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TNA (o-L-threofuranosyl nucleoside) triphosphates of adenosine (tATP), guanosine (tGTP), cytidine
(tCTP), and thymidine (tTTP) were synthesized from their corresponding 3’-O-phosphoramidite deriva-
tives using a novel one-pot reaction that is less moisture sensitive than traditional methods. The chem-
ically synthesized tNTPs, despite containing an unnatural 3’-triphosphate moiety, are similar in thermal
stability to natural nucleotide triphosphates.
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o-L-Threofuranosyl-(3’ — 2’) nucleic acid (TNA) is an artificial
genetic polymer in which the natural ribose sugar found in RNA
has been replaced by an unnatural four-carbon sugar of a-L-threo-
furanose.! This chemical substitution leads to a backbone repeat
unit that is one atom shorter than the corresponding backbone
repeat unit found in DNA and RNA.? Despite this dramatic struc-
tural difference, TNA is capable of forming stable antiparallel Wat-
son-Crick duplexes with itself and with complementary strands of
DNA and RNA.># The ability to cross-pair with RNA, coupled with
the chemical simplicity of threose relative to ribose, has fueled
interest in TNA as a progenitor candidate of RNA during a hypo-
thetical period of life’s early history known as the RNA world.>®

As part of our effort to explore the chemical etiology of RNA,
engineered polymerases have been developed that make it possi-
ble to evolve functional TNA molecules in vitro using a selection
process that allows genetic information to be copied back and forth
between DNA and TNA.”"'® Accordingly, TNA molecules isolated
from the selection are ‘reverse transcribed’ into DNA, amplified
by PCR, and then ‘forward transcribed’ back into TNA to generate
a new pool of TNA molecules.!! Although significant advances have
been made toward the engineering of TNA polymerases,'>'® the
process of in vitro selection (SELEX) remains limited by the low
availability of TNA triphosphates.'* To overcome this bottleneck,
we developed an optimized synthesis protocol for generating
TNA nucleosides, which are the chemical precursors of TNA phos-
phoramidites and triphosphates used to produce TNA polymers by
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solid-phase and enzymatic synthesis, respectively.'”> The new syn-
thetic protocol involves ten chemical transformations with three
crystallization steps and a single silica gel chromatography step
to afford the desired molecules in an overall yield of ~16-23%
depending on the identity of the nucleobase.

TNA triphosphates have been synthesized previously using the
Ludwig-Eckstein method from their corresponding 2’-O-DMT pro-
tected nucleosides.'®!” This method was necessary as the tradi-
tional Yoshikawa method with POCl; proved difficult due to
steric hindrance of the 3’-hydoxyl group and potential loss of the
acid-labile DMT group.'® Unlike most other nucleoside triphos-
phates, which derive from ribose or deoxyribose sugars and there-
fore require phosphorylation at the 5-hydroxyl position, TNA
triphosphate synthesis requires phosphorylating a secondary
hydroxyl group at the 3’ position of the sugar ring. The alcohol
moiety at this position is less reactive than a typical secondary
hydroxyl group due its close proximity to the protected
nucleobase.

Although the Ludwig-Eckstein method represents a valuable
strategy for generating TNA triphosphates,!” we wished to develop
new methodology that was less moisture sensitive and more
amenable to preparative HPLC purification. In our experience, tra-
ditional methods produce complex HPLC chromatograms that
make it difficult to isolate the desired product from the reaction
mixture. While this problem is less severe when the reaction is
performed under anhydrous conditions, we felt that such con-
straints placed undue limitations on the level of expertise required
to generate tNTP substrates.
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Scheme 1. Synthesis of 3’-O-phosphoramidite derivatives of o-L-threofuranosyl
nucleosides.

Here, we describe a novel one-pot synthesis of TNA nucleoside
triphosphates bearing all four genetic bases (A,C,T,G) from their
corresponding 3’-O-phosphoramidite precursors. The reaction is
water tolerant and leads to the formation of two major peaks
(nucleotide monophosphate and triphosphate) that are easily sep-
arated by HPLC chromatography. Using this approach, milligram
quantities of highly pure TNA triphosphate can be generated in just
a few days.

