequence (AT)4GC2(AT)4 (Fig. 10). The
sequence specificity of bis(distamycin)phenoxazone on DNA re-
striction fragments was tested by the affinity cleaving method, which
required attachment of the DNA-cleaving finction EDTA-Fe(II)
(52).
The DNA cleavage patterns reveal a major cleavage site flanking

the 10-bp sequence, 5'-TATAGGTTAA-3' (52). One interpretation
of the data is that the tripeptides are binding simultaneously at AT-
rich sequences 4 bp in size flanking the central 5'-GC-3' phenoxa-
zone binding site. Although not a proof, this is consistent with the
groove binder-intercalator-groove binder mode. However, at two
other sites single-cleavage loci were observed, consistent with one
tripeptide or possibly a tripeptide-phenoxazone binding at these
sites. Perhaps at these sites there is intercalation ofthe phenoxazone
with distortions on both sides of the intercalation site but with the
local distortion being sequence dependent, which would make one
site incompatible with the tripeptide groove binder. Because there
are 524,800 unique sequences ofdouble-helical DNA that are 10 bp

3' 5'

A-T

A-T

A-T

A-T

Fig. 10. Model for a hybrid intercalator-groove binder, distamycin-phenox-
azone binding to 5 bp (GC)(AT)4 ofDNA. Circles with two dots represent
lone pairs of electrons on N-3 of adenine (A) and 0-2 of thymine (T).
Circles with two dots and H interposed represent lone pair of electrons on
N-3 of guanine (G) and 0-2 of cytosine (C) flanking the -NH2 of guanine
(G) at the edges of the base pairs on the floor of the minor groove of right-
handed DNA. Dotted lines are hydrogen bonds.
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Fig. 11. Model for Hoechst 33258 3' 5'(3 1svH
in the minor groove of B-DNA.
This is a refinement of the Mikhai-
lov model (53) and is based on the x-
ray structure of netropsin:DNA
(32). Circles with two dots represent
lone pairs of electrons on N-3 of -xHN
adenine and 0-2 of thymine at the -
edges of the base pairs on the floor HIN\
of the minor groove of the DNA 5' 3N
helix. Dotted lines are bridged hy- 3
drogen bonds to the bisbenzimida- HO
zole NH.

in size; it is likely that we have not yet identified the optimal 10-bp
recognition site for bis(distamycin)phenoxazone.

This limited success with a DNA-binding molecule that is a
hybrid of two natural products makes it appear possible that groove
binders can be mixed and matched with intercalators and that AT
words can be coupled with GC words. From a comparison with the
distactins, the choice of a linker connecting the recognition elements
may be a critical design feature with regard to simultaneous binding
of all moieties.

General Features ofAT Recognition in the
Minor Groove

Hoechst dye 33258 is a bisbenzimidazole that binds double-
helical DNA rich in A and T (53, 54). Martin and Holmes have
shown that the binding of Hoechst 33258 on DNA requires a
minimum offour consecutive AT base pairs (54). Hoechst is similar
in size and shape to netropsin and distamycin. The inside edge ofthe
crescent framework of Hoechst has potential NH recognition
elements similar distance in space to the carboxamide NH's of
netropsin and distamycin. Mikhailov and co-workers have suggested
that the bisbenzimidazole framework of Hoechst binds to B-DNA,
similar to netropsin and distamycin (53). Footprinting methods
were used to determine whether Hoechst, netropsin, and distamy-
cin, molecules similar in shape but different in chemical structure,
share common binding sites on B-DNA (18).

Indeed, Hoechst, netropsin, and distamycin share common bind-
ing sites that are 5 ± 1 bp in size and rich in AT base pairs (18). The
5-bp protection patterns for Hoechst 33258 may result from a
central 3-bp recognition site bound by two bisbenzimidazole NH's
forming a bridge on the floor of the minor groove between adjacent
adenine N-3 and thymine 0-2 atoms on opposite helix strands.
Hydrophobic interaction ofthe flanking phenol and N-methylpiper-
azine rings with the walls of the minor groove would afford a steric
blockade of one additional base pair on each side (Fig. 11). The
correspondence of similar binding locations of Hoechst 33258,
netropsin, and distamycin structures suggests that flat aromatic rings
twisted in a screw sense to match the walls of the DNA helix and
oriented on the floor of the helix by one or more bridged hydrogen
bonds may be a general feature of recognition at AT-rich sequences
of double-helical DNA (18).

