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ABSTRACT

Threose nucleic acid (TNA) is an artificial genetic
polymer capable of undergoing Darwinian evolu-
tion to produce aptamers with affinity to specific
targets. This property, coupled with a backbone
structure that is refractory to nuclease digestion,
makes TNA an attractive biopolymer system for diag-
nostic and therapeutic applications. Expanding the
chemical diversity of TNA beyond the natural bases
would enable the development of functional TNA
molecules with enhanced physiochemical proper-
ties. Here, we describe the synthesis and polymerase
activity of a fluorescent cytidine TNA triphosphate
analogue (1,3-diaza-2-oxo-phenothiazine, tC'TP) that
maintains Watson-Crick base pairing with guanine.
Polymerase-mediated primer-extension assays re-
veal that tC'TP is efficiently added to the growing
end of a TNA primer. Detailed kinetic assays indicate
that tC'TP and tCTP have comparable rates for the
first nucleotide incorporation step (kons1)- However,
addition of the second nucleotide (kops2) is 700-fold
faster for tC'TP than tCTP due the increased effects
of base stacking. Last, we found that TNA replication
using tC'TP in place of tCTP exhibits 98.4% overall fi-
delity for the combined process of TNA transcription
and reverse transcription. Together, these results ex-
pand the chemical diversity of enzymatically gener-
ated TNA molecules to include a hydrophobic base
analogue with strong fluorescent properties that is
compatible with in vitro selection.

INTRODUCTION

We are interested in advancing the development of thre-
ose nucleic acid (TNA) as an artificial genetic polymer for
synthetic genetics (1). TNA is a particular type of XNA
that has a backbone structure composed of repeating units
of a-L-threose sugars that are vicinally linked by 2',3'-

phosphodiester bonds (Figure 1A) (2). Despite a backbone
repeat unit that is one atom (or bond) shorter than that
of DNA or RNA, TNA is capable of forming stable an-
tiparallel Watson—Crick duplex structures with itself and
with complementary strands of DNA and RNA (3-5). So-
lution NMR studies reveal that duplex formation in either
the self-pairing mode (TNA/TNA) or cross-pairing modes
(TNA/DNA or TNA/RNA) occurs through an A-like he-
lical geometry that is templated by a rigid TNA backbone
(5,6). More recently, stability assays performed under harsh
biological conditions demonstrate that TNA is refractory
to nuclease digestion, which makes TNA a strong candidate
for diagnostic and therapeutic applications that require high
biological stability (7).

The process of developing a polymerase-mediated repli-
cation system began with an effort to identify natural or en-
gineered polymerases that could recognize TNA, either as
a substrate in the template or as a nucleotide triphosphate.
From these studies, several DNA polymerases were identi-
fied that could synthesize short segments of DNA ona TNA
template and other polymerases that could copy limited
stretches of TNA on a DNA template (8-11). Subsequent
screening of Archaeal B-family thermophilic DNA poly-
merases led to the discovery of Therminator DNA poly-
merase as an enzyme that could copy DNA templates (~50
nts) into full-length TNA products (12). Using a DNA dis-
play strategy that linked newly synthesized TNA strands to
their encoding DNA templates (13), a TNA aptamer was
evolved to bind human a-thrombin (14). The ability for
TNA to fold into a structure with high ligand binding affin-
ity (14), along with similar studies performed on hexitol nu-
cleic acid (15), provided the first clear demonstration that
the chemical problem of ligand binding was not unique to
the natural ribofuranosyl polymers of DNA and RNA.

More recently, a microfluidics strategy called droplet-
based optical polymerase sorting (DrOPS) was developed
that allows engineered polymerases to be evolved in uni-
form water-in-oil microcompartments (16). This technique,
coupled with the protein design strategy of scaffold sam-
pling, led to the development of a new TNA polymerase
called Kod-RI, which is an engineered version of a nat-
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Figure 1. Molecular structures. (A) Constitutional structure for the linearized backbone of DNA (left) and a-L-threofuranosyl-(3’-2") nucleic acid TNA
(right). (B) Watson—Crick base pairs for C:G and Cf:G. Cf is the cytosine analogue, 1,3-diaza-2-oxo-phenothiazine.

urally occurring DNA polymerase isolated from the Ar-
chaean species Thermococcus kodakarensis that carries the
TNA synthesis mutations A485R and E664I and the 3',5'-
exonuclease silencing mutations D141A and E143A (17).
Kod-RI exhibits 5-fold faster primer-extension efficiency (3
hours versus 15 hours, respectively) and ~20-fold higher fi-
delity (four errors per 1000 nucleotide incorporations versus
70 errors, respectively) as compared to Therminator DNA
polymerase.

