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Enzymatic synthesis and the reverse transcription of RNAs containing
2'-0O-carbamoyl uridine were evaluated. A mild acidic deprotection
procedure allowed the synthesis of 2’-O-carbamoyl uridine triphos-
phate (Uc,,TP). U, TP was incorporated correctly into long RNAs,
and its fidelity during reverse transcription using SuperScript Il was
sufficient for RNA aptamer selection.

Chemical modifications on RNA and DNA aptamers improve their
biostability and affinity with targets of interest." ' To introduce
modifications, chemical or enzymatic synthesis of RNA aptamers
is utilized. Chemical synthesis can introduce a wide variety of
chemical modifications into RNA aptamers that are selected using
canonical nucleoside triphosphates (NTPs). However, because the
chemical modifications sometimes diminish the activity of the
initial unmodified RNA aptamer, optimal chemical modifications
should be identified after structure-activity analyses for many
synthetic RNA aptamer derivatives. On the other hand, because
enzymatic synthesis is compatible with RNA aptamer selection,
the selected aptamers are expected to have an optimized structure
without additional optimization. To expand the usefulness of this
enzymatic synthesis strategy, it is important to develop modified
nucleosides that can be substrates of the polymerases used in the
aptamer selection procedure.

Among various chemical modifications, those at the
2/-position are promising because they can improve the resistance
of oligonucleotides toward both enzymatic and chemical degrada-
tion.”**® In addition, 2’-modifications can change RNA structure
flexibility,"” hydration,'®° and base pairing selectivity.”" Despite
their importance, only a limited number of 2’-modified NTPs can
be applied for enzymatic syntheses.'® For example, natural T7
RNA polymerase or the Y639F mutant™ can incorporate modified
nucleosides having single heavy atom substituents at the 2'-position
such as 2/-fluoro,?® 2’-amino,?® and 2’-thiol.>* The Y639F mutant
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Fig. 1 Chemical modifications for the enzymatic synthesis of RNA.

allows incorporation of larger 2/-O-methyl®® or 2/-hydroxymethyl

groups>® that have two heavy atoms at the 2/-position. In the case
of substituents having three heavy atoms, incorporation of
2’-azido nucleosides by Y639F/H784A T7 RNA polymerase is
reported.”” However, incorporation of a 2’-C-carbamoylmethyl
group, which is a four heavy-atom substituent, was unsuccessful
(Fig. 1).>°

Here, we report that a new NTP having a 2/-O-carbamoyl group,
which is a four heavy-atom substituent, can be incorporated into
RNA by a natural T7 RNA polymerase. Previously, we reported the
chemical synthesis of RNA containing 2'-O-carbamoyl uridine (Ugp,).
The introduction of U, improved nuclease resistance and
unexpectedly enhanced G-U base pair formation.'**' Molecular
dynamics simulations suggested the additional hydrogen bonding
of a 2’-O-carbamoyl moiety with the 2-amino group on guanosine
(Fig. S1-S3, ESI})."”*"*%33 This unique effect of U, might
facilitate the formation of various RNA secondary structures
including G-U mismatches. Here, we report the synthesis of
2/-O-carbamoyl uridine triphosphate (U.,,TP) and its applicability
toward aptamer selection.

Although the 2’-O-carbamoyl group remains intact under
neutral or weakly acidic conditions, it migrates to the adjacent
3’-hydroxyl group under basic conditions such as 28% ammonium
hydroxide treatment (Fig. S4, ESIt). Thus, for the synthesis of
UemTP (Scheme 1), we protected the 3’-hydroxyl group with
tert-butyldimethylsilyl ether (TBS) and removed this group
under non-basic conditions. 5’-O-Dimethoxytrityl-2'-O-carbamoyl
uridine (2) was synthesized by following a synthetic scheme reported
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Scheme 1 Synthesis of 2’-O-carbamoyl uridine triphosphate (Ucm,TP).
Reaction conditions: (a) TBSCL, imidazole, dimethyl formamide (DMF), room
temperature (rt), 14 h; (b) 4% trifluoroacetic acid, CH,Clp, rt, 30 min, 63%
(2 steps); (c) salicyl phosphorochloridite, pyridine-1,4-dioxane, rt, 10 min,
then pyrophosphate, tributylamine, DMF, rt, 10 min, then I, pyridine—=H,0O, rt,
15 min (61%); and (d) citric acid buffer (pH 3.0), 30 °C, 24 h, 78%.

previously.”* After TBS-protection to give 3 and dimethoxytrityl-
deprotection from 3, the 5'-free derivative 4 was synthesized.
Subsequently, the 5’-triphosphate moiety of 5 was introduced
by Eckstein’s method.** Then, removal of the TBS group of 5
was tested using fluoride sources such as tetrabutylammonium
fluoride and triethylammonium trifluoride. However, they gave
only complexed mixtures (see Table S1 for detailed conditions,
ESIY).

