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The genetic information in DNA is encoded in the sequence
of the four nucleobases, and its readout is based on the highly
specific Watson–Crick pairing A–T and G–C. Over the years
there has been growing interest in expanding this genetic
alphabet by adding novel, orthogonal base pairs. Such addi-
tional base pairs could be used in biotechnology to introduce
nonnatural amino acids into engineered proteins,[1–3] and to
create novel tools for identifying aberrant or exogenous,
disease-related nucleic acids.[4–8] The degree of freedom in
designing novel base pairs, however, is limited by the
structural scaffold of the double helix. The most logical
approach is based on structurally isomorphic bases with an
alternative Watson–Crick-like hydrogen-bonding net-
work.[6,9, 10] Alternatively, nonisomorphic aromatic hetero-
cycles can serve as base replacements; they recognize each
other by means other than classical hydrogen bonding and can
be replicated and transcribed with high fidelity and similar
kinetic properties.[11–16] This latter approach provides access to
a larger structural space for potential base replacements.
Unfortunately this approach is hampered by a lack of design
rules which makes it necessary to screen a large number of
potential candidates. From each potential base analogue the
corresponding nucleoside must first be synthesized and
incorporated into oligonucleotides before its coding proper-
ties can be evaluated. This is associated with multistep
syntheses for each nucleoside candidate which is a time-
consuming procedure.

To address these drawbacks we set out to design an assay
for the rapid parallel screening of novel potential base
candidates out of a library of heterocyclic amines. In a first
step we identified selective, high-affinity binders to natural
nucleobases. The assay is based on a dodecamer DNA duplex
which carries an abasic site X in the center and a fluorescence-
quencher pair on one end of the duplex (Scheme 1). X
structurally deviates from a natural DNA abasic site by the
replacement of O(3’) by a CH2 group which renders it
chemically stable towards base- or heat-induced strand
cleavage at the 3’-end.[17] These duplexes were then incubated
with a library of heterocyclic amines in a parallel fashion.
During this treatment the amines become covalently attached
to X through the formation of a hemiaminal, resulting in exo-

amino nucleosides that are structurally similar to the natural
nucleosides. The thermal stabilities of these duplexes, which
reflect the relative affinity of each amine to its target, were
then determined by parallel fluorescence measurements of
the melting temperature Tm (see the Supporting Informa-
tion).

To validate the assay we searched a library of 34 randomly
chosen, commercially available heterocyclic amines
(Scheme 2) for individuals that bind selectively with high
affinity to each of the four natural nucleobases. Duplexes
(0.6 mm) were incubated with a 1000-fold excess of the amines
in buffer at pH 8 for two days at 55 8C to form the hemi-
aminals. Each sample was then directly subjected to fluores-
cence Tm analysis. The resulting Tm data are graphically
represented in Figure 1; numeric values are given in the
Supporting Information.

As can be seen from Figure 1, all of the Tm values are
between 35 and 45 8C. The abasic unit X in the absence of any
amine (Tm = 38 or 39 8C) as well as the matched (Tm = 54 or
58 8C) and mismatched (Tm = 40–48 8C) duplexes (legend to
Figure 1) served as controls. While, not unexpectedly, none of
the amines outperforms the matched natural bases, a series of
amines display strong binding to one of the four natural bases.
The three highest affinity pairs found are A29–C, A26–G, and
A19–C. All three amines show considerable selectivity as the
Tm values of these complexes are 3–4 8C lower than those of
complexes with the other three natural bases. All three novel
base pairs are more stable than a classical natural mismatch
(the purine pair A–G and the wobble pair T–G are not
considered as classical mismatches). A20 on the other hand is

Scheme 1. Working principle of the assay; see text for details. Dabcyl:
4-[4-(dimethylamino)phenylazo]benzoic acid; Fam: 6-carboxyfluores-
cein.
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an interesting example of a universal base since it does not
discriminate between complementary bases. Interestingly
there are also amines that destabilize the double helix relative
to the abasic site X. An example is the A21–T pair. As
expected, pyridine, which cannot form a covalent bond with
X, compared to the abasic site X alone. This demonstrates the
importance of covalently anchoring the heterocyclic amines
to the abasic site.