Starting from previously described 2’-O-benzoyl protected TNA
nucleosides 1a-d,'” the corresponding 3’-O-phosphor-amidite
derivatives 2a-d were synthesized upon treatment with 2-cya-
noethyl-N,N-diisopropylchlorophosphine (Scheme 1). Under stan-
dard reaction conditions, phosphitylation proceeded very slowly
and was incomplete after overnight incubation. However, the
inclusion of 4-dimethylaminopyridine (DMAP) as nucleophilic cat-
alyst allowed the reaction to go to completion in 2.5 h. Following
purification by silica gel chromatography, nucleosides 2a-d are
obtained in 51-73% yield.

Synthesis of TNA triphosphates from 2a-d follows a path in
which each phosphoramidite is hydrolyzed to H-phosphonate,
in situ oxidized to the chlorophosphate, and then treated with
inorganic pyrophosphate to obtain the protected triphosphate
5a-d (Scheme 2). In a single one-pot reaction, hydrolysis of 2a-d
in presence of ethylthiotetrazole as an activating agent provided
the corresponding H-phosphonate derivatives 3a-d. Subsequent
oxidation and pyrophosphate coupling was achieved by the
stepwise addition of two acetonitrile solutions containing
N-chlorosuccinimide (NCS) and bis(tri-n-butyl-amine) dihydrogen

CN
Base

o}
i. HO
° / i. NCS
’/ 4’

jii. PoO7
iv. NH4OH

)\ P—O OBz
7
)N\ 2

3 4

pyrophosphate. Analysis of the crude reaction mixture by
MALDI-TOF mass spectrometry indicated that the TNA triphos-
phate species 5a-d formed in each case.

TNA triphosphates 6a-d were obtained by treatment with conc.
ammonia in water for 16 h at 37 °C. After deprotection, ion-pair
reverse-phase HPLC analysis of the crude reaction mixture
revealed two major peaks in the chromatogram that corresponded
to the nucleoside monophosphate (major peak) and desired TNA
triphosphate (minor peak) (Fig. S1). The identity of the desired
TNA triphosphates 6a-d was confirmed by co-injection with
authentic samples and mass spectrometry analysis. Each TNA
triphosphate was purified by single injection on a preparative
reverse-phase HPLC column. The generality of the reaction was
demonstrated by synthesizing all four tNTPs with isolated yields
of 8-13% with >90% purity (Fig. 1).

To investigate the reaction chemistry, we monitored product
formation during the course of the reaction by >'P NMR. In the
absence of pyrophosphate, oxidation of the H-phosphonate inter-
mediate 3a produced a dinucleotide pyrophosphate intermediate
(—14.5 ppm, multiplet). In presence of added excess water, the din-
ucleotide intermediate decomposed to the nucleoside monophos-
phate byproduct (—2.5 ppm, singlet) (Fig. S2), which explains the
origin of the nucleotide monophosphate in the crude reaction
mixture.

Similar results were also observed by HPLC analysis. In this
case, deprotection of the tTTP monomer following oxidation and
phosphorylation with (BusNH),H,P,07 yielded a third peak in the
HPLC trace (Fig. S3) that was attributed to the formation of a din-
ucleoside pyrophosphate intermediate. HPLC analysis of the depro-
tection reaction after 2 and 18 h of treatment with 33% aqueous
NH,4OH reveals a marked decrease in the intermediate peak with
a concomitant increase in the peak corresponding to the thymidine
monophosphate byproduct. This result is consistent with the
unwanted formation of a dinucleotide by-product that degrades
to form the TNA nucleoside monophosphate.