Previously, Kawahara et al. found that the 2’-0-TBS group on
oligoribonucleotides could be removed by an 8% acetic acid
aqueous solution because of the neighboring effect of the inter-
nucleotidic phosphate.®® Thus, we speculated that the 3'-O-TBS
group on NTPs could also be deprotected under weakly acidic
conditions because of the presence of the 5'-triphosphate. After
screening various weakly acidic conditions, we found that
PH 3.0 citrate buffer was suitable for deprotection of the TBS group
(Fig. S5, ESIt). Under this mild condition, we could synthesize
Uem TP (1) in 78% yield without any detectable migration product.

Initial transcription experiments were performed with T7 RNA
polymerase. We used a synthetic RNA labeled at the 5’-terminus
with fluorescein as a reference product (Fig. 2a, lane 1). RNA
transcription using ATP, GTP, CTP (20% FAM-CTP), and UTP was
performed as a positive control reaction (Fig. 2a, lane 2). For a
negative control, the transcription reaction was performed in the
absence of UTP. This reaction showed possible mis-incorporated
products when 1 was not incorporated by T7 RNA polymerase
(Fig. 2a lane 4). As expected, lane 4 did not show any detectable
full-length product.

Lane 3 in Fig. 2a shows the product of the RNA transcription
reaction using ATP, GTP, CTP (20% FAM-CTP), and 1. Surprisingly,
1 was incorporated smoothly even by wild-type T7 RNA polymerase.
The ratio of the full-length products between lanes 2 and 3,
estimated by the gel band intensities, was 0.76. This result
indicated that 1 could be used as a substrate for T7 RNA
polymerase. The 24% decrease of the full-length product might
be explained by steric repulsion with the T7 polymerase active
site because the X-ray structure indicated the presence of only a
small space around the 2’-oxygen atom.>®?”

To confirm the incorporation of 1, we synthesized a shorter
15mer RNA (5'-pppGGGCCAA-U,,-ACAAAGA-3'), purified it by
gel electrophoresis, and determined the molecular weight of
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Fig. 2 Analysis of RNA products transcribed by T7 RNA polymerase.
(a) Lane 1: 5'-fluorescein (FAM) labeled synthetic RNA. Lane 2: RNA transcript
with ATP, GTP, CTP, FAM-CTP, and UTP. Lane 3: RNA transcript with ATP,
GTP, CTP, FAM-CTP, and 1. Lane 4: RNA transcript with ATP, GTP, CTP, and
FAM-CTP. (b) MALDI-TOF MS spectrum of RNA products. Template duplex:
5-TCT TTG TAT TGG CCC TAT AGT GAG TCG TAT TA/5’-TAA TAC GAC TCA
CTA TAG GGC CAA TAC AAA GA.

the main product by MALDI-TOF mass analysis. As shown in
Fig. 2b, the mass data suggested that the molecular weight of the
main product was 5396.1. This corresponded to ppGGGCCAA-
U.m-ACAAAGAG which contains additional guanosine residues
at the 3’-terminus®® and lacks the gamma phosphate of the
5'-guanosine triphosphate.

To confirm the sequences of RNAs synthesized by enzymatic
incorporation of 1, we attempted to sequence each RNA after its
conversion into the corresponding ¢DNA. For this purpose,
the fidelity of reverse transcription of RNA containing Ugp
was evaluated. The RNA template containing U, was chemically
synthesized according to a method reported previously (Fig. 3a).>!
Single nucleotide extension experiments were performed with
SuperScript III under standard conditions with one of the four
natural deoxy (d)NTPs (Fig. 3a). After the enzymatic reaction, the
products were analyzed by polyacrylamide gel electrophoresis.
Lane 1 is the FAM-labeled cDNA primer. Lanes 2 to 5 are the
positive controls reverse transcribed with the natural RNA template
using one of the four natural dNTPs. Lanes 6 to 9 are experiments
with the RNA template containing a U, residue. Interestingly,
dATP was selectively incorporated opposite the template Ugp,
residue (lane 6 versus lanes 7, 8, and 9).

