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Abstract: The two peptides distamycin A (D) and l-methylimidazole-2-carboxamide-netropsin (2-ImN) simultaneously 
bind the five-base-pair sequence 5'-TGTTA-3'. Footprinting experiments indicate that both molecules are necessary 
for binding to this sequence while affinity cleaving data define the orientations with which each peptide binds to this 
sequence. The footprinting and affinity cleaving data are consistent with a model wherein the two peptides bind as 
a side-by-side antiparallel heterodimer in the minor groove of double-helical DNA. 

1:1 Peptide-DNA Complexes. The natural products netropsin 
and distamycin A (D) are crescent-shaped di- and tripeptides, 
respectively, that bind in the minor groove of DNA at sites of 
four or five successive A, T base pairs (bp).' ~3 The structures of a 
number of peptide-DNA complexes have been determined by 
X-ray diffraction4 and NMR spectroscopy,5 and the thermody­
namic profiles have been studied for these complexes.6 Analyses 
of these 1:1 peptide-DNA complexes have led to the conclusion 
that hydrogen bonding, van der Waals contacts, and electrostatics 
all contribute to the binding affinity and specificity. It has been 
found that the width of the minor groove of these A,T-rich 
sequences is narrower than that of standard B-DNA.7 The two 
(or three) yv-methylpyrrolecarboxamides twist in a screw sense 
to match the walls of the minor groove, giving a favorable shape 
complementarity for the ligand, while the carboxamide NH's 
participate in bifurcated hydrogen bonds to adenine N 3 and 
thymidine 02 atoms on the floor of the minor groove (Figure 1). 

Peptides Designed for Binding Mixed Sequences. Early efforts 
in designing peptides for the recognition of G1C base pairs were 
based on 1:1 peptide-DNA complexes and involved incorporating 
hydrogen bond acceptor atoms on ligands which could form 
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Figure 1. 1:1 Complex of netropsin with 5'-AATT-3'.4a Circles with 
dots represent lone pairs of N3 of purines and 02 of pyrimidines. Putative 
hydrogen bonds are illustrated by dashed lines. 

specific hydrogen bonds to amino groups of guanine on the floor 
of the minor groove.8-10 Distamycin analogs which substitute 
heteroatoms for the pyrrole C3 (e.g. imidazole and thiazole) 
display increased tolerance for G,C base pairs in their binding 
sites, but with an overall loss of specificity.9 Remarkably, two 
synthetic peptides based on this 1:1 rationale display altered 
specificity for mixed sequences. Pyridine-2-carboxamide-ne-
tropsin (2-PyN) and l-methylimidazole-2-carboxamide-netropsin 
(2-ImN) bind specifically to 5'-(A,T)G(A,T)C(A,T)-3' sequenc­
es.101' However, 1:1 models of 2-PyN-DNA and 2-ImN-DNA 
complexes seemed inadequate for rationalizing the recognition 
of G,C base pairs in both the second and fourth positions of the 
binding site.10 

2:1 Peptide-DNA Complexes. Two-dimensional NMR studies 
by Wemmer and Pelton have revealed that distamycin at 2-4 
mM concentrations is capable of binding in the minor groove of 
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Figure 2. 2:1 binding model for the complex formed between distamycin 
with a 5'-AAATT-3' sequence.12" Circles with dots represent lone pairs 
of N 3 of purines and 0 2 of pyrimidines. Putative hydrogen bonds are 
illustrated by dashed lines. 

