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Abstract—To develop unnatural base pairs that function in replication, we designed 4-propynylpyrrole-2-carbaldehyde (designated as
Pa0) and synthesized the nucleoside derivatives of Pa0. The base pairing of Pa0 with the partner, 9-methylimidazo[(4,5)-b]pyridine (Q),
was compared to that of pyrrole-2-carbaldehyde (Pa), which was previously developed as a specific pairing partner of Q. The thermal
stability of a DNA duplex containing theQ–Pa0 pair and the incorporation efficiency of the Pa0 substrate (dPa0TP) into DNA opposite
Q by the Klenow fragment of Escherichia coli DNA polymerase I were improved, in comparison with those of the Q–Pa pair. These
improvements result from the increased hydrophobicity and stacking stability of Pa0 by the introduction of the propynyl group to Pa,
providing valuable information for the further development of unnatural base pairs toward the expansion of the genetic alphabet.
# 2003 Elsevier Ltd. All rights reserved.
The creation of unnatural base pairs that can work with
the natural A–T and G–C base pairs in the cell expands
the genetic alphabet, leading to novel biotechnology. In
addition, the unnatural base pairs are useful for under-
standing the mechanisms of replication, transcription, and
translation. Recent advancements in the development of
unnatural base pairs have been achieved by the use of
hydrophilic1�4 and hydrophobic5�8 base analogues. One
of the hydrophobic base pairs, 9-methylimidazo[(4,5)-
b]pyridine (Q) and 2,4-difluorotoluene (F), was developed
as the isostere of the A–T pair, and Q and F can work in
replication as A and T analogues, respectively6 (Fig. 1a
and 1b). In particular, the A–F pair functions as well as
the A–T and Q–F pairs. Thus, the Q–F pair cannot be
used as the third base pair for the expansion of the
genetic alphabet. However, the hydrophobic base pair
revealed the importance of the shape fitting between
pairing bases in replication.9

To confer exclusive selectivity to the Q–F pair, we
developed 4-propynylpyrrole-2-carbaldehyde (Pa0), to
replace F (Fig. 1c). Previously, we developed pyrrole-2-
carbaldehyde (Pa) as a pairing partner of Q10 (Fig. 1d).
The five-membered ring of Pa fits well with Q, but not
with A, and the recognition of the aldehyde group of Pa
by polymerases is superior to that of the fluoro group of
F. However, the stacking stability and the hydro-
phobicity of Pa are inferior to those of F, such that a
DNA duplex containing the Q–Pa pair is less stable
than that containing the Q–F pair, and the enzymatic
incorporation of dPaTP into DNA opposite Q is less
effective than that of dFTP opposite Q.10 To address
these shortcomings, we designed the unnatural base,
Pa0, in which the propynyl group was introduced at
position 4 of Pa. Here, we report the synthesis of the
nucleoside derivatives of Pa0, the thermal stability of a
DNA duplex containing the Q–Pa0 pair, and the enzy-
matic incorporation of dPa0TP into DNA.
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The nucleoside derivatives of Pa0 (4) were synthesized as
shown in Scheme 1. We first synthesized 4-iodopyrrole-
2-carbaldehyde (2)11 to introduce the propynyl group at
position 4 of pyrrole-2-carbaldehyde (1). During the
process, the aldehyde group was protected with an imi-
nium salt12 for the efficient meta-directed electrophilic
substitution of 1. Then, the iminium salt was converted
to 2 using N-iodosuccinimide, followed by a treatment
with NaHCO3 (57%: two-step total yield).12,13 Compound
2 was converted to 4-propynylpyrrole-2-carbaldehyde
(3) by the palladium-mediated coupling with tributyl(1-
propynyl)tin (90%).13 By the same procedure used for
the synthesis of Pa,10 the glycosidation of Pa0 was carried
out using 1-chloro-2-deoxy-3,5-di-O-toluoyl-a-d-erythro-
pentofuranose and 3, activated with NaH, followed by
deprotection of the toluoyl groups with methanolic
ammonia to give 4 with a 36% yield. The nucleoside of
Pa0 (4)14 was characterized by 1H and 13C NMR spectra
and mass spectrometry. The b-configuration of 4 was
confirmed by the NOE conectivities between H10 and
H40 and between H10 and H200 (data not shown). The
nucleoside of Pa0 (4) was converted to the phosphor-
amidite (5) for the chemical synthesis of DNA frag-
ments, and to the nucleoside triphosphate (6, dPa0TP)
to function as a substrate in replication. DNA fragments
were synthesized using a DNA synthesizer (PE Applied
Biosystems), and the coupling efficiency of 5 was more
than 98%.

