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Recognition of a 10 base pair sequence of DNA and
stereochemical control of the binding affinity of chiral

hairpin polyamide–Hoechst 33258 conjugates
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Abstract—Chiral hairpin polyamides linked to a Hoechst 33258 analogue at the a-position of the hairpin turn amino acid (1,2) were
synthesized on solid phase by adopting Fmoc and ivDde techniques. The DNA-binding properties of enantiomeric conjugates 1 and
2, and N-terminal linked conjugate 3 for 8–14 bp sequences were determined by spectrofluorometric and thermal melting studies.
Conjugates 1 and 2 recognize a 10 bp sequence, while conjugate 3 recognizes a 9 bp sequence. Interestingly, R-enantiomer 1 exhib-
ited 10- to 30-fold higher binding affinities than S-enantiomer 2 for the DNA sequences studied. These binding differences were
accounted for by molecular modeling studies, which revealed that the amide proton nearest to the chiral center in R-conjugate 1
is better positioned to form hydrogen bonds to the DNA bases, while S-conjugate 2 does not.
� 2005 Elsevier Ltd. All rights reserved.
The development of DNA-binding ligands capable of
recognizing longer sequences with high affinity and se-
quence specificity is essential to control a specific gene�s
expression, thereby curing the disease rather than simply
treating the symptoms. Synthetic polyamides consisting
of N-methylpyrrole (Py) and N-methylimidazole (Im)
amino acids have shown binding affinities and sequence
specificities comparable to those of natural DNA-bind-
ing proteins.1 Furthermore, head-to-tail linkage of such
polyamides with c-aminobutyric acid (c) provides hair-
pin polyamides that mimic the 2:1 side-by-side antipar-
allel binding of the unlinked polyamides and bind to
specifically designed target sites with 100-fold enhanced
affinity relative to unlinked polyamides.1,2 Although
these polyamides have the potential to modulate gene
expression by blocking the activation of transcription
factors,3 their use as drugs is limited because they can
only recognize 5–6 base pairs (bp). To specifically dis-
criminate different genes, it is necessary to target longer
DNA sequences. Studies of polyamide binding-site size
limitations suggest that beyond five consecutive rings,
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the ligand�s curvature fails to match the pitch of the
DNA double helix, disrupting the hydrogen bonds and
van der Waals interactions necessary for specific DNA
sequence recognition.4 Furthermore, attempts to inhibit
the transcription of endogenous genes in cell lines other
than insects or T-lymphocytes have met with little
success, presumably due to poor cellular uptake of these
polyamides and inability to achieve nuclear
localization.5

Recent studies have shown that linkage of polyamides to
minor groove binding bis-benzimidazole dyes can recog-
nize longer sequences of DNA and also enhance cellular
permeability.6,7 Furthermore, linkage of the Hoechst
33258 fluorophore to the six-ring hairpin pyrrole poly-
amide at the N-terminus (3) recognizes a 9 bp A/T-rich
site with high affinity and good selectivity.8 This conju-
gate binds to the 9 bp site with 1:1 stoichiometry with
the polyamide moiety adopting a hairpin motif. Howev-
er, the binding motif of this conjugate is unknown in the
presence of sequences longer than 10 bp. The sequence
recognition and discrimination of DNA by polyamides
depend on the code of side-by-side amino acid pairings
in the minor groove.1 Recent studies have shown that
incorporation of bulky groups on the linker-turn forces
the polyamide to adopt a hairpin motif instead of an
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extended motif.9 We presume that linkage of the Hoe-
chst ligand at the hairpin turn may force the polyamide
to adopt the hairpin motif irrespective of minor groove
length and provide side-by-side amino acid pairings,
which is a prerequisite for sequence specific recognition.
Furthermore, these conjugates might be able to recog-
nize longer DNA sequences, and the presence of the
Hoechst fluorophore should enhance cellular uptake.7

The relationships between the Hoechst linkage position
in the polyamide, the binding site size, and the cellular
uptake of the conjugates have yet to be determined.
To evaluate these considerations, a new class of chiral
hairpin polyamide–Hoechst 33258 conjugates was
designed.