a 5'-AAATT-3' sequence as a side-by-side antiparallel dimer 
(Figure 2).12 An antiparallel dimer would explain the sequence 
specificity and orientation of (2-PyN)r5'-TGACT-3' and (2-
ImN)2-5'-TGACT-3' observed from footprinting and affinity 
cleaving data." Indeed, the 2-ImN-5'-TGACT-3' complex has 
now been characterized as a 2:1 complex directly by NMR 
spectroscopy (Figure 3).13 The structure reveals that the two 
peptides bind in the minor groove as a side-by-side antiparallel 
dimer. In contrast to the distamycin homodimer, 2-ImN binds 
the 5'-TGACT-3' sequence as a 2:1 complex at low ligand-DNA 
stoichiometrics, indicating that the two peptides bind with positive 
cooperativity.'3 Simultaneously, Wemmer, Lown, and co-workers 
have characterized by NMR a distamycin analog containing a 
central imidazole in complex with a 5'-AAGTT-3' sequence as 
a side-by-side antiparallel dimer.1415 These 2:1 models for 
peptide-DNA complexes differ in many respects from the well-
characterized early 1:1 models observed for binding of distamycin 
and netropsin to A,T-rich DNA. The minor-groove width in the 
2:1 complex is likely twice that observed in 1:1 models. With 
regard to specific hydrogen bonds in 1:1 complexes, distamycin 
and netropsin carboxamide NH's appear to form bifurcated 
hydrogen bonds to bases on both strands of the DNA (Figure 1). 
In the 2:1 motif, each ligand likely participates in hydrogen bonds 
only with bases on a single strand (Figures 2 and 3). 

Design Rationale. Inspection of these 2:1 homodimeric models 
suggests that a heterodimer consisting of the two peptides D and 
2-ImN may specifically bind to the family of sequences 5'-(A1T)G-
(A,T)3-3'. If one 2-ImN ligand in the (2-ImN)2-5'-TGACT-3' 
complex is replaced by a distamycin ligand, the absence of the 
imidazole N3 atom should favor an A,T base pair relative to a 
G,C base pair. In the proposed heterodimeric complex, the 2-ImN 
ligand forms a specific hydrogen bond to the guanine 2-amino 
group, followed by hydrogen bonds between the three carboxamide 
NH's with adenine N3 and thymine 02 atoms (Figure 4). The 
four carboxamide NH's of the distamycin ligand are expected to 
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Figure 3. Homodimeric binding models for the complexes formed between 
(A) 2-PyN and (B) 2-ImN with the 5'-TGTCA-3' sequence.11 Circles 
with dots represent lone pairs of N3 of purines and 02 of pyrimidines. 
Circles containing an H represent the N2 hydrogen of guanine. Putative 
hydrogen bonds are illustrated by dashed lines. 

Figure 4. Proposed heterodimeric binding model for the complex formed 
between D and 2-ImN with a 5'-(A,T)G(A,Th-3' sequence. Circles 
with dots represent lone pairs of N 3 of purines and 0 2 of pyrimidines. 
Circles containing an H represent the N2 hydrogen of guanine. Putative 
hydrogen bonds are illustrated by dashed lines. 

participate in hydrogen bonds with adenine N3, thymine 02, and 
cytosine 02 atoms. Overall, the heterodimeric complex can be 
thought of as a hybrid of the distamycin and 2-ImN homodimeric 
complexes. 
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Experimental Design. Footprinting and affinity cleaving 
experiments can be used to characterize this proposed complex. 
Neither D nor 2-ImN alone should protect a 5'-(A1T)G(A1T)3-
3' site from cleavage by the footprinting agent MPE-Fe(II).2aHi 

When both ligands are present, however, binding to this site by 
the heterodimer should protect the site from cleavage by MPE-Fe-
(II). Affinity cleaving experiments would verify the requirement 
for both ligands in the complex and, in addition, define the 
orientation of each peptide in the proposed complex. Sequence-
specific cleavage by 2-ImNE-Fe(II) on double-helical DNA should 
occur only in the presence of D. Furthermore, the cleavage pattern 
is expected to be proximal to the A,T-rich end of the 5'-(A1T)G-
(A,T)3-3' site, consistent with the orientation of 2-ImN which 
allows for a hydrogen bond to the guanine amino group (Figure 
5A). Similarly, ED-Fe(II) is expected to effect sequence-specific 
cleavage only in the presence of 2-ImN. In a formal sense, D 
could bind in either a parallel or antiparallel orientation with 
respect to 2-ImN.16 If the antiparallel heterodimer is favored, 
cleavage is expected to be near the 5' end of the 5'-TGTTA-3' 
strand of the binding site (Figure 5B). If the parallel heterodimer 
is favored, cleavage is expected to be near the 3' end of the 5'-
TGTTA-3' binding site. 

