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Peptide nucleic acids (PNAs) have been attracting interest as

the antisense molecules that resist degradation by nucleases or

proteases. Nielsen and co-workers have been reporting PNAs with
a [NH-CH,-CH,-N(CO-CH,-Base)-CH-CO] monomer unit Il

in Chart 1 with adeninyl basé)The PNAs bind to the comple-
mentary DNAs with higher affinity than the corresponding DNA
DNA mixture. After the Nielsen’s PNA, several workers reported
PNAs of different main chain structurésiming to improve the
limited solubility and other drawbacks of the Nielsen's PRA.
However, most of these new PNAs showed little interaction with
nucleic acids, indicating that the detailed molecular structure of
the PNAs plays a crucial role in the hybridization with nucleic
acids.

In this paper, we report a novel PNA (oxy-PNA OPNA)
with a monomer unit [NH-C*H(ChRCH,-Base)-CH-O-CH,-CO]

(Il in Chart 1 with adeninyl group) and its strong hybridization

with DNAs. The OPNA has an ether linkage in the main chain
that improved water solubility. The most advantageous point of
the OPNA is its all-or-none-type hybridization that enables
detection of even single mismatched DNAs.

The Fmoc-protected-amino acids withNé-benzoyladenine,
thymine, uracil, andN*-benzoylcytosine were prepared through
an eight-step synthesis starting frashomoseriné. The Fmoc
0-amino acids were linked together through solid-phase peptide
synthesis to prepare OPNA(# (I1).5 Details are described in
Supporting Information. The solubility of the OPNA{Ain pure
water was 0.64 base M. The Nielsen-type PNA with 12 adeninyl
units [Ill , PNA(A12)] was also preparetiThe solubility of PNA-
(A1) was 0.33 base M.

As indicated on the right ordinate of Figure 1, the OPNAJA
showed virtually no CD signal at the absorption band of adenine
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Figure 1. Job plots for CD intensities of the mixtures of (a) DNAG—

DNA(T12) (at 249 nm), (b) OPNA(A)—DNA(T12) (at 249.5 nm), (c)
PNA(A12)—DNA(T12) (at 261 nm), and (d) OPNA(A)—DNA(C1y) (at

277 nm), in 150 mM NaCl, 10 mM NagPOy, and 0.1 mM EDTA at pH
7.0 and 5°C. Total base concentratien 270uM. Optical path length=

2 mm.
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unit, indicating the absence of helical conformation in the single-
stranded form, probably because of the flexibility of the OPNA
main chain.

UV absorption and CD spectra were measured for mixtures of
OPNA(A12) and DNA(T,,) at different molar ratios. Figure 1
shows plots of CD intensities against the molar ratios. The Job
plot showed a minimum at 1/1 molar ratio. In contrast, no
minimum or maximum was observed for mixtures of OPNA-
(A12)—DNA(Cy), indicating sequence specific interactions be-
tween OPNA and DNA. Similar Job plots were observed for the
Nielsen's PNA(A2)—DNA(T1,) and for the DNA(A,)—DNA-

(T12) mixtures. In the case of PNAE)—DNA(T,), however,

the Job plot shows a turning point at PNA/DMNAL/2, suggesting

a presence of some unknown structure. These spectroscopic results
strongly suggest sequence specific hybridization of OPNA(A

with DNA(T 12).

Temperature dependence of the absorption intensity of the
OPNA(A;2)/DNA(T 12) (1/1) mixture at 260 nm is shown in Figure
2, together with those for the Nielsen's PNAGDNA(T 12)
(1/1) mixture and for the DNA(4&)—DNA(T1) (1/1) mixture.

A very sharp transition was observed for the OPNAJADNA-

(T12) mixture as compared with other two cases. The temperature
ranges for 595% transition are 15for the OPNA(A), 29.5

for the PNA(A), and 18.8 for the DNA(A1,), respectively. The
transition temperatureT(,) for the OPNA(A2)—DNA(T,) com-

plex (43°C) is higher than that for the DNA(@A)—DNA(T 1)
complex (30°C) but lower than that for the PNA@)—DNA-

(T12) complex (55°C).