Although Kod-RI represents a substantial improvement
over Therminator DNA polymerase, the enzyme stalls when
it encounters sequential G-nucleotides in the DNA tem-
plate. This problem is not unique to engineered poly-
merases, as many naturally occurring DNA polymerases
are known to process G-rich sequences with reduced effi-
ciency (18). However, relative to DNA synthesis, the prob-
lem is more acute for TNA synthesis as repeats as short
as two G-nucleotides can lead to polymerase stalling. We
postulated that polymerase stalling was due to poor sub-
strate coordination in the enzyme active site, which is con-
sistent with the structural differences between DNA and
TNA nucleotide triphosphates. In an effort to solve this
problem, we sought to develop a cytidine analogue that
would introduce new physiochemical properties into the
TNA strand, while at the same time help stabilize the tC:dG
base pair during TNA synthesis. In this regard, the cyti-
dine analogue, 1,3-diaza-2-oxo-phenothiazine (Figure 1B),
provided an attractive candidate due to its expanded aro-
matic ring system that is both fluorescent and capable of
Watson-Crick base pairing with guanine (19,20). Because
TNA cytidine and the cytosine base analogue, 1,3-diaza-2-
oxo-phenothiazine share the same abbreviation ‘tC’ in the
prior literature, we chose to abbreviate the tricyclic cytidine
ring system for a TNA nucleoside as ‘tC", which allowed
us to distinguish it from TNA cytidine (tC). Previous stud-
ies have shown that the DNA version of C' increases the
thermal stability of model duplexes without perturbing the
structure or dynamics of the DNA helix (21). In addition,
the 5'-O-triphosphate of 1,3-diaza-2-oxo-phenothiazine 2'-
deoxynucleoside is a known substrate for several DNA
polymerases, demonstrating that DNA polymerases can ac-
commodate the larger size of the C" base (22-25). Moreover,
tricyclic cytosine has also been investigated in RNA poly-
merase contexts (26).

Here, we report the chemical synthesis of 1,3-diaza-2-
oxo-phenothiazine TNA nucleoside (tC') derivatives and
the in vitro replication of TNA polymers containing C' as
a fluorescent cytidine analogue. We show that Kod-RI can
efficiently read-through sequential G-nucleotides in a DNA
template when the reaction mixture contains tC'TP in place
of tCTP. Competition assays performed at different ratios
of tCTP and tC'TP indicate that tC' is preferentially in-
corporated onto the growing end of a primer strand. Pre-
steady-state kinetics measurements reveal that the first nu-
cleotide incorporation step (kopsi) is comparable for tC'TP
and tCTP. However, incorporation of the second nucleotide
(kobs2) is 700-fold faster for tC'TP than tCTP. Last, we
found that a complete replication cycle of DNA into TNA
and TNA back into DNA occurs with an overall fidelity of
98.4%, which is comparable to other xeno-nucleic acid poly-
mers (15). Taken together, these results advance the field of
synthetic genetics by enabling the synthesis of TNA poly-
mers with new physiochemical properties.

MATERIALS AND METHODS
General methods and materials

Non-aqueous reactions were performed using oven-dried
glassware under an atmosphere of argon or nitrogen. Chem-
icals and solvents were purchased from Sigma-Aldrich and
used without further purification. Reactions were moni-
tored by thin layer chromatography using UV-activated
TLC plates with silica gel 60 F254 and aluminium back-
ing (Sigma-Aldrich, St. Louis, US). Flash column chro-
matography was performed using SiliCycle 40-60 mesh sil-
ica gel (SiliCycle Inc., Quebec City, Canada). Yields are re-
ported as isolated yields of pure compounds. 'H, *C and
TP NMR spectra were obtained using a Bruker DRX400
or DRX500 NMR (Bruker, Billerica, USA). 'H and *C
NMR values are reported in ppm relative to Me,Si as inter-
nal standard. >'P NMR values are reported in ppm relative
to an external standard of 85% H3PO,. Splitting patterns
are designated as follows: s, singlet; br, broad; d, doublet;
dd, doublet of doublets; t, triplet; q, quartet; m, multiplet.
HPLC purification was performed with a C18 reverse phase
250 x 21.2 mm HPLC column (Thermo Scientific, US) us-
ing a mobile phase of 100 mM triethylammoniumacetate
buffer (pH 7.0)-acetonitrile. Thermo Pol buffer and Bst
DNA polymerase 2.0 were purchased from New England



