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a b s t r a c t

Modified nucleic acids have considerable potential in nanobiotechnology for the development of
nanomedicines and new materials. Locked nucleic acid (LNA) is one of the most prominent nucleic acid
analogues reported so far and we herein for the first time report the enzymatic incorporation of LNA-U
and C5-ethynyl LNA-U nucleotides into oligonucleotides. Phusion High Fidelity and KOD DNA polymer-
ases efficiently incorporated LNA-U and C5-ethynyl LNA-U nucleotides into a DNA strand and T7 RNA
polymerase successfully accepted the LNA-U nucleoside 50-triphosphate as substrate for RNA transcripts.

� 2010 Elsevier Ltd. All rights reserved.
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Functional nucleic acids have attracted considerable attention
because of their potential applications in chemical biology, bio-
analysis, nanotechnology, and material science.1–4 A variety of
chemically modified nucleotide monomers can be introduced into
DNA or RNA to provide additional functions.5 Locked nucleic acid
(LNA) is one of the most prominent nucleic acid analogues re-
ported in recent years.6–10 The sugar ring in LNA is locked by a
O20–C40-methylene linkage which conformationally restricts LNA
monomers into an N-type sugar (Fig. 1).6,7 LNA-modified oligonu-
cleotides display extraordinary binding affinity towards comple-
mentary DNA or RNA and improved mismatch discrimination.
Moreover, LNA-modified oligonucleotides are characterized by a
high degree of nuclease resistance and low toxicity.8,9

Recently, Hrdlicka and co-workers reported the synthesis of
C5-derivatized LNA-U monomers and their incorporation into
DNA oligonucleotides via standard phosphoramidite chemistry
using a DNA synthesizer.11,12 Compared to corresponding conven-
tional LNA, C5-ethynyl-modified LNA (Fig. 2) displays even more
pronounced binding affinity toward RNA and double stranded
DNA targets, improved mismatch discrimination and markedly en-
hanced stability against 30-exonucleases. Enzymatic incorporation
of nucleobase-modified nucleoside triphosphates is a particularly
ll rights reserved.
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popular approach toward increasing the function of nucleic
acids. In 1981 Langer et al. published the very first polymerase
incorporation of base-modified dNTPs.13 They prepared dUTP
biotinylated at position 5 and found that it is a substrate for several
DNA polymerases. Thereafter, several groups have investigated the
polymerase incorporations of base modified dNTPs and some even
went on to demonstrate their functional involvement in catalysis
and binding.14

In the present work, we study the enzymatic incorporation of
LNA-U and C5-ethynyl LNA-U nucleotides. For this purpose, we
synthesized LNA-U and C5-ethynyl LNA-U nucleoside 50-triphos-
phates (Fig. 2) from known intermediates12,15 using protocols sim-
ilar to those previously described16 (see Supplementary data for
details). To investigate the substrate specificity of LNA-UTP and
C5-ethynyl LNA-UTP for polymerases, we designed primer and
template DNA sequences to perform primer extension (DNA syn-
thesis using DNA polymerase) and transcription reactions (RNA
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Figure 1. Structural representation of an LNA nucleotide monomer.
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Figure 2. Structural representation of LNA-U and C5-ethynyl LNA-U nucleosides
and their corresponding 50-triphosphates.
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synthesis using RNA polymerase) (see Supplementary data for
details).

First, we tested LNA-U nucleoside triphosphate as a substrate
for T7 RNA polymerase in transcription reactions in vitro. In this
case, a T7 promoter DNA strand (P1, Fig. 3A) was annealed to its
template (T1, Fig. 3A) and incubated at 37 �C together with T7
RNA polymerase in transcription buffer to synthesize a single
stranded RNA product. CTP was complemented with (a-32P) CTP
in the rNTP mixture (see Supplementary data) and the products
Figure 3. (A and C) T7 RNA polymerase catalyzed incorporation of LNA-U nucleotides into
(ATP, GTP, CTP, and UTP); lane 4: Incorporation of LNA-U nucleotides (ATP, GTP, CTP, a
strand using KOD DNA polymerase. Lane 1: primer P1; lane 2: negative control (dATP
incorporation of LNA-U nucleotides (dATP, dGTP, dCTP, and LNA-UTP). LNA-U nucleotid
were analyzed by denaturing polyacrylamide gel electrophoresis
(PAGE). The designed template (Fig. 3A) directs three incorpora-
tions of LNA-U nucleotides in the resulting 26nt long RNA tran-
script. The experiment revealed that T7 RNA polymerase readily
incorporates LNA-U nucleotides at the expected positions to yield
the desired full-length RNA transcript. Product degradation was
observed both in the case of positive control and reaction involving
LNA-U nucleotides. This may be due to RNases as reaction is per-
formed overnight without the addition of RNase inhibitor.