Following pioneering work by Dervan and co-work-
ers,10 replacement of the prochiral c-aminobutyric acid
turn with either enantiomer of 2,4-diaminobutyric acid
and linkage of the Hoechst 33258 analogue at the a-ami-
no position provides the enantiomeric conjugates
Py–Py–Py–c-[(R)-c-Ht]–Py–Py–Py (1) and Py–Py–Py–
c-[(S)-c-Ht]–Py–Py–Py (2) (Fig. 1). Dervan and
co-workers found that (R)-configured amine c-turn sub-
stituents enhance DNA-binding affinity and specificity
relative to the unsubstituted parent hairpin,10a and it
was of interest to investigate the effects of relocating
the position of the Hoechst 33258 analogue. The conju-
gates were synthesized on solid phase using Fmoc and
ivDde techniques with a series of HOBt/PyBOP medi-
ated coupling reactions. To compare the binding affinity
to the binding site length, the conjugate Py–Py–Py–c-
Py–Py–Py–c-Ht (3) with the Hoechst fluorophore linked
to the N-terminus of the polyamide was also studied
(Fig. 1).8 The fluorescence emission of these conjugates
increases greatly upon binding in the minor groove of
dsDNA. Thus, spectrofluorometric titrations were em-
ployed to determine the conjugate:dsDNA stoichiome-
tries and equilibrium association constants (Ka).

6,8

Thermal melting (Tm) experiments were also performed
Figure 1. (a) Structures of the hairpin pyrrole polyamide–Hoechst 33258 con

groove of d(5 0-GCGGATATAAAATTC-GACG-30).
as an alternative method for the determination of the
conjugate:dsDNA complex stabilities. We report here
the synthesis, DNA binding affinity, binding site length,
and binding orientation of conjugates 1–3 to A/T-rich
8–14 bp sequences.

The solid-phase synthesis of conjugates 1 and 2 were
accomplished manually in a stepwise manner on rink
amide MBHA resin (0.5 mmol/g loading sites) by
employing Fmoc and ivDde techniques with a series of
PyBOP/HOBt mediated coupling reactions as described
in Scheme 1. The linker ivDde-protecting group is best
suited for this solid-phase synthesis because it is stable
under Fmoc deprotection conditions and can easily be
removed using 5% hydrazine in DMF. The Fmoc-Py-
OH (4)11 and Hoechst 33258 acid (7)12 building blocks
were synthesized as reported, and orthogonally protect-
ed 2,4-diaminobutyric acid residues Fmoc-DD-Da-
b(ivDde)-OH (5) and Fmoc-Dab(Mtt)-OH (6) were
purchased from Chem-Impex and Novabiochem,
respectively (Fig. 2).

The solid-phase synthesis of the R-conjugate, 1, is
shown in (Scheme 1). The Fmoc protection on the resin
was removed and the coupling of Fmoc-Py-acid (4) was
achieved in 12 h in the presence of HOBt, PyBOP, and
DIPEA in anhydrous DMF. After the coupling reac-
tion, any unreacted amine sites were capped by acetyla-
tion. The Fmoc protection on the N-methylpyrrole was
removed and the coupling cycle (coupling/capping/
deprotection) was repeated two more times with
Fmoc-Py-OH (4) before introducing orthogonally pro-
tected 2,4-diaminobutyric acid (Fmoc-DD-Dab(ivDde)-
OH) (5). The Fmoc protection of the linker a-amino
group was removed and coupled with Hoechst 33258
acid (7). After the capping reaction, the ivDde protec-
tion on the c-amino group was removed using 5%
hydrazine in DMF and the coupling cycle was repeated
three more times with Fmoc-Py-OH (4). The Fmoc on
jugates (1–3). (b) Energy minimized complex of 1 bound to the minor
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the last pyrrole was removed and the amine was capped
to get conjugate 1. The coupling yield in each cycle was
found to be 95–99%, as determined from the absorbance
of deprotected Fmoc. The conjugate was cleaved from
the resin in 2 h using 1% triisopropylsilane (TIS) in
TFA. The cleaved products were purified on reverse-
phase HPLC using a C8 column with an increasing gra-
dient of acetonitrile in water containing 0.1% TFA.
After purification, the product was reconstituted in a
minimal amount of methanol and precipitated out of
solution by the addition of ether. Product purity was
checked by analytical RP-HPLC using the same column
and solvent system. ESI/TOF+ mass analysis exhibited
the expected peak at m/z 692.79 (M+2H) for conjugate
1; calcd 692.81 (M+2H) for C71H77N21O10.