The details of the transition may be discussed in terms of the
thermodynamic analysis of the melting cufv&he temperature
dependence of the association constants for the three mixtures
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Figure 2. Temperature dependence of absorption intensity at 260 nm
for equimolar mixtures of (a) DNA(#&)—DNA(T12), (b) OPNA(A2)—
DNA(T12), and (c) PNA(A2)—DNA(T1) in 150 mM NaCl, 10 mM Nakt

POy, and 0.1 mM EDTA, pH 7.0. Duplex concentratien5.9 uM. The
melting curves were recorded at the interval oP@% min. Insert shows
the van't Hoff plots of the association constants.

Table 1. Thermodynamic Parameters for the Hybridizations of the
Mixtures of DNA(A12), OPNA(A2), and PNA(A2) with DNA(T12)
or DNA(TGCT5)

Tm AH AS
components (°C)  (kcalmol?) (cal mortK™)
Full Matching
DNA(A12)—DNA(T12) 30 —83.7+£3.* —251+1Q
OPNA(A12) —DNA(T 15 43 -—112+01 —329+0.2
PNA(A12)—DNA(T12) 55 —47.7+0.2 —120+0.%
—79.5+43 217+ 1.3
Single Mismatching
DNA(A 12)—DNA(TCTs) 12 -70.5+6.7 —222+ 23
OPNA(A12)—DNA(T¢CTs) 30 —97.7+0.1 —297+0.2
PNA(A12)—DNA(T¢CTs) 42 —59.0+55 —1614+ 17
—77.3+3.0 —220+9.C°

2 Error ranges are estimated from the variations in the baselines of ggcrease of,,

the melting curves? Taken from the low-temperature side of the van't
Hoff plot. ¢ Taken from the high-temperature side of the van't Hoff
plot.

are shown in the insert of Figure 2. The van't Hoff plots for the
DNA(A 12)—DNA(T12) mixture and for the OPNA(#)—DNA-
(T12) mixture are straight over the whole range of the transition,
indicating a single-step transition. On the other hand, the plot for
the PNA(Az) —DNA(T12) mixture shows a turning point that may

suggest the presence of some unknown structure that coexists with  Supporting Information Available:

the double-stranded form.
Thermodynamic parameters evaluated from the van’t Hoff plot

J. Am. Chem. Soc., Vol. 121, No. 1, 1259

temperature, the randomly coiled OPNA with large conforma-
tional entropy is folded into a regular and rigid double-stranded
helix with nearly optimized stabilization energy.

The single step transition for the OPNA—DNA(T12)
mixture was confirmed by CD spectroscopy. The CD spectra
measured at varying temperatures showed a gradual change from
the profile for the double-stranded form to that for the single-
stranded form with several isodichroic points. The isodichroic
points indicate that the transition is occurring without any
intermediate state. In contrast to this, the CD for the Nielsen's
PNA(A12)—DNA(T 1) pair showed a complex change during the
gradual rise of temperature. The complex behavior of the Nielsen’s
PNA has been also suggested from the curvature in the CD Job
plot (Figure 1). The complex behavior of the Nielsen's PNA-
(A12—DNA(T 1) mixture indicates the presence of some unknown
structure such as a triplex, that coexists with the simple duplex.

It must be noted that the double-stranded structure and the
hybridization thermodynamics for the DNA{(A—DNA(T 1,) pair
are known to be unusual and different from other commonly
occurring sequencésTherefore, the above comparison of the
OPNA with DNA and PNA may not be extended to other
sequences. However, the advantage of the flexible main chain of
the OPNA in its high adaptability to form stable double-stranded
form is very clearly demonstrated in this case.

The sequence specificity of the OPNA was examined by using
DNA(TCTs), instead of DNA(T,) as the counterpart. The melting
curves for the OPNA(4), DNA(A1,), and PNA(A>,), respec-
tively, mixed with DNA(TsCTs) were measured, and the results
of the thermodynamic analysis are listed in Table 1. In the cases
of both OPNA and PNA, the transition temperatures were lowered
by 13 from those of the complementary pairs. In the case of
OPNA, the decrease af, is on the same order as the temperature
range of the 595% transition (19), indicating that OPNA can
detect even a single mismatch. In the case of PNA, however, the
is about half of the temperature range, suggesting
that the detection of single mismatch is difficult in this case.

To conclude, the OPNA has improved solubility and shows
all-or-none-type hybridization with the complementary DNA and
high sequence specificity. These characteristics make the OPNAs
promising antisense molecules for medicinal uses.
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(—AH) and the conformational constraintsAS) are largest in
the OPNA(A2)—DNA(T,) pair, suggesting that, by decreasing
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