In an attempt to improve the yield of triphosphate synthesis, we
explored several additives that could be used to trap the
chlorophosphate intermediates 4a-d as a less reactive species.
Unfortunately, none of the additives tested (which included imida-
zole, 1,2,3-triazole, 1,2,4-triazole, benzotriazole, and N-hydroxy
benzotriazole) reduced the yield of monophosphate formation. In
each case, HPLC analysis showed a distribution of nucleoside
monophosphate to triphosphate that was similar to what was
observed in original reaction (Fig. S1), which is consistent with
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Scheme 2. Synthesis of a-L-threofuranosyl nucleoside triphosphates (tNTPs) from 3’-O-phosphoramidites.
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Figure 1. Analytical HPLC chromatogram of purified tNTPs.

Table 1
Thermal stability of tNTPs under various conditions

Conditions Triphosphate remaining (%)
tTTP  tGTP  tCTP  tATP  ATP dATP

10 cycles of freeze-thaw 98.7 99.8 98.1 96.7 nd nd

10 cycles of PCR 915 87.8 90.7 86.5 93.7 94

20 cycles of PCR 88.7 829 86.2 81.8 90.5 899
30 cycles of PCR 85.2 77.5 82 77.2 86.6 864
55°C1h 994 985 99.6 96.4 993  99.9
55°C5h 97.3 96.1 974 934 93.5 936
55°C25h 842 835 89.6 76.2 nd nd

75°C5h 71.8 659 68.5 65.4 712 704

Chemical stability was analyzed by ion-pair reverse-phase HPLC on C18 column
(150 x 4.6 mm) with a gradient (0-10% over 40 m) of acetonitrile in 0.1 M tri-
ethylammonium acetate buffer. All samples contained at 0.1 mM tNTP in 1x
thermopol buffer supplemented with 1 mM MnCl,.

" Freeze thaw cycles were performed with 2 mM tNTP in water. nd = not
determined.

our observation that dinucleotide formation outcompetes
triphosphate formation. Nevertheless, the ability to make TNA
triphosphates under non-anhydrous conditions is valuable for rou-
tine chemical synthesis.

Since the main benefit of our strategy is the ability to synthesize
TNA triphosphates under conditions that are tolerant to moisture,
we examined the reaction in the presence of increasing amounts of
water. To our surprise, the addition of 75 molar equivalents of
water (6% v/v water to MeCN) did not significantly change the pro-
duct distribution. This result demonstrates that although the over-
all reaction yields are modest (8-13% purified yield), the potential
to perform phosphorylation chemistry under non-anhydrous con-
ditions is considerable.

To our knowledge, TNA triphosphates are the only known sub-
strates for a polymerase reaction where the triphosphate moiety is
located on a secondary hydroxyl group on the sugar ring. Despite
numerous reports of polymerase-mediated TNA synthesis,”'? at
present, no information is available on the thermal stability of
TNA triphosphates. To emulate standard laboratory usage, we ana-
lyzed the stability of TNA triphosphates over a range of tempera-
tures and freeze-thaw cycles. This included polymerase reaction

conditions for extended periods of time at 55 °C and at elevated
temperatures of 75 and 95 °C as well as iterative rounds of heating
and cooling in a simulated polymerase chain reaction (PCR). As
shown in Table 1, >95% of the tNTPs remain intact after 5 h of sim-
ulated polymerase extension at 55 °C and after 10 iterative cycles
of freezing and thawing. Similarly, >75% of the tNTPs are present
after 30 cycles of PCR. In fact, marked degradation only occurs
when the samples are heated for 5h at elevated temperatures.
Similar results were also obtained for dATP and ATP, indicating
that tNTPs are similar in thermal stability to natural nucleoside
triphosphates.

In summary, we describe a new method for synthesizing TNA
nucleoside triphosphates that does not require anhydrous condi-
tions and enables rapid purification by reverse-phase HPLC chro-
matography. Given the recent interested in developing TNA
aptamers for synthetic biology,'® we suggest that this new proce-
dure will be useful in releasing the current bottleneck in TNA
triphosphate synthesis.
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