Conjugate 2 was also synthesized in a similar method, as
explained above for conjugate 1, using Fmoc-Dab(Mtt)-
OH (6) instead of Fmoc-DD-Dab(ivDde)-OH 5. The acid
labile Mtt protection on the c-amino group was re-
moved using 1% TFA and 5% TIS in dichloromethane
(5 · 5 min).13 However, under these conditions the
TFA solution cleaved some of the conjugate from the
resin along with the cleavage of Mtt on the c-amino
group of the linker. Hence, the base labile ivDde
protection of the c-amino group of the linker is better
suited for the solid-phase synthesis of these conjugates.
The resin cleavage and purification of the conjugate 2
was carried out as explained for conjugate 1. ESI/
TOF+ mass analysis exhibited the expected peak at m/
z 692.82 (M+2H) for conjugate 2; calcd 692.81
(M+2H) for C71H77N21O10.

When excited at 345 nm, dsDNA:conjugate complexes
in 10 mM potassium phosphate buffer (pH 7.0) contain-
ing 150 mM KCl solution emit a broad fluorescence sig-
nal centered at 450 nm (1 and 3) or 455 nm (2), which is
consistent with the fluorescence signal emitted by
Ht33258:dsDNA complexes at 445 nm.14,15 Titration
of a constant concentration of dsDNA with a relatively
concentrated solution of conjugate 1, 2, or 3 provided a
well-defined titration curve that allowed the determina-
tion of the conjugate:dsDNA complex stoichiometry.6,16

The equilibrium association constants (Ka) for the
dsDNA:conjugate complexes were determined by gener-
ating isothermal binding curves (fluorescence vs un-
bound conjugate) and fitting the equation as shown in
Figure 3.6,8,17

In order to understand the binding affinities, binding site
length, and binding orientation of conjugates 1–3, a ser-
ies of dsDNA with A/T-rich 8–14 bp binding sites (Table
1) were used. Conjugates 1–3 exhibited �1:1
dsDNA:conjugate stoichiometries with each of the
DNA duplexes. With longer binding sites, side-by-side
1:2 antiparallel binding is feasible6a with conjugate 3 if
the polyamide prefers the extended motif upon binding.
Very little change in stoichiometry was observed in the
binding of conjugate 3 to a 14 bp sequence (entry 7),
which is an adequate length to allow for binding in the
extended form and side-by-side antiparallel binding.
This suggests that the polyamide moiety of conjugate 3
prefers a hairpin orientation,8 rather than an extended
or dimeric overlapped binding motif. As can be seen
from the Ka data in Table 1, conjugate 3 recognizes
the 9 bp A/T-rich binding site of 5 0-gcggTATAAA
ATTcgacg-3 0 (entry 2) with high affinity.8 Very little
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change in Ka and binding stoichiometry was observed
upon extending the A/T-rich binding site from 9 to
14 bp (entries 2–7). However, a considerable drop in
Ka was observed upon decreasing the binding site length
to 8 bp (entry 1), indicating that the conjugate binds to a
9 bp sequence. On the other hand, conjugates 1 and 2
bind to the 10 bp A/T-rich site of 5 0-gcggATATAAA
ATTcgacg-3 0 (entry 3). Although a moderate increase
in Ka was exhibited upon increasing the binding site
from 10 to 14 bp (entries 4–7), considerable drops in
Ka were observed in the presence of binding sites shorter
than 10 bp (entries 1–2). These observations suggest that
conjugates 1 and 2 can recognize 10 bp sequences,
whereas conjugate 3 can recognize only 9 bp.8 Interest-
ingly, conjugates 1 and 3 exhibited similar binding affin-
ities for their preferred 10 and 9 bp sequences,
respectively, suggesting that the linkage position does
not significantly affect binding affinity. However, the
dsDNA sequences exhibited remarkable preference for
the chiral conjugate 1 over 2. Although both conjugates
1 and 2 can bind to 10 bp sequences (Table 1), the R-
conjugate 1 consistently exhibited higher (�10- to 20-
fold) binding affinities than the S-conjugate 2 for the
sequences studied.
Table 1. Thermal melting temperatures (Tm in �C) and equilibrium associat

