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Recognition of “Mirror-Image”” DNA by Small Molecules™**
Christian Dose, Dominik Ho, Hermann E. Gaub, Peter B. Dervan,* and Christian H. Albrecht*

Pyrrole-imidazole polyamides are synthetic oligomers with
affinities and specificities for DNA comparable to naturally
occurring DNA-binding proteins.'! The molecular recogni-
tion of the minor groove of DNA by polyamides arises from
interactions of pairs of the aromatic amino acids N-methyl-
pyrrole, N-methylimidazole, and N-methylhydroxypyrrole
with the edges of Watson-Crick DNA base pairs.”! Introduc-
tion of an amino group in the R configuration to the y-turn
unit of hairpin polyamide oligomers confers a chiral sub-
stituent and increases the DNA-binding affinity, whereas S-
configured molecules provide lower affinities relative to
unsubstituted hairpins.”! L-DNA is the “mirror-image” of the
natural occurring D conformation® and has been applied in
nucleic acid chemistry for developing anti-HIV agents,”! in
the study of aptamers,® transcription factors,”) mechanisms of
antitumor drugs,® and as microarray platforms.”) Herein we
report that mirror-image hairpin polyamides can distinguish
L-DNA in presence of natural DNA. To detect this specificity
we introduce a symmetric molecular force balance to
simultaneously measure rupture forces of diastereomeric
DNA-ligand complexes. We show that the chirality of
polyamides is suitable to enhance the sensitivity of the
measurement to determine effects of subtle structural
changes in a single experiment.

Single-molecule force spectroscopy that operates in the
range of piconewton forces has contributed detailed insights
into the understanding of host-ligand interactions.'”) A
differential approach to study binding forces was recently
introduced, wherein rupture forces of a target complex are
directly probed against a known reference complex.!l This
differential measurement format has been applied to distin-
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guish single base-pair mismatches within 30mer DNA
duplexes,'”” for studying differences of antibody/antigen
interactions,® and to eliminate cross-reactions on protein
microarrays.'¥ Although a large number of molecules are
measured simultaneously, the actual measurement is per-
formed at a single-molecule level. One duplex is compared to
one reference duplex.

Our design of the molecular force balance comprises D-
DNA duplex 1-2, which is covalently linked to a glass slide
(bottom), and L-DNA duplex 3-4, which is attached by a
biotin-streptavidin bond to a silicone stamp (top, Figure 1a).
These DNA duplexes contain identical DNA sequences (20
base pairs) and are linked by an oligothymine spacer (12
bases) that is fluorescently labeled. Upon separation of the
two surfaces, force is applied to the molecular balance until
one of the duplexes ruptures. If no ligand is bound to the
balance, there is a 50 % probability for each of the duplexes to
survive and the fluorophore will distribute equally between
stamp and slide. When ligands are bound to one of the
duplexes, the symmetry of the assay is broken and, as a result,
there is a higher probability for the fluorophore to end up on
the side of the stronger DNA duplex. Parent hairpin
polyamide 5, and mirror-image polyamides (R)-6 and (S)-6
were programmed to bind the six-base-pair DNA sequence 5'-
TGGTCA-3 embedded in p-DNA and L-DNA duplexes 1-2
and 3-4, respectively (Figure 1b). To investigate the differ-
ence in rupture forces, we first examined chiral hairpin
polyamide (R)-6 in the molecular force balance. The survival
probability of b-DNA duplex 1-2, which corresponds to the
remaining Cy3-fluorescence intensity on the glass slide, was
monitored in presence of increasing polyamide concentra-
tions (0-100 nm). Background fluorescence intensities, caused
by incomplete biotin-streptavidin bond formations, were
subtracted to ensure that the determined values were only the
result of ruptured DNA complexes.” Figure 2a shows that
the survival probability was significantly changed by increas-
ing the polyamide concentration; for example, the probability
was 0.69 at 25 nm. Interestingly, at 100 nm (R)-6, a reduced
survival probability of 0.56 was observed. We assume that
both DNA duplexes were occupied at higher concentrations
of polyamide (R)-6, but stabilization of D-DNA duplex
relative to L-DNA duplex was still favored. Mirror-image
polyamide (5)-6 should bind to the L-DNA duplex rather than
the D-DNA duplex. Indeed, addition of (5)-6 to the molecular
force balance provided an inverted analysis course containing
a survival probability of 0.21 at 25 nm. Removal of the chiral
information in the polyamides (as in 5) abolished the mirror-
image specificity, as represented by an almost consistent
survival probability course across the entire concentration
gradient.