Results 

Heterodimer Site Identification. Candidate heterodimer sites 
were identified by affinity cleavage experiments with ED-Fe(II) 
in the presence of varying concentrations of 2-ImN on radiolabeled 
restriction fragments from the plasmid pBR322 (as in Figure 
5B). While a well-resolved site was not located, one strong site 
was found which overlapped a distamycin binding site. This region 
of cleavage corresponded to base pairs 90-100 on pBR322.17 

Two 34-base-pair oligonucleotides corresponding to this region, 
but with the overlapping distamycin site deleted, were prepared 
and used for footprinting and affinity cleaving experiments.18 

Footprinting and Affinity Cleaving. Neither D at 2 /xM nor 
2-ImN at 100 ^M alone protects any sites on the 34-base-pair 
oligonucleotide from cleavage by the footprinting agent MPE-Fe-
(II) (pH 7.6 in 40 mM Tris-acetate and 20 mM NaCl at 22 0C) 
(Figure 6, lanes 4-6). The presence of both, D at 2 nM and 
2-ImN at 100 /uM, clearly protects the 5'-TGTTA-3' site from 
cleavage by MPE-Fe(II) (Figure 6, lane 7, Figure 7A). Affinity 
cleavage experiments verify the strict requirement for both ligands 
for binding to this site as well as define the orientation of each 
ligand in the complex. ED-Fe(II) at 5 ̂ M affords no sequence-
specific cleavage of the radiolabeled oligonucleotide (Figure 6, 
lane 8). In the presence of 100 /uM 2-ImN, however, a cleavage 
pattern is observed exclusively at the 5' end of the 5'-TGTTA-3' 
strand of the binding site (Figure 6, lane 10, Figure 7B). Similarly, 
2-ImNE-Fe(II) at 100 /uM affords no sequence-specific cleavage 
but in the presence of 2 nM D reveals cleavage at the 3' end of 
the 5'-TGTTA-3' site (Figure 6, lanes 9 and 11, Figure 7C). 

Concentration Dependence. The dependence of concentration 
of 2-ImN and D on cleavage by ED-Fe(II) and 2-ImNE-Fe(II)1 

respectively, was investigated. ED-Fe(II) at 5 ^M shows maximal 
cleavage in the presence of 2-ImN at 100 MM, which decreases 
with decreasing concentrations of 2-ImN. Higher concentrations 
of 2-ImN, however, also lead to a decrease in cleavage by ED-Fe-
(II) (Figure 8, lanes 4-9). Similarly, 2-ImNE-Fe(II), at 100 
AiM, shows maximal cleavage in the presence of 2.5 MM D, 
decreasing with both higher and lower concentrations of D (Figure 
8, lanes 10-15). 

Discussion 
Antiparallel Side-by-Side Heterodimer. The footprinting and 

affinity cleaving data are consistent with D and 2-ImN binding 
(16) In the case of a heterodimeric complex, the term antiparallel refers to 

the amino to carboxy direction of the peptides in opposite alignment. 
(17) (a) Sutcliffe, J. G. Cold Spring Harbor Symp. Quant. Biol. 1978, 43. 

77-90. (b) Peden, K. W. C. Gene 1983, 2.2. 277-280. 
(18) The 34-base-pair oligonucleotides corresponding to base pairs 77-

110 of pBR322 have bases 90-91 changed from AA to GG to eliminate the 
5'-AAATC-3' distamycin site. 