Entry dsDNA DTm

1(R) 2(S)

1 50-gcggcATAAAATTcgacg-3 0 15 7

2 50-gcggTATAAAATTcgacg-3 0 14 6

3 50-gcggATATAAAATTcgacg-3 0 22 11

4 50-gcggAATATAAAATTcgacg-30 23 11

5 50-gcggTAATATAAAATTcgacg-3 0 21 10

6 50-gcggATAATATAAAATTcgacg-30 22 11

7 50-gcggTATAATATAAAATTcgacg-30 22 10

Binding sites shown in capitals. Standard deviations are ± 1 �C and ± 20% for

of dsDNA in the presence and absence of the conjugate. DG25 values are c

R- and S-conjugate DG25 values.
Thermal denaturation experiments were employed as an
alternative method for the investigation of the
dsDNA:conjugate complex stabilities and sequence
selectivities. As shown in Table 1, the Tm data strongly
correlate with the data acquired via the equilibrium as-
says. Conjugates 1 and 3 form significantly more stable
complexes than does conjugate 2. Conjugate 1 forms a
stable complex with the 10 bp (DTm = 22 �C) sequence
(entry 3). The stability of the complex suffered greatly
when providing a binding site shorter than 10 bp (entries
1 and 2); however, no significant change in DTm was ob-
served upon the extension of the binding site from 10 to
14 bp. Although S-conjugate 2 forms less stable com-
plexes, it displays binding patterns similar to those of
the R-conjugate 1. Conjugate 3 also forms stable com-
plexes, however, it recognizes only 9 bp (entry 2). When
provided a 14 bp sequence, a length sufficient to bind the
extended or 1:2 side-by-side overlapped motif, a moder-
ate change in DTm is observed for conjugate 3, which
also suggests that the polyamide moiety prefers a hair-
pin motif. To describe the complex stabilities more
quantitatively, standard free energies ðDG0

25Þ for both
R- and S-conjugate:dsDNA complexes were calculated
from thermal melting curves (Table 1). The DDG0 values
of �1.2 to �2.4 kcal/mol suggest that R-conjugate 1 has
about �10- to 50-fold higher binding affinity than the S-
conjugate 2 to the dsDNA sequences, which is consistent
with the observed binding constants (Table 1).

