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Abasic sites represent a common type of lesion in DNA. Loss
of a base can take place as a spontaneous process,[1] it can
happen as a result of base modification, or it can occur during
an enzymatic repair process.[2, 3] If not repaired, the resulting
abasic site has a high potential for mutagenicity or might lead
to cell death. Due to their biological importance, there is a
strong interest in methods of recognizing abasic sites in DNA
both for diagnostic and pharmaceutical use. Intercalating li-
gands[4–6] have been evaluated as inhibitors of enzymatic
repair processes to increase the efficacy of cytotoxic agents.[7]

Stabilization of abasic sites in duplex DNA has been achieved
with complementary oligonucleotides carrying extended aro-
matic residues opposite to the abasic site. Thus, deoxyribofura-
nosides carrying pyrene and other polyaromatic hydrocarbons
have been used as substitutes for missing nucleobases in
order to maintain the aromatic stacking throughout the
duplex.[8–10] We have recently reported that phenanthrene sub-
stituted with flexible aliphatic linkers can be used to stabilize
abasic sites in a DNA duplex.[11] Such building blocks might
present a considerable practical advantage over the syntheti-
cally more demanding sugar-derived analogues. From a struc-
tural point of view, an abasic site represents a discontinuity of
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the DNA base stack and, thus, leads to a deviation from the
regular DNA duplex structure.[7] Model considerations suggest
that the aromatic building block replaces for the missing base
by intercalation into the cavity resulting from loss of a nucleo-
base. Stacking interactions are influenced by factors such as
the dipole moment and the surface of the aromatic com-
pounds. Therefore, use of phenanthroline or pyrene instead of
phenanthrene might have a further positive effect on the sta-
bility of abasic DNA. Here, we report on the effect of 2,9-disub-
stituted 1,10-phenanthrolines as well as 1,8-disubstituted pyr-
enes on the stability of double-stranded DNA containing an
abasic site.

The synthesis of the phenanthroline- and pyrene-derived
phosphoramidite building blocks containing linkers of different
lengths is shown in Scheme 1. The preparation of the pyrene
derivatives started from pyrene-1,8-dicarboxylic acid (1), which
had been prepared according
to a literature method.[12] Deri-
vatization with the correspond-
ing a,w-aminoalcohols gave the
amides 2 a–d. Subsequent phos-
phitylation provided the phos-
phoramidites 3 a–d. The synthe-
sis of the phenanthroline build-
ing blocks followed the same
synthetic scheme. Thus, the
known 1,10-phenanthroline-2,9-
dicarboxylic acid (4)[13] was
transformed via the intermedi-
ates 5 a–d into the phosphora-
midites 6 a–d. All compounds
were characterized by conven-
tional analytical methods (see
Supporting Information).

The pyrene- and phenanthro-
line-derived phosphoramidite
building blocks 3 a–d and 6 a–d
were subsequently incorporated

into oligonucleotides by standard oligonucleotide synthe-
sis.[14, 15] Coupling yields with the modified phosphoramidites
were equal to the ones obtained with automated nucleoside
building blocks. For synthesis of the abasic site-containing
oligonucleotide (f),[16] a commercially available, tetrahydrofu-
ran-derived phosphoramidite was used. After deprotection
(conc. ammonia, 55 8C), all oligonmers were purified by re-
versed-phase HPLC and characterized by high-resolution mass
spectrometry (see Supporting Information).

The effect of the different phenanthroline and pyrene build-
ing blocks on the stability of an abasic site-containing DNA
duplex was analyzed by thermal-denaturation experiments.
The modified building blocks were positioned opposite the
abasic site. The melting temperature (Tm) data of the corre-
sponding duplexes are summarized in Table 1. In comparison
to a duplex containing a natural nucleotide (adenosine) oppo-

Scheme 1. Synthesis of the pyrene and phenanthroline phosphoramidites used in this study. Conditions : a) HO(CH2)nNH2/DMTO(CH2)nNH2 (DMT = 4,4’-dimethyltrityl ;
1.0 equiv of each, in pyridine), (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium haxafluorophosphate (2.2 equiv), H�nig’s base (5 equiv), DMF; b) 2-cyanoethyl
diisopropylamidochloridophosphite (1.0 equiv), H�nig’s base (3 equiv), CH2Cl2.

Table 1. Influence of phenanthroline- and pyrene-derived, non-nucleosidic building blocks on duplex DNA containing
an abasic site. Conditions: oligomer (1.0 mm), Tris-HCl (10 mm), NaCl (100 mm), pH 7.4. Experimental error: �0.5 8C.