Mrksich and Dervan 

ImNE-Fe(II) / D Dimer 

ImN / ED-Fe(II) Dimer 
Figure 5. Experimental design for affinity cleaving experiments to 
determine the orientations of the peptides in the heterodimeric complex. 
2:1 models for the heterodimeric complexes formed between (A) 
2-ImNE-Fe(Il) and D, and (B) ED-Fe(II) and 2-ImN, with the 
5'-TGTTA-3' sequence. Circles with dots represent lone pairs of N3 of 
purines and 02 of pyrimidines. Circles containing an H represent the 
N2 hydrogen of guanine. Proposed hydrogen bonds are illustrated by 
dashed lines. 

as an antiparallel side-by-side heterodimer in the minor groove 
of the 5'-TGTTA-3' sequence. The footprinting experiments 
clearly assign the binding site, and the affinity cleaving results 
unambiguously identify the orientation with which each peptide 
binds this site (Figure 9). Consistent with the proposed model, 
2-ImN binds in the orientation which allows for a hydrogen bond 
between the imidazole N3 of 2-ImN and the guanine 2-amino 
group (Figure 4). While D can in principle bind with either 
orientation, the antiparallel arrangement is favored. This 
antiparallel orientation preference is not unexpected, as the parallel 
arrangement would place the two cationic ammonium groups in 
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Figure 6. MPE-Fe(II) footprinting of D, 2-ImN, and D/2-ImN and 
affinity cleavage by ED-Fe(II), 2-ImNE-Fe(II), ED-Fe(II)/2-ImN,and 
2-ImNE-Fe(II)/D. Gray-scale representation of a storage phosphor 
autoradiogram of a 20% denaturing polyacrylamide gel. There are 224 
levels of gray representing a 50-fold change in the signal from the lowest 
(13 arbitrary units, white) tohighest (600 arbitrary units, black) intensities. 
The 5'-TGTTA-3' binding site is shown on the right side of the 
autoradiogram. All reactions contain 20 mM NaCl, 100 pM bp calf 
thymus DNA, and 20 kcpm 5'-labeled 34-base-pair oligonucleotide in 40 
mM Tris-acetate pH 7.6 buffer. Lane I, intact DNA; lane 2, A reaction; 
lane 3. G reaction; lane 4, MPE-Fe(II) standard; lane 5. 2 jiM D; lane 
6, 100 fiM 2-ImN; lane I , 2 ) i M D and 100 ^M 2-ImN; lane 8, 5 *<M 
ED-Fe(II);lane9,100>iM 2-ImNE-Fe(II);lane 10,5nM ED-Fe(II)and 
100 MM 2-ImN; lane 11. 100 MM 2-ImNE-Fe(II) and 2 MM D. Lanes 
4-7 contain 33 MM MPE-Fe(II). 

proximity. Moreover, the energetic difference for the two 
alignments may reflect optimization of stacking interactions 
between the two peptides. We defer further speculation about 
this structure until NMR spectroscopic and thermodynamic data 
are available. 

Sequence Specificity. An interesting observation in this 
heterodimeric complex is that D binds the 5'-TGTTA-3' site with 
an apparent binding affinity nearly two orders of magnitude 
greater than does 2-ImN. This is also the approximate difference 
in binding affinities observed between D binding to A1T tracts 
of DNA and 2-ImN binding to 5'-(A,T)G(A,T)C(A,T)-3' 
sequences. For the (2-ImN)2-5'-TGACT-3' complex, we sug­
gested one reason for the overall lower free energy may be that 
the two guanine amino groups protruding from the floor of the 

(A) 

D / 2-ImN 

5'-GCACCGTGTATGAGGT 
3'-CGTGGCACATACTCC, 

(B) 

ED-Fe(II)/2-ImN 

5'-GCACCGTGTATGAGGT 
3'-CGTGGCACATACTCCA 

(C) 

2-ImNE-Fe(II) / D 

5'-GCACCGTGTATGAGGT 
3' -CGTGGCACATACTCCAG&UG. 

tm 

TGCGCTCATCG-3' 
ACGCGAGTAGC-5' 

TGCGCTCATCG-3' 
ACGCGAGTAGC-5' 

VTGCGCTCATCG-3' 
rACGCGAGTAGC-5' 