Assessments of the thermal stabilities of DNA duplexes
containing Pa0, Pa, F, or Q, were performed using the
DNA fragments, 50-CGCATN1GTTACC (N1=Pa

0, Pa,
F, or the natural bases) and 50-GGTAACN2ATGCG
(N2=Q or the natural bases), (each 5 mM) in 10 mM
sodium phosphate (pH 7.0) containing 100 mM NaCl
and 0.1 mM EDTA. The stability of the DNA duplex
containing the Q–Pa0 pair (Tm=42.2 �C) was increased,
in comparison to those containing the Q–Pa pair
Figure 1. Base-pair structures: the natural A–T pair (a) and the unnatural Q–F (b), Q–Pa0 (c), and Q–Pa (d) pairs. R denotes a ribose moiety.
Scheme 1. Conditions: (a) pyrrolidinium perchlorate, pyrrolidine in benzene, 92%; (b) N-iodosuccinimide in acetonitrile, then NaHCO3, 62%; (c) tri-
butyl(1-propynyl)tin, Pd(PPh3)4, CuI, in CH3CN, 90%; (d) NaH, 1-chloro-2-deoxy3,5-di-O-toluoyl-a-d-erythropentofuranose in CH3CN; (e) NH3 in
MeOH, 36% (two-step yield); (f) DMT-Cl in pyridine; (g) CIP(N-iPr2)(OCH2CH2CN), iPr2EtN in THF, 82% (two-step yield); (h) POCl3, proton sponge
in PO(OCH3)3 then tri-n-butylamine, bis(tributylammonium)pyrophosphate in DMF. Abbreviations: DMT, 4,40-dimethoxytrityl; iPr, isopropyl.
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(Tm=39.6 �C) or the Q–F pair (Tm=41.1 �C). Interest-
ingly, the selectivity of the Q–Pa0 pair was also
improved, relative to the non-cognate A–Pa0 and G–Pa0

pairs; the stability of the Q–Pa0 duplex (Tm=42.2 �C)
was higher than those of the A–Pa0 (Tm=35.2 �C) and
G–Pa0 (Tm=36.2 �C) duplexes. The stability of Pa0

pairing with A or G was not remarkably increased in
comparison to that of Pa pairing with A or G; the Tm

values of the Q–Pa, A–Pa, and G–Pa duplexes were
39.6, 34.2, and, 36.0 �C, respectively.10

The incorporation efficiency of dPa0TP into DNA was
assessed by single-nucleotide insertion experiments,
using the exonuclease-deficient Klenow fragment15,16

(Table 1). Similar to the thermal stability of Pa0, the
incorporation efficiency of dPa0TP opposite Q (Vmax/
KM=3.4�105% min�1 M�1) was increased, in comparison
to that of dPaTP opposite Q (Vmax/KM=1.3�105) or
dFTP opposite Q (Vmax/KM=2.1�105). Although the
incorporation efficiencies of dPa0TP opposite the natural
bases were also increased, the Q–Pa0 pairing was still
more efficient than the Pa0 pairing with the natural A, G,
C, and T bases (Vmax/KM=1.7�105, 4.0�103, 1.8�103,
and 2.1�103, respectively). On the other hand, dQTP was
incorporated into DNA in a self-complementary manner
by the Klenow fragment, and the incorporation efficiency
of dQTP opposite Q (Vmax/KM=1.1�105) was as high
as that of dPaTP opposite Q. However, this Q–Q pair-
ing was inferior to the Q–Pa0 pairing.

By the introduction of the propynyl group to Pa, the Q–
Pa0 pair was endowed with efficiency and specificity in
replication. The increase in the incorporation efficiencies
of dPa0TP by the Klenow fragment results from the
decrease in the KM values (67–180 mM), in comparison
to those of dPaTP (240–520 mM, except for opposite C)
(Table 1). In contrast, the difference of the Vmax values
between the incorporations of dPa0TP (0.20–33% min�1)
and dPaTP (0.13–31% min�1, except for opposite C) is
relatively small. These results suggest that the hydro-
phobicity and stacking stability of the base affect the
affinity of the substrate for the open complex of the
Klenow fragment, providing insights into the further
development of the unnatural base pairs. Application
and further improvements of the Q–Pa0 pair are being
investigated.
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Template
(N
�

)

Nucleside triphosphate
 KM

(mM)

Vmax

(% min�1)d

Efficiency, Vmax/KM

(% min�1 M�1)
Q
 Pa0
 97 (44)b
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 3.4�105
A
 Pa0
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G
 Pa0
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C
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Ae
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Q
 Q
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A
 T
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bStandard deviations are given in parentheses.
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dThe values were normalized to the enzymatic concentration (20 nM) for the various enzyme concentrations used.
eData taken from ref 10.
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