
COMMUNICATIONS

Angew. Chem. Int. Ed. 2001, 40, No. 24 ¹ WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4024-4723 $ 17.50+.50/0 4723

Design and Synthesis of a Peptide That Binds
Specific DNA Sequences through Simultaneous
Interaction in the Major and in the Minor
Groove**
M. EugenioVa¬zquez,Ana M.Caamanƒo, Jose¬ MartÌnez-
Costas, Luis Castedo, and Jose¬ L. Mascarenƒas*

Most transcription factors (TFs) bind specific DNA se-
quences using dimeric or multimer motifs, with more or less
equal binding energy contributions from each domain and
usually strong cooperativity between them.[1] One of the most
remarkable examples of bivalent DNA recognition is provid-
ed by the bZIP family of TFs, which bind DNA as leucine
zipper mediated homo- or heterodimers, with the N-terminal
basic region (BR) of each monomer inserting into adjacent
DNA major grooves.[2] It has been shown that the leucine
zipper unit can be replaced by other noncovalent dimerizing
units, or by artificial covalent linkers, without significantly
compromising the recognition properties of the system.[3, 4]

However, monovalent bZIP BRs exhibit very low DNA
binding affinities.[3a, 5] It was recently demonstrated that
covalent attachment of one basic region of a bZIP protein
(GCN4) to DNA at an appropriate position allows sequence-
specific binding.[6] This results suggests that monomeric bZIP-
basic region peptides might be able to fold and bind DNA
specifically, provided they could be properly delivered to their
cognate recognition site. On these grounds we envisaged that
suitable tethering of a bZIP-BR domain to a molecule that
binds with moderate-to-good affinity in the minor groove of
an adjacent sequence might provide for specific binding of the
peptide to its cognate major groove site (Figure 1). Most
importantly, the resulting conjugate should exhibit higher
affinity for its target hybrid DNA site than its individual
components have for their target sites.[7] Herein we demon-
strate the validity of this approach by reporting the first
designed peptide derivative capable of binding to DNA with
nanomolar affinity through a bivalent, major ±minor groove
recognition motif.[8]

Figure 1. Strategy for DNA recognition.

For minor-groove recognition we used distamycin A,[9] a
well known tripyrrole antibiotic that binds DNA preferen-
tially at A ±T rich sites. For the major-groove counterpart we
chose the basic region of GCN4, a bZIP protein which binds
specifically to the cAMP response element site (CRE: 5�-
ATGAcgTCAT-3�). From the X-ray structures of the DNA
complexes of GCN4[10] and distamycin A,[11] we built an
hypothetical model for simultaneous interaction of the GCN4
BR and distamycin with adjacent DNA sites (Figure 2).[12] On

Figure 2. Model for the simultaneous interaction of the GCN4 basic region
and distamycin at adjacent sites with DNA

the basis of this model we designed the hybrid 1 (Scheme 1), in
which the tether connects the nitrogen atom of the N-terminal
pyrrole of a distamycin analogue with the side chain of a
glutamic acid. The latter replaces the Arg245 residue of the
natural protein. The tether was chosen to span the required
distance between the attachment points while allowing for
crossover of the phosphate backbone, a process that may be
facilitated by the presence of the secondary amine in the chain.
The key step for the synthesis of this hybrid consisted of the

coupling of the tripyrrole derivative 2with the peptide while it
was still attached to the resin and fully protected except at the
Glu245 residue (Scheme 1).[13]

The DNA binding properties of hybrid 1 were first assessed
by circular dichroism, a spectroscopic technique particularly
useful for studying DNA±b-ZIP interactions because of the
well-established folding of the b-ZIP BRs from random coil to
an �-helix upon specific DNA binding.[4] The CD spectrum of
compound 1 in the absence of DNA is similar to that of
peptide 3 (Figure 3a), which lacks the tripyrrole tether and
hence can be used as a control in the binding studies.
Unfortunately, addition of an 18 base pair (bp) duplex
containing the designated hybrid DNA sequence (T/
CREhs)[14] to 1 at 4 �C, did not produce a significant variation
of the CD signal at 222 nm, which indicates that the basic
region is not inserting into the groove. The considerable
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Figure 3. CD spectra of the peptides 1, 3, and 5 in the presence or absence
of ds-oligonucleotides: a) 3 in the absence of DNA (�), 1 in the absence of
DNA (�), 1 in the presence T/CREhs (�); b) Spectra of 5 in the absence of
DNA (�), in the presence of T/CREhs (�), in the presence of TcgCREhs (�),
in the presence of T/CREhsm (�). CD measurements were performed at
4 �C on a JASCO J-715 in a 2-mm cell. Samples contained 10 m� phosphate
buffer (pH 7.5), 100 m� NaCl, 5 �� peptide, and 5�� ds-oligo when
present. Spectra of the peptides in the presence of DNAwere calculated as
the difference between the spectra of the peptide ±DNA mixture and the
spectrum of free DNA. ds-Oligonucleotides used (the BR subsite (CREhs)
is underlined and the tripyrrole subsite (T) is in italics):
T/CREhs: 5�-d(CGAACGTCATAAAATCCT)-3�

3�-d(GCTTGCAGTATTTTAGGA)-5�
TcgCREhs: 5�-d(CGAACGTCATCGAAATTCCT)-3�

3�-d(GCTTGCAGTAGCTTTAAGGA)-5�
T/CREhsm : 5�-d(CGAACGTCGTAAAATCCT)-3�

3�-d(GCTTGCAGCATTTTAGGA)-5�

positive signal at about 330 nm suggests that the tripyrrole
does bind at the A±T rich site.[15] Indeed, a similar band was
observed upon addition of the same double-stranded(ds)
DNA (T/CREhs) to the tripyrrole 2.[16] As expected, addition
of T/CREhs to peptide 3 does not induce any change in its CD
spectrum (results omitted in Figure 3a for clarity).
We realized from the computer model of the complex that

the two parts of 1 are relatively tightly tethered and this might
impose some geometric restriction on the required simulta-
neous binding of both segments. Therefore we synthesized the
hybrid 5, which features a slightly longer connector.[17]

Addition of T/CREhs to peptide 5 induced a remarkable
increase in the magnitude of the signal at 222 nm, which
indicates that, in this case, the BR peptidic domain is folding
and binding to the DNA (Figure 3b). A band at 330 nm in the
CD spectrum corresponding to the insertion of the oligopyr-
role into the minor groove is also clearly seen. As expected no
significant increase in ellipticity was observed upon incuba-
tion of 5 with TcgCREhs, a ds-oligonucleotide including a bp
spacing between the binding sites, nor with CREhs which
features a bp mismatch at the BR peptide binding subsite
(T/CREhsm).
With these data at hand, we further assessed the DNA-

binding properties of the synthetic hybrid peptides by using
gel mobility shift analysis, by titrating 32P-end-labeled
dsDNAs with increasing concentrations of the peptides. As
illustrated in Figure 4, peptide 5 did bind to T/CREhs with
nanomolar affinity, albeit producing two bands, the faster
migrating one being slightly more intense. Incubation of
peptide 5 with the dsDNA mutated at the BR binding site
(T/CREhsm) gave a band with mobility similar to that of the
slower migrating one in the preceding experiment. As
expected, we could not detect any peptide ±DNA complex
at concentrations below 100 n� in the presence of a dsDNA
containing exclusively the BR peptide binding site (CREhs).
These results together with the CD data indicate that
the more intense, faster migrating band obtained upon
incubation of 5 with the designated dsDNA corresponds to
the expected compact major ±minor mode of binding, while
the other less intense band results from a complex in which
the oligopyrrole is inserted into the groove but the BR peptide
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Scheme 1. Synthesis of the hybrid peptides. DIEA� diisopropylethylamine, HATU�N-[(dimethylamino)-1H-1,2,3-triazolo[4.5-b]pyridin-1-ylmethyl-
ene]N-methylmethanaminium hexafluorophosphate oxide, DMF�N,N-dimethylformamide, TFA� trifluoroacetic acid.
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Solid-Phase Capture ±Release Strategy
Applied to Oligosaccharide Synthesis on a
Soluble Polymer Support**
Hiromune Ando, Shino Manabe, Yoshiaki Nakahara,
and Yukishige Ito*

Advances in the techniques for oligosaccharide synthesis
have lagged behind those for other classes of biological
oligomers. For the preparation of oligopeptides and oligo-

Figure 4. Autoradiograms showing the binding of hybrid 5 to 32P-labeled
DNAs. Lanes 1 ± 6: T/CREhs, 5 : 0, 7.7, 19, 38, 58, 77 n� respectively;
Lanes 7 ± 11: T/CREhsm, 5 : 7.7, 19, 38, 58, 77 n� respectively; lanes 12 ± 14:
CREhs, 5 : 38, 77, 154 n� respectively. Binding reactions were performed
over 10 min at 4 �C using�1 n� labeled DNAs in a binding mixture (20 �L)
containing 20 m� tris(hydroxymethyl)aminomethane (pH 7.5), 100 m�
KCl, 2 m� MgCl2, 2 m� ethylenediaminetetraacetate, 10% glycerol,
0.3 mgmL�1 N,O-bovine serum albumin (BSA), and 2% NP-40. The
products were resolved by polyacrylamide gel electrophoresis using a 10%
nondenaturing acrylamide gel and 0.5X TBE (25 m� tris borate and 0.5 m�
EDTA) buffer.
CREhs: 5�-d(CGACGTCATCGGAGGTCCT)-3�

3�-d(GCTGCAGTAGCCTCCAGGA)-5�

makes non-specific electrostatic contacts to the phosphate
groups.[18]

In conclusion, appropriate linking of a b-ZIP basic region to
a minor groove binding tripyrrole allowed for specific binding
to its cognate DNA site. The hybrid compound 5 shows
considerably higher affinity for its designated target DNA
sequence than that of its isolated components for their
respective cognate subsites. Although further refinement of
the design is necessary to obtain compounds with higher
affinities and better specificities, the work described herein
confirms the viability of this new type of major ±minor groove
DNA-binding molecules.
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