'tr 
Figure 7. Histograms of cleavage protection (footprinting) and affinity 
cleavage data. (A) MPE-Fe(II) protection pattern for D and 2-ImN on 
the 34-base-pair oligonucleotide (Figure 6. lane 7). Bar heights are 
proportional to the protection from cleavage at each band. Boxes represent 
equilibrium binding sites determined by the published model.2* (B) 
Cleavage of the 34-base-pair oligonucleotide by ED-Fe(I I) in the presence 
of 2-ImN (Figure 6, lane 10). (C) Cleavage of the 34-base-pair 
oligonucleotide by 2-ImNE-Fe(II) in the presence of D (Figure 6, lane 
11). Arrows are proportional to the integrated densities of the cleavage 
bands. Boxes represent binding sites determined by the published model.1* 
Data for the top strands are shown in Figure 6. 

minor groove do not allow the peptide ligands to sit as deeply in 
the minor groove." •'! In the heterodimeric complex, the imidazole 
N3 of 2-ImN is proposed to form a specific hydrogen bond to the 
guanine 2-amino group, which may also prohibit close contact 
between the peptide and the minor groove, consistent with the 
lower binding affinity. If D does not make specific contacts to 
the guanine 2-amino group, the peptide may be set deeper in the 
minor groove than 2-ImN, affording a more stable interaction. 

For the 34-base-pair duplex studied here, the heterodimer 
consisting of D and 2-ImN shows a preference for cooperative 
2:1 binding to the 5'-TGTTA-3' site over 1:1 binding to other 
sites. However, we anticipate that, at higher concentrations of 
peptides, other binding sites available in large DNA can compete 
for the peptide ligands as either monomeric or homodimeric 
complexes (Figure 8). Perhaps, the specificity of the heterodimer 
could be further increased by covalently linking the two different 
peptides. An appropriate linker could disfavor monomeric or 
homodimeric binding by either D or 2-ImN as well as increase 
the affinity of the covalent heterodimer by diminishing the entropic 
penalty for complex formation. 

Implications for the Design of Minor-Groove-Binding Molecules. 
While the 1:1 models based on the availability of high-resolution 
X-ray crystal structures of netropsin- and distamycin-DNA 
complexes4 have proven to date inadequate for designing peptide 
analogs capable of binding mixed sequences with high specificities, 
the 2:1 models accurately predicted binding to a 5'-(A1T)G(A1T)3-
3' sequence by the D/2-ImN heterodimer. This new design 
rationale differs significantly from earlier strategies in that each 
ligand is targeted to a single strand of the binding site in the 
minor groove of DNA, independent of the other ligand-strand 
interactions. However, it remains to be seen whether the 2:1 
motif will serve as a general model for the design of peptide 
analogs which can bind other specific sequences in the minor 
groove of DNA. 

Experimental Section 

Materials. Distamycin A was purchased from Sigma. 2-ImN, 
2-ImNE, and ED were synthesized and purified as previously described.'*-1' 
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3' 5' 
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2-ImN 

Distamycin 

2-ImNE-Fe(II) 
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Figure 9. Ribbon models for the binding of 2-ImNE-Fe(II) and D, and 
ED-Fe(II) and 2-ImN as side-by-side antiparallel heterodimers in the 
minor groove of DNA in which the synthetic peptides 2-ImN and D are 
represented as gray and whitearrows, respectively. Filled circles represent 
the intensities of cleavage at each base along the phosphodiester backbone 
from affinity cleavage experiments which define the orientation of each 
peptide (Figure 6). Brackets on the right and left define the sequence 
protected from MPE-Fe(II) cleavage by the 2-ImN/D heterodimer. 
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Figure8. Concentration dependence of 2-ImN and D on specific cleavage 
by ED-Fe(II) and 2-ImNE-Fe(II), respectively. Gray-scale representation 
of a storage phosphor autoradiogram of a 20% denaturing polyacrylamide 
gel. There are 224 levels of gray representing a 50-fold change in the 
signal from the lowest (4 arbitrary units, white) to highest (200 arbitrary 
units, black) intensities. The 5'-TGTTA-3' binding site is shown on the 
right side of the autoradiogram. All reactions contain 10 mM DTT, 20 
mM NaCI, 100 ^M bp calf thymus DNA, and 20 kcpm S'-labeled 34-
base-pair oligonucleotide in 40 mM Tris-acetate pH 7,6 buffer. Lane 
1, intact DNA; lane 2, A reaction; lane 3, G reaction; lanes 4-9 contain 
5 MM ED-Fe(II); lane 5, 500 nM 2-ImN; lane 6, 200 MM 2-ImN, lane 
7, 100 MM 2-ImN; lane 8, 50 *iM 2-ImN; lane 9, 20 MM 2-ImN; lanes 
10-15 contain 100 ^M 2-ImNE-Fe(II); lane 11, 10 ^M D; lane 12, 2.5 
(iM D; lane 13, 1.0 MM D; lane 14, 0.5 j<M D; lane 15, 0.1 ^M D. 