Although LNA is considered an RNA mimic, it was reported that
LNA nucleoside triphosphates can be accepted as substrates by
DNA polymerases.16–21 This motivated us to examine LNA-U nucle-
oside 50-triphosphates as substrates for DNA polymerases. In this
experiment, a 19nt long 50-32P labeled primer DNA (P1, Fig. 3B)
was annealed to a 43nt long template DNA (T2, Fig. 3B) strand
and extended using KOD DNA polymerase at 72 �C. Positive and
negative control experiments were performed in parallel. The posi-
tive control reaction mixture includes all four natural dNTPs and
full-length extension is observed as expected (lane 3, Fig. 3D).
The negative control reaction mixture lacks dTTP, and extension
is observed to stop at position 26nt (lane 2, Fig. 3D) as expected.
The template is designed such that the first site of incorporation
at position 27nt is opposite to a natural DNA-A nucleotide whereas
the two remaining incorporations at positions 31 and 33nt are
opposite to LNA-A nucleotides. KOD DNA polymerase successfully
incorporated LNA-U nucleotides opposite to DNA-A and LNA-A of
the template strand and afforded the desired full-length product
(Fig. 3D).

Encouraged from our initial results we then investigated
C5-ethynyl LNA-U nucleoside triphosphate as a substrate for the
polymerases. First, we studied the incorporation into DNA oligonu-
cleotides. The designed template sequence (T1, Fig. 4A) directs
an RNA strand. Lane 1: primer P1; lane 2: 26nt RNA marker; lane 3: positive control
nd LNA-UTP). (B and D) Enzymatic incorporation of LNA-U nucleotides into a DNA
, dGTP, and dCTP); lane 3: positive control (dATP, dGTP, dCTP, and TTP); lane 4:

es are denoted by the letter ‘U’ and represented in bold underlined.



Figure 5. Enzymatic incorporation of successive C5-ethynyl LNA-U nucleotides into a DNA strand using Phusion High Fidelity DNA polymerase (A and B) and KOD DNA
polymerase (A and C). Lane 1: primer P1; lane 2: negative control (dATP, dGTP, and dCTP); lane 3: positive control (dATP, dGTP, dCTP, and TTP); lane 4: incorporation of
C5-ethynyl LNA-U nucleotides (dATP, dGTP, dCTP, and C5-ethynyl LNA-UTP. C5-ethynyl LNA-U nucleotides are denoted by the letter ‘UE’ and represented in bold underlined.

Figure 4. Enzymatic incorporation of C5-ethynyl LNA-U nucleotides into a DNA strand using Phusion High Fidelity DNA polymerase (A and B) and KOD DNA polymerase
(A and C). Lane 1: primer P1; lane 2: negative control (dATP, dGTP, and dCTP); lane 3: positive control (dATP, dGTP, dCTP, and TTP); lane 4: incorporation of C5-ethynyl LNA-U
nucleotides (dATP, dGTP, dCTP, and C5-ethynyl LNA-UTP). C5-ethynyl LNA-U nucleotides are denoted by the letter ‘UE’ and represented in bold underlined.
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three incorporations of C5-ethynyl LNA-U nucleotides at positions
27, 31, and 33nt, respectively. The data clearly demonstrate that
both Phusion High Fidelity DNA polymerase and KOD DNA poly-
merase efficiently incorporate C5-ethynyl LNA-U nucleotide at
the expected positions and furnishes the desired full-length
products (Fig. 4B and C). The slight difference in mobility observed
between the bands from the positive control reaction and the
C5-ethynyl LNA-U reaction (lanes 3 and 4, respectively, Fig. 4B
and C) is likely due to the slightly increased hydrophobic nature
of the product of the latter reaction.
Next, we investigated the ability of DNA polymerases to cata-
lyze successive incorporations of C5-ethynyl LNA-U nucleotides.
For this experiment, the template (T3, 42nt, Fig. 5A) was designed
to encode up to eight consecutive incorporations opposite to DNA-
A nucleotides. This experiment showed that both Phusion High
Fidelity DNA polymerase and KOD DNA polymerase failed to yield
the full-length product, although both polymerases incorporated at
least three consecutive C5-ethynyl LNA-U nucleotides (Fig. 5B and
C). These findings are in line with our previous report on enzymatic
incorporation of consecutive LNA-T nucleotides.16
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We have also investigated the incorporation of C5-ethynyl
LNA-U nucleotides into RNA strands using T7 RNA polymerase.
The experiment revealed that unlike LNA-U nucleotides, T7 RNA
polymerase failed to accept C5-ethynyl LNA-U nucleoside triphos-
phate as a substrate (data not shown).

In summary, we have synthesized LNA-U and C5-ethynyl LNA-U
nucleoside 50-triphosphates. Phusion High Fidelity DNA polymer-
ase and KOD DNA polymerase efficiently utilized LNA-U and
C5-ethynyl LNA-U as substrates in primer extension reactions
yielding full-length products. In addition, LNA-U nucleoside tri-
phosphate was found to be a substrate of T7 RNA polymerase.
These findings will be useful in deriving functional nucleic acids
such as aptamers with high stability and added functionality.
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