Alteration of the Sequence Specificities of
Natural Products
So far I have discussed coupling sequence-specific DNA-binding

subunits derived from low molecular weight natural products, an
effort directed toward recognition of larger binding site sizes and
hence higher sequence specificity on DNA. A strategy of altering

natural products to change their sequence specificities is another
possibility. There is one example ofthis from Olsen's laboratories, in
which a natural product bisintercalator that binds 5'-NCGN-3' was
converted to a modified synthetic version that binds 4 bp ofAT-rich
DNA (55-57).
The quinoxaline antibiotics echinomycin and triostin A are

natural products that consist of a cross-bridged cyclic octadipeptide
bearing two quinoxaline chromophores (56). The two planar rings
of echinomycin and triostin A bisintercalate in the minor groove of
the DNA double helix (58). As determined from footprinting
studies, the structurally similar echinomycin and triostin A have a
binding-site size of 4 bp that contains the central 2-bp sequence 5'-
CG-3' (15, 16). The three-dimensional structure of a complex
between triostin A and a DNA duplex, 5'-CGTACG-3', has been
solved by Rich and co-workers (30). They find direct evidence that
triostin A is a bisintercalator that brackets the 2-bp sandwich 5'-CG-
3', forming three hydrogen bonds between the L-alanine of the
octapeptide backbone of triostin A and the guanine in the minor
groove of DNA. The NH groups of both alanine residues on
triostin A form hydrogen bonds to the guanine on opposite and
adjacent base-pair residues of the DNA duplex. However, only one
carbonyl of the two alanines forms a hydrogen bond to guanine,
suggesting that recognition of triostin A on opposite strands of
DNA is unequal. In addition, as mentioned in the introduction,
these investigators made the remarkable observation that the AT
base pairs on the outside ofthe intercalation site are rearranged from
Watson-Crick to Hoogsteen pairing (30).

Olsen has synthesized a triostin A analog in which all four N-
methyl groups in the natural product are absent (55). This des-N-
tetramethyl triostin A, called TANDEM, binds preferentially to
alternating AT sequences, a change in specificity from the natural
product triostin A (57). Perhaps the absence ofthe N-methyl groups
leads to intramolecular hydrogen bonding between the NH amides
ofTANDEM and the lone pairs ofelectrons on N-3 of adenine and
0-2 ofthymine on the floor of the minor groove ofAT-rich DNA.
Whether this example of altering natural product sequence speci-

ficities can be repeated in other systems remains to be seen. In the
netropsin-distamycin series, Dickerson and Lown have made the
suggestion that replacement of pyrrole in the natural product by
imidazole may generate a netropsin analog capable of accepting GC
sequences in preference to AT base pairs (32).

Reflecdons and Conclusion
It is fair to say that the area ofmolecular recognition ofDNA and

the design of sequence-specific DNA-binding molecules is in its
infancy. With the availability of analytical techniques such as
footprinting and affinity cleaving, which allow rapid and precise
analysis of hundreds of potential binding sites on large DNA, one
may be optimistic for further progress in this area. Work to date has
focused on recognition in the minor groove of B-DNA, which is a
consequence of the fact that the modeled natural products bind in
the minor groove of right-handed DNA. This is in contrast to
sequence-specific recognition of DNA by proteins that appear to
bind largely in the major groove ofDNA (59-64). There is reason
to expect that some of the chemical principles that are uncovered in
the minor groove approach, such as the role of complementary
hydrogen bonding between the edges of the base pairs on the floors
ofthe DNA helix, will be applicable to the major groove recognition
problem. In fact, the major groove is much less symmetric with
regard to donor-acceptor relations on the floor of the helix groove
and should be the preferred target for DNA-binding molecules of
very high or absolute sequence specificity (65).
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Although there has been some encouraging success with regard to
building synthetic molecules that bind large sequences of AT-rich
double-helical DNA, there has not been corresponding success in
the development of well-understood GC recognition elements.
Progress in this area is an important component in an overall
strategy of coupling GC and AT words into sentences that uniquely
recognize long sequences of right-handed DNA. Moreover, from x-
ray crystal structural work, we are now gaining an appreciation for
the plasticity of double-helical DNA. Until we understand how the
various helix shapes, conformations, local sugar pucker, and back-
bone torsion are altered to accommodate such a diverse structural
group of DNA-binding molecules, we will be limited to model
building and designing synthetic targets that are complementary to
the classic B-DNA structure (1).

Finally, there seems to be lack of new low molecular weight
natural products that are sequence-specific DNA-binding molecules.
The natural products netropsin, distamycin, bleomycin, actinomy-
cin, echinomycin, and chromomycin have been known for decades
or more. Perhaps the next generation of sequence-specific DNA-
binding molecules that will come under the scrutiny of biophysical
techniques, x-ray crystal structural analyses, calculational methods,
and medicinal interest will be synthetic. Therefore, the organic
chemist is bound to become a key partner with the crystallographer,
the biophysical chemist, and the theoretician in solving this chal-
lenging chemical problem.
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