Next, we examined the difference in rupture forces
between D-DNA duplex and L-DNA duplex by introducing
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Figure 1. a) Schematic representation of the molecular force balance containing b-DNA and L-DNA
duplexes in the presence of chiral hairpin polyamides (R)-6 or (S)-6; the bases indicated by filled
circles are those highlighted in the corresponding structures shown in (b). b) Chemical structures and
binding motifs of matched hairpin polyamides 5, (R)-6, (5)-6, and single-base-pair-mismatched
compounds (R)-7, (S)-7. Mismatched positions are represented by red-colored base pairs.
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approximately 0.6-fold. We
assumed that the differences in
survival probability were caused
by less stabilized reference com-
plexes as a result of the discrim-
inative power arising from chirality
and mismatched DNA base-pairing
of polyamides (R)-7 and (§)-7. This
combination reduces the sensitivity
of the molecular force balance for
measuring differences between
matched and single-base-pair-mis-
matched DNA-polyamide com-
plexes. To increase the sensitivity,
we applied a mixture of matched R-
configured polyamide (R)-6 and
single-base-pair-mismatched S-
configured polyamide (S)-7 to the
molecular force balance (Figure 3).
As a result, a single-base-pair-mis-
matched DNA-polyamide com-
plex is directly compared with a
perfectly matched DNA-polyam-
ide complex. Indeed, using a 1:1
mixture of (R)-6:(5)-7 significantly
increased the survival probability
relative to the parent single-base-
pair-mismatched analysis (0.66 at
25nM concentration). An almost
identical change (survival probabil-
ity=0.21) was observed by using
the complementary polyamide
mixture (S)-6:(R)-7. As a control,
differential force analysis in the
presence of enantiomeric mis-
matched polyamides (R)-7:(S)-7
gave a balanced ratio. It can be
concluded that the resolution of the
measurement for matched and
single-base-pair-mismatched
DNA-polyamide complexes is
enhanced by applying mixtures of
chiral hairpin polyamides. By this
means, polyamides provide a ver-
satile tool to modify reference
duplexes for improving the sensi-
tivity of the molecular force bal-
ance.

To ensure that the differences
in rupture forces were a result of
the DNA duplex stabilization by
hairpin polyamides, we compared
the melting temperatures (7;,) of
the DNA—polyamide complexes.!"

single-base-pair-mismatched polyamides (R)-7 and (S)-7 to  Melting analysis containing nonchiral polyamide 5 revealed
the molecular balance. Both chiral polyamides led to changes  an identical increase of 7°C for complexes 1-2:5 (7,,=77°C)
in survival probability: 0.59 and 0.27, respectively, at 25nm  and 3-4-5 (T,,=77°C) relative to the D-DNA and L-DNA
concentration (Figure 3). Comparison to the matched poly-  duplexes 12 and 34 (7, =70°C), respectively (Table 1).
amides revealed that the change in signal was decreased  Addition of chiral polyamide (R)-6 to D-DNA duplex 1-2
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Figure 2. a) Molecular force balance analysis in the presence of
increasing concentrations of polyamides 5 (white circles), (R)-6 (blue
circles), and (5)-6 (red circles). The survival probability (SP) represents
the Cy3-fluorescence intensity on the glass slide after separation of the
silicone stamp. b) Cy3-fluorescence images of a spot on the glass slide
showing the imprint of the silicone stamp after separation. Images 1,
2, and 3 represent the fluorescence intensities in presence of 25 nm
polyamide (R)-6, 5, and (S)-6, respectively.

Table 1: Melting temperatures for DNA-polyamide complexes.?

Polyamide D-DNA duplex [°C] AT, [°C] L-DNA duplex [°C]
12 3.4

_ 70 - 70

5 77 - 77

(R)-6 83 8 75

(5)-6 75 8 83

(R)-7 76 5 71

(S)7 7 5 76

[a] Values reported are the mean values of at least three melting
temperature measurements.

provided a higher stabilization leading to a 7,,=83°C for
complex 1-2-(R)-6. In contrast, melting temperature of L-
DNA-polyamide complex 3-4-(R)-6 was significantly lower
(T,,=75°C) and revealed a AT, value of 8 °C, which confirms
a binding preference of polyamide (R)-6 for b-DNA duplex
1-2. An identical value of AT,, =8°C was observed for DNA-
polyamide complexes 1-2:(S)-6 and 3-4-(S)-6. As expected,
melting analysis of DNA-polyamide complexes 1-2:(R)-7
(T,=76°C) and 3-4-(R)-7 (T,,=71°C), containing single-
base-pair-mismatched polyamide (R)-7, revealed a decrease
in stabilization leading to a reduced AT, value of 5°C relative
to the matched complexes. This result was confirmed by an
identical difference in T, values for complexes 1-2:(S)-7
(T,,=71°C) and 3-4-(S)-7 (T,,=76°C).

In summary, we have introduced a symmetric molecular
force balance by using the mirror-image forms of DNA as
differentiation modules. A single chiral amine substituent of
enantiomeric hairpin polyamides affords diastereoselective
complexes for D-DNA and L-DNA duplexes. This feature
expands the scope of polyamides and provides an easy tool to
modify reference complexes to increase the rupture force
resolution of the molecular force balance. The investigations
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Figure 3. Schematic representation of the molecular force balance for
measuring mixtures of polyamides and analysis data of single-base-
pair-mismatched polyamides (R)-7 and (S)-7 as well as polyamide
mixtures (1:1) of (R)-6, (S)-6, (R)-7, and (S)-7, respectively, at 25 nm
concentration (SP=survival probability).

demonstrate the potential to determine effects of structural
changes within a single experiment. Because of its sensitivity
and amenability to high-throughput screenings, one could
imagine exploring further chiral DNA-binding molecules by
the molecular force balance, for example, intercalators,
transcription factors, and restriction enzymes.
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