Duplex Tm [8C] DTm [8C][a]

n = 2 n = 3 n = 4 n = 5

5’AGC TCG GTC A T C GAG AGT GCA 67.7
3’TCG AGC CAG T A G CTC TCA CGT

5’AGC TCG GTC A f C GAG AGT GCA 56.3
3’TCG AGC CAG T A G CTC TCA CGT

5’AGC TCG GTC A f C GAG AGT GCA 4.2 6.2 5.9 8.4
3’TCG AGC CAG TnAnG CTC TCA CGT

5’AGC TCG GTC A f C GAG AGT GCA 5.9 6.2 6.9 5.5
3’TCG AGC CAG TnBnG CTC TCA CGT

[a] Difference in Tm relative to the duplex containing an adenosine opposite to the abasic site (Tm = 56.3 8C).
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site to f, all building blocks led to a significant increase of the
melting temperature. DTm values between 4 8C and 8 8C were
observed. A Tm increase of this extent is comparable to the
contribution of 1–2 base pairs to the stability of an oligonucle-
otide of this length. In the pyrene series, the Tm is rather inde-
pendent of the linker length. Thus, going from two to five
methylene groups in both linker arms, the Tm’s varied within a
narrow range of approximately 1 8C. In the phenanthroline
series, however, a stronger influence of the linker arms was ob-
served. The Tm increased from 60.5 8C with two methylene
groups to approximately 62.5 8C with three and four CH2

groups and then to 64.7 8C with the pentamethylene deriva-
tive. The last Tm value corresponds to an increase of more than
8 8C, relative to the duplex with the adenosine opposite the
abasic site. Compared to the unmodified duplex containing an
AT base pair, this is a destabilization of 3.0 8C. All the different
phenanthroline and pyrene building blocks cause a consider-
ably larger stabilization than the corresponding reported phe-
nanthrene analogues,[11] except for the case of the tetramethy-
lene linker. In this case, the phenanthrene leads to a stabiliza-
tion (DTm = 5.7 8C)[11] that is equal to the one effected by the
phenanthroline with the same linker (DTm = 5.9 8C, Table 1, n =

4). All melting curves showed a sigmoidal shape with a single
transition (see Supporting Information); this indicated a coop-
erative melting process. The hyperchromicities of the denatura-
tion processes ranged from 15 to 20 %.

We have previously shown that non-nucleosidic phenan-
threne building blocks are capable of stabilizing a DNA duplex
containing an abasic site. The degree of stabilization was de-
pendent on the length of the non-nucleosidic linker. A correla-
tion between the linker and the structural stability of abasic
site containing DNA was also found in the case of the present
phenanthroline building blocks. The pyrene derivatives, on the
other hand, are relatively insensitive to changes of the linker.
With a given experimental error of �0.5 8C, no or only
marginal differences are observed in the Tm values upon
changing the number of methylene units in the linkers from
two to five. NMR investigations of abasic DNA containing a
stacked-in adenine[17, 18] or thymine[19] revealed that the cavity
arising from the missing nucleobase leads to a discontinuation
of the stacking interactions within the helix. Figure 1 shows an
Amber-minimized structure[20] of the abasic duplex containing
the phenanthroline with the longest linkers. In this model, the
phenanthroline is positioned between the base pairs adjacent
to the abasic site. This arrangement of the polyaromatic resi-
due allows for the continuation of stacking interactions in the
absence of the nucleobase. The model agrees well with the
NMR structure of a DNA duplex containing a sugar-derived
pyrene opposite an abasic site.[9]

Conclusion

The influence of non-nucleosidic phenanthroline and pyrene
dicarboxamide derivatives on the duplex stability of abasic
DNA has been investigated. Different building blocks with flex-
ible, aliphatic linkers have been incorporated opposite an
abasic site. Thermal-denaturation experiments show that both

types of polyaromatic hydrocarbons lead to a significant stabi-
lization of the abasic DNA duplex. In comparison to the corre-
sponding duplex with an adenosine opposite the abasic site,
Tm’s are increased by 4–8 8C. Thus, a considerable stabilization
is observed even in the absence of a preorganized, continuous
sugar phosphate backbone. The highest stabilization is effect-
ed by the 1,10-phenanthroline-2,9-dicarboxamide bearing two
pentamethylene linkers. Model considerations suggest that the
stabilizing effect arises from stacking interactions between the
polyaromatic residues and the base pairs adjacent to the
abasic site.
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