The reverse transcription experiments using the full RNA
sequence with the four natural dNTPs are shown in Fig. 3b.
Although the efficiency of reverse transcription on the Uy,
containing template was lower than the natural RNA template
(lane 3 versus lane 5), the prolonged reaction time reduced the
residual unreacted cDNA primer (lane 6).

To evaluate the applicability of this method to the synthesis
of longer RNA aptamers, and the fidelity of reverse transcrip-
tion, we used T7 RNA polymerase to enzymatically synthesize a

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 The fidelity of reverse transcription by SuperScript Ill. (a) Single
nucleotide insertion of dNTP. (b) Primer extension with dNTPs.

99mer of RNA containing U, residues. The sequence was a
known RNA aptamer, Spinach.*® Spinach RNA induces fluorescence
upon binding of (2)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-
dimethyl-1H-imidazol-5(4H)-one. First, the T7 RNA polymerase-
mediated transcription reaction was performed with 1 and the
chemically synthesized DNA duplex coding the Spinach sequence
(the entire sequence is shown in the ESIt). The reaction mixtures
were treated with DNase I to remove the DNA duplex, and then
analyzed by gel electrophoresis (Fig. 4b). The first and second right
lanes of Fig. 4b clearly showed that the 99mer RNA was obtained.
The RNA product transcribed with U.,,TP showed comparable
binding affinities to DFHBI with a canonical Spinach aptamer
(Fig. S6, ESIT). To confirm the incorporation of 1, a portion of
the RNA transcript was hydrolyzed enzymatically by snake
venom phosphodiesterase and alkaline phosphatase. The com-
pletely digested mixtures were applied to reversed phase-HPLC.
The result showed a pattern of A, G, C, and U, nucleosides
without any detectable U (Fig. 4c). This clearly indicated that
the RNA transcript was not generated by undetectable amounts
of UTP contamination. Next, the remaining RNA transcripts
were reverse transcribed by SuperScript 111, and the polymerase
chain reaction was performed to amplify the reverse transcribed
cDNA, which was then sequenced (Fig. 4d). The sequence data of
the transcript obtained by using 1 (lower panel) clearly shows a
pattern similar to that obtained from the transcript using UTP
(upper panel). Thus, the transcript sequence was confirmed. We
also performed a transcription reaction with the DNA template
containing randomized 20 nucleotides (N,,) and confirmed the
products by gel electrophoresis (Fig. S7, ESIf). From these
results, we concluded that U, TP could be applicable for RNA
aptamer selection.

In summary, we have developed a new synthetic method for
NTP 1 having a base-labile moiety. This method could be useful
for the synthesis of more complex base-labile NTPs. We demon-
strated the applicability of using 1 for transcription by T7 RNA
polymerase and reverse transcription. Compound 1 was incor-
porated specifically opposite to the A base and was sufficient to

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Evaluation of applicability for RNA aptamer selection. (a) Flow chart
of the experimental procedure. (b) Gel electrophoresis of RNA products
transcribed by T7 RNA polymerase. (c) HPLC charts of enzymatically
digested RNA products and authentic samples. [c1] Enzymatically digested
RNA transcribed with U, TP. [c2] Authentic sample of Ucm. [€3] Enzyma-
tically digested RNA transcribed with U, TP. [c4] Authentic sample of U.
(d) Sequence data after PCR amplification of reverse transcribed DNA. The
upper row is from an RNA product transcribed with UTP. The lower row is
from an RNA product transcribed with Uc, TP.

transcribe the 99mer of structured RNA. It should be noted that
the carbamoyl modification of 1 is the sterically largest sub-
stituent on the 2’-hydroxyl group that is thus far allowed by T7
polymerase. Moreover, dATP was incorporated correctly against
the U,y residue during reverse transcription. This precise
incorporation of 1 by T7 RNA polymerase and high fidelity in reverse
transcription make 1 an excellent candidate for the modified NTP,
and useful for the enzymatic selection of modified RNA aptamers.
We reported previously that the U, residue enhanced G-U
base pair formation in RNA duplexes.>* The G-U base pair plays
a crucial role in structure formation and the activity of various
functional RNAs such as tRNA,">*! 1RNA,**™** and group I self-
splicing introns.*® In addition, most RNA secondary structure
prediction software treats the G-U base pair as a canonical base
pair.*®*” Because U, facilitates G-U base pair formation, we
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believe U, TP will be useful to explore a wider range of RNA
secondary structures in aptamer selection.
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