A series of control experiments were performed to
confirm the proper working of the assay. Given the large
excess of amines in the assay it was necessary to exclude that
differential stabilization of duplexes just occurred by random
binding of the heterocycles to the DNA. We therefore
incubated the native duplex containing a matched base pair
(Z–Y= A–T) with a subset of the library and found that
neither of the heterocyclic amines affected the Tm of the
duplex significantly (see the Supporting Information), thus
ruling out interference by intercalation or groove binding. We
then investigated whether the hemiacetal function of X is
involved in covalently binding the amines. For this we
prepared the control oligonucleotide d(TTTXTTT) and
treated it with aniline (A1, Scheme 2) under the same

Scheme 2. The library of heterocyclic amines.

Figure 1. Graphical representation of the Tm as a function of the
heterocyclic amines A1–A34. Experiments were performed in duplicate.
Tm data of matched duplexes: T–A 54, C–G 58, A–T 54, G–C 58 8C; Tm

of mismatched duplexes: T–C and C–T 41, A–C 40, A–G 47 8C, G–T
48 8C.
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conditions. By ESI� mass spectrometry we were able to prove
formation of the corresponding hemiaminal (see the Support-
ing Information). In an additional experiment we wanted to
verify the importance of the formation of the covalent bond
between X and the amines for the proper working of the
assay. We repeated the experiments with the whole amine
library with the duplex containing an abasic site B instead of
X opposite T (Z–Y= B–T, Scheme 1). Also in this case all
measured Tm values are within a narrow range of (38� 0.5) 8C
and are thus not influenced by the amines (see the Supporting
Information). Both experiments highlight the importance of
the chemical reactivity at the anomeric center and thus verify
that hemiaminal formation occurs under the assay conditions.

It is difficult to come up with a structural rationalization
for the three high-affinity base pairs identified in the screen,
as the amines can adopt either the a or the b configuration at
the anomeric center of X, and as some of the amines contain
multiple nonsymmetric amino functions, leading to additional
structural variety. The structures depicted in Scheme 3 for the
four most stable base pairs seem possible but are of course
purely hypothetical.

Several points must be taken into consideration in the
interpretation of the results of this assay. First, the amines in
this library show great variation in nucleophilicity at the
amino function which will certainly influence the equilibrium
position between hemiacetal and hemiaminal and the stability
of the glycosidic bond. It is therefore likely that occupancy at
the abasic site varies in each case and may not be 100 %,
despite the large excess of the amines in the assay. Thus, the
measured Tm values do not necessarily reflect the maximum
possible stabilization of a duplex but may be lower. This can
cause false negative but not false positive results which would
be worse.

In an attempt to gauge the extent of hemiaminal
formation we measured Tm values at different pH values
(5.5–8.0) for amines A10, A19, A26, and A29 as examples,
reasoning that lowering the pH facilitates this reaction.
Within the limits imposed by fluorescein (weak fluorescence
below pH 6) we found no pH dependence of Tm (see the

Supporting Information), indicating either pH-insensitivity of
the reaction in this pH range or quantitative formation of
hemiaminals for these cases.

This assay relies on the abasic-site analogue X, which
deviates from a natural abasic site by the replacement of
oxygen by CH2 at C(3’). Thus the question arises of how much
this change affects the Tm value. In previous work by ISIS it
was shown that C(3’)-methylene nucleosides stabilize DNA
duplexes only slightly.[18] Therefore this particular modifica-
tion should not have a major impact on the outcome of the
assay.