To further explore the observed differences in the bind-
ing affinities of enantiomers 1 and 2, molecular modeling
was performed using Sybyl.18 Canonical B-DNA duplex
d(5 0-GCGGAT-ATAAAATTCGACG-3 0) was built
using the biopolymer function. Conjugates 1 and 2 were
assembled by extracting two distamycin molecules
which were bound side-by-side in the minor groove of
a DNA duplex from the PDB structure 378D,19 and
connecting them with an appropriate linker. A Hoechst
33258 ligand was extracted from a DNA crystal struc-
ture from PDB entry 264D,20 and attached to the poly-
amide hairpin linker, being careful to create the proper
stereochemistry. Hydrogens were then added to the
DNA and ligand models, the atom types were properly
assigned, and Pullman charges were calculated. Since
the models of 1 and 2 were assembled from crystal struc-
tures, they were already in the approximate orientation
to bind into the minor groove of the DNA model. This
ion constants (Ka) for conjugate:dsDNA complexes

DDG (kcal) Ka

3 1(R) 2(S) 3

14 �0.8 2.3 · 108 5.3 · 107 4.1 · 108

24 �1.4 1.7 · 108 3.4 · 107 2.2 · 109

23 �2.1 2.4 · 109 1.6 · 108 3.3 · 109

23 �2.3 2.7 · 109 3.1 · 108 2.7 · 109

22 �2.4 1.2 · 109 1.0 · 108 3.1 · 109

24 –2.4 2.2 · 109 8.5 · 107 2.5 · 109

24 �2.4 1.8 · 109 9.8 · 107 4.2 · 109

Tm and Ka, respectively. DTm values are the differences in the Tm values

alculated from Tm curves. DDG values are the differences between the
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allowed the ligands to be carefully hand-placed into the
minor groove, before the energy was minimized using
the Tripos forcefield. The ligands were then docked into
the minor groove, and a quick energy minimization was
performed. The molecular graphics were created using
PyMOL21 (Fig. 4).

The molecular modeling studies involving energy mini-
mizations revealed that the different geometries of enan-
tiomers 1 and 2 lead to differences in hydrogen bonding
patterns upon DNA minor groove binding. The amide
proton at the a-position of the chiral center in R-conju-
gate 1 is in an ideal position to form a hydrogen bond
with the O2 of thymine 13 (Fig. 5a). This amide proton
in S-conjugate 2, however, is oriented away from the O2
atom and lies far enough away to prohibit hydrogen
bond formation (Fig. 5b). In addition to the location
and orientation of the amide proton a to the chiral cen-
ter, the two amide protons further down the polyamide
chains are also better positioned for hydrogen bonds to
the DNA bases in the R-configured 1 versus S-config-
Figure 5. Closeup of the hairpin linker of (a) R-enantiomer 1 and (b) S-e

ATTCGACG-3 0). The dashed lines show the amide protons� nearest potentia
acceptor names, and nucleotide names labeled.
ured 2 (Figs. 5a and b). Although the amide proton,
shown with a dashed line to N3 of adenine 14, is too
far away for a proper hydrogen bond in either enantio-
mers, it lies closer to N3 in 1 (Fig. 5a) than in 2 (Fig. 5b).
The remaining nitrogen-bound protons on the polyam-
ide and Hoechst chains demonstrate similar patterns
for both enantiomers, generally forming solid hydrogen
bonds with the DNA bases. Altogether, the modeling
study suggests that the greater binding affinities ob-
served when 1 binds in the DNA minor groove versus
when 2 binds can be accounted for by the enhanced abil-
ity of 1 to form hydrogen bonds to the DNA bases.

Linkage of the Hoechst 33258 analogue at the a-position
of the c-turn amino acid recognizes 10 bp DNA
sequences, whereas the N-terminus linked conjugate rec-
ognizes 9 bp sequences with the polyamide adopting a
hairpin motif. Although the linkage position of the Hoe-
chst dye did not significantly affect binding affinity, the
dsDNA sequences exhibited considerable preference
for the R-conjugate over the S-conjugate. The synthesis
of conjugates incorporating both N-methylpyrrole and
N-methylimidazole units and studies on their cellular
uptake are in progress. These mixed heterocyclic
conjugates will be able to target sequences containing
both A/T and G/C bp.
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