Concentrations of the peptides were determined by UV spectroscopy 
using the following extinction coefficients: D (302 nm, < = 35 000 cm ' 
M '), ED (303 nm, € = 35 000 cm-1 M-'), 2-ImN (302 nm,< = 26 000 
cm-' M-'). and 2-ImNE (304 nm, < = 26 500 cm ' M 1 ) . Automated 
syntheses of oligonucleotides were performed on an ABI 380B DNA 
synthesizer using 0-cyanoethyl phosphoramidite chemistry. The oligo­
nucleotides were deprotected under standard conditions using ammonium 
hydroxide and purified by electrophoresis on 15% denaturing polyacry­
lamide gels. The gel bands were cut out, eluted, filtered through 0.45-/jm 
Centres filters (Schleicher and Schuell), and precipitated with ethanol''' 
The concentrations of single-strand oligonucleotides were determined at 
260 nm, using the following molar extinction coefficients for each base: 
15 400 (A), 11 700 (G), 7300 (C), 8800 (T) cm ' M -'. The oligonu­
cleotides were separately labeled at the 5' end with T4 polynucleotide 

(19) Sambrook, J.; Fritsch, E. F.; Maniatis, T. Molecular Cloning; Cold 
Spring Harbor Laboratory: Cold Spring Harbor, NY. 1989. 

kinase (Boehringer-Mannheim) and 7-"PATP(Amersham) and purified 
by NICK column (Pharmacia).19 The radiolabeled oligonucleotides were 
annealed with an excess (2-5 equiv) of the Watson-Crick complement 
by heating to 90 0 C for 5 min followed by slow cooling to room temperature 
for 6 h and appropriate dilution with water. Chemical sequencing reactions 
were performed according to published methods.20,21 

Footprinting and Affinity Cleavage Reactions. All reactions were 
executed in a total volume of 20 *iL with final concentrations of each 
species as indicated. The ligands were added to solutions of radiolabeled 
oligonucleotide (20 000 cpm), calf thymus DNA (Pharmacia) (100 nM 
bp), Tris-acetate (40 mM, pH 7.6), and NaCl (20 mM) and incubated 
for 15 min at 22 0C. Footprinting reactions were initiated by the addition 
of MPE-Fe(II) (33MM)anddithiothreitol(4mM)and allowed to proceed 
for 15 min at 22 0C. Affinity cleavage reactions were initiated by the 
addition of dithiothreitol (10 mM) and allowed to proceed for 30 min at 
22 0C. All reactions were stopped by precipitation with ethanol, 
resuspended in 100 mM Tris-borate-EDTA/80% formamide loading 
buffer, and electrophoresed on 20% polyacrylamide denaturing gels (5% 
cross-link, 7 M urea) at 1500 V for 6-8 h. The gels were analyzed using 
storage phosphor technology. 

Quantitation by Storage Phosphor Technology Autoradiography. 
Photostimulable storage phosphor imaging plates (Kodak Storage 
Phosphor Screen S0230 obtained from Molecular Dynamics) were pressed 
flat against gel samples and exposed in the dark at 22 °C for 15-20 h. 
A Molecular Dynamics 400S Phosphorlmager was used to obtain all 
data from the storage screens. The data were analyzed by performing 
volume integrationsof all bands using the ImageQuant version j.Osoftware 
running on an AST Premium 386/33 computer. 
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