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Artificial Base Pairs

Structural Basis for Expansion of the Genetic Alphabet with an
Artificial Nucleobase Pair
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Abstract: Hydrophobic artificial nucleobase pairs without the
ability to pair through hydrogen bonds are promising candidates to expand the genetic alphabet. The most successful
nucleobase surrogates show little similarity to each other and
their natural counterparts. It is thus puzzling how these
unnatural molecules are processed by DNA polymerases that
have evolved to efficiently work with the natural building
blocks. Here, we report structural insight into the insertion of
one of the most promising hydrophobic unnatural base pairs,
the dDs–dPx pair, into a DNA strand by a DNA polymerase.
We solved a crystal structure of KlenTaq DNA polymerase
with a modified template/primer duplex bound to the unnatural
triphosphate. The ternary complex shows that the artificial pair
adopts a planar structure just like a natural nucleobase pair,
and identifies features that might hint at the mechanisms
accounting for the lower incorporation efficiency observed
when processing the unnatural substrates.

Expanding the genetic alphabet with an unnatural base pair

increases the functional diversity of nucleic acids, and with
this, the biological and biotechnological scope of potential
applications. Besides nucleobase pairs with hydrogen-bonding patterns and structures different to the natural A–T and
G–C pairs,[1] hydrophobic nucleobase surrogates that rely on
hydrophobic and packing interactions have been shown to be
able to selectively pair with each other and are therefore
candidates to generate a third base pair.[2] Their main
advantage is lower mispairing propensity with the four
natural nucleotides since they lack appropriate H-bonding
groups. Most prominent in this respect are the pairs between
2-methoxynaphthalene (NaM) and 6-methyl-2H-isoquinoline-1-thione (5SICS) or thieno[2,3-c]pyridine-7(6H)-thione
(TPT3), as developed in the Romesberg group,[3] as well as the
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nitro-4-propynylpyrrole (Px) introduced by Hirao and coworkers[4–7] (Figure 1). The later analogues were used in the
generation of high-affinity DNA aptamers containing natural
and unnatural nucleotides by systematic evolution of ligands

Figure 1. Structures of the natural base pairs and two successful
hydrophobic artificial base pairs. R = 2’-deoxyribose, R’ can be different
functional groups,for example, the diol functionality displayed in the
gray box, which was used in this study.

by exponential enrichment (SELEX).[8] The use of the
unnatural base pair surrogate dDs–dPx increased the chemical and structural diversity of the DNA libraries used,
resulting in improved selectivity and binding affinity. Further,
a first post-transcriptional modification method for RNA
transcripts using an expanded genetic alphabet was presented
by using PCR-amplified DNA templates with the dDs–dPx
pair.[9] Key for the success of these approaches is that the
unnatural base pair is preserved beside the natural ones
during enzymatic synthesis.
The base pair surrogate dDs–dPx shows little similarity to
either dNaM–d5SICS or the natural nucleobase pairs. It has
been evolved over several screening rounds for efficiency and
selectivity in replication.[4, 7] The nitro group of dPx is crucial.
First, it is believed to enable direct or water-mediated minorgroove interaction with the polymerase.[5, 7] Second, it prevents mispairing with dA, thereby resulting in increase in
selectivity.[5] One advantage of this base pair is that a variety
of functionalities for site-specific labeling can be introduced
at position 4 of the dPx base via a linker (gray box in Figure 1)
without affecting the replication efficiency.[10, 11] The best
pairing partner for dDs is the dihydroxy derivative of dPx,[10]
which might allow further derivatization through Schiff base
formation. The obvious structural dissimilarity of the dDs–
dPx pair to the natural nucleobase pairs raises the question of
how these analogues are processed by DNA polymerases. Up
to now, structural data has only been available for the dNaM–
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