From earlier work on ribozymes it is known that
nucleobases that are critical for catalysis can be dissected
into an abasic residue B and the base. While the abasic residue
itself leads to an inactive ribozyme, activity can be restored at
least in part by addition of the corresponding free base or a
similar unit (base rescue).[19–21] It is believed that the base fills
the corresponding structural gap in the ribozyme and thus
restores activity. As already mentioned, base rescue does not
work in our screen as we observe no differences in Tm upon
addition of any base to the B-containing duplex (see the
Supporting Information). This is not surprising as the require-
ments for catalysis (kinetics) does not necessarily require high
affinity, whereas duplex stability (thermodynamics) needs
high affinity (covalent attachment) of the base to the gap.

Although the glycosidic bond between a sugar and a
primary heterocyclic amine is less stable than that of a natural
nucleoside in DNA and RNA, a variety of such exo-amino-
nucleosides from natural or synthetic origins are known.[22,23]

If a potential candidate is chemically too unstable to be
useful, the corresponding derivative with a carbocyclic sugar
replacing the 2’-deoxyribofuranose unit can be considered as
a stable alternative. Such nucleosides are easily accessible by
synthesis,[24] are structurally isomorphous to natural nucleo-
sides, and are known to base-pair with complementary
nucleosides much in the same way as their natural conge-
ners.[25, 26] At the same time this is a way to determine which
anomeric form is responsible for the observed affinities.

To prove this we synthesized the Fam-labeled oligonucle-
otides with Z representing the carbocyclic nucleosides of the
amines A1 and A29 in the a and b configuration (Scheme 4
and Table S2 in the Supporting Information) and measured
Tm values with complementary oligonucleotides containing all

Scheme 3. Possible structures for the four most stable base pairs
identified in the screen (dR= 2’-deoxyribose, dX =C(3’)-methylene-2’-
deoxyribose).

Scheme 4. Oligonucleotides (5’-Fam-(GTCCTZGCTGAG), Scheme 1) with
carbocyclic nucleosides containing the amines A1 and A29 in a or
b configuration.
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four natural bases (Y= A, T, C, G) in opposite position
(Table 1).

For cbA1 we find Tm data that are slightly higher (ca.
+ 1 8C) than those found in the assay. In this case the
discrimination of complementary bases is minimal as was also

found in the assay. With caA1, no consistent transitions were
found in the fluorescence Tm curves. In the case of amine A29
the situation is different. Here the a-nucleoside (caA29)
leads to Tm values that are again in the same range as those
found in the assay with selectivities that are slightly less
pronounced but that follow essentially those found in the
assay. Interestingly, the corresponding b form (cbA29) leads
to Tm values that are lower by 5–6 8C, indicating that in this
case the a form is responsible for the Tm values found in the
assay. For all cases the Tm values could also be confirmed by
UV-melting curves.

In reproducing the Tm data and, by and large, the base-
pairing selectivities these data clearly show that the assay is
working properly. In addition it appears that successful
candidates may have either the a or the b configuration at
the base-carrying center.

In summary, we have established a viable screen for
identifying novel DNA base pairs. Undeniably the assay
proposed here has been performed with a limited number of
amines that cover a limited structural space. The assay can be
further optimized and its scope widened in different ways.
First fluorescence melting curves may be performed in
multiparallel fashion which increases the throughput consid-
erably and enables the use of larger libraries of amines. In
terms of novel base pairs it is also conceivable to screen for
completely nonnatural homo base pairs by using a duplex
with two opposing abasic sites (Z = Y= X).
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Table 1: Fluorescence Tm data [8C] of duplexes (Scheme 1) containing the
carbocyclic exo-aminonucleosides with the amines A1 and A29
(Scheme 4).

Y Z[a]

caA1[b] cbA1 caA29 cbA29

A – 40 44 39[c]

C – 39 45 39
G – 41 43 40
T – 40 44 39

[a] 0.6 mm duplex in 3.5 mm MgCl2, 50 mm KCl, 10 mm Tris, pH 8.0.
[b] The combination with caA1 was not detected. [c] Tm value from UV-
melting curve (260 nm).
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