Biolabs (Ipswich, MA, USA). DNA oligonucleotides were
purchased from Integrated DNA Technologies (Coralville,
IA, USA) and the MALDI data were provided in Supple-
mentary Information (Supplementary Table S1). The PBS7-
TNAS-IR800 primer was obtained by solid-phase synthesis
using chemically synthesized TNA phosphoramidites (27).
Recombinant Kod-RI polymerase was expressed and puri-
fied from E. coli as described in the supplemental informa-
tion section.

Chemical synthesis

3-(2'-O-Benzoyl-3'-O-tert-butyldiphenylsilyl-o- L-
threofuranosyl)-1,3-diaza-2-oxophenothiazine (3). To
a suspension of 1,3-diaza-2-oxophenothiazine (2) (0.66
g, 3.03 mmol) in 40 ml anhydrous acetonitrile was added
N,O-bis(trimethylsilyl)acetamide (1.85 ml, 7.57 mmol) and
the mixture was stirred for 2 h at 75°C. After cooling to
24°C, 1-0-acetyl-2-O-benzoyl-3-O-tert-butyldiphenylsilyl-
L-threofuranose (1) (1.53 g, 3.03 mmol) in 10 ml anhydrous
acetonitrile was added dropwise to the reaction mixture.
TMSOTT (1.65 ml, 9.09 mmol) was then added and the
mixture was heated for 5 h at 65°C. The mixture was cooled
to 24°C, diluted with 100 ml of CH,Cl,, and poured into a
stirring solution of sat ag. NaHCO; (100 ml) to precipitate
the unreacted nucleobase as a yellow solid. The precipitate
was filtered and the organic layer was separated and washed
with H,O (100 ml) and brine (100 ml), dried over MgSOy,
and concentrated under reduced pressure. The residue was
washed with 100 ml of hexane/EtOAc (1:1) and the crude
nucleoside was obtained as yellow solid (1.2 g), which was
used directly without further purification. A small amount
of pure compound 3 was obtained by flash chromatography
(silica gel, column 15 x 3 cm, hexane/CH,Cl,/EtOAc,
1:1:1). TLC (hexane/EtOAc, 1:1): Ry = 0.33. 'H NMR
(500 MHz, CDCl;): 8 1.08 (s, 9H), 3.99-4.01 (dd, 1H, J =
4.0, 8.0 Hz), 4.11-4.13 (m, 1H), 4.35 (m, 1H), 5.60 (s, 1H),
6.17-6.18 (s, 1H), 6.87-6.93 (m, 2H), 7.03-7.05 (m, 2H),
7.20-7.22 (m, 1H), 7.38-7.65 (m, 14H), 7.94-7.96 (d, 2H, J
= 4.0 Hz), 9.81 (s, 1H). 3C NMR (125.8 MHz, CDCl5):
3 19.2, 27.0, 75.9, 76.4, 82.3, 90.9, 116.6, 118.4, 124.5,
125.9,127.8, 128.1, 128.1, 128.5, 129.3, 131.8, 132.8, 134.6,
135.8, 135.9, 136.0, 154.7, 161.1, 164.5. HRMS (ESI-TOF)
calcd for C37H3505N3SSiNa [M+Na]* 684.1964; observed
684.1948.

3-(2'-O-Benzoyl-a-L-threofuranosyl )-1,3-diaza-2-

oxophenothiazine (4). To a cold (0-5°C) solution
containing crude 3 (1.54 g, 2.32 mmol) in THF (30 ml)
was added dropwise tetrabutylammonium fluoride (1 M
solution in THF (2.32 ml, 2.32 mmol) and the mixture was
stirred for 1 h at 0°C. The solvent was evaporated under
reduced pressure and the residue was purified by flash chro-
matography (SiO;, column 10 x 3 ¢cm, CH,Cl,/MeOH,
20:1) to afford 4 (0.91 g, 92%) as yellow foam. TLC
(DCM/MeOH, 10:1): Ry = 0.48. '"H NMR (500 MHz,
CDCl;): § 4.23-4.25 (m, 1H), 4.33-4.35 (m, 1H), 4.43 (m,
1H), 5.22 (brs, 1H), 5.90 (s, 1H), 6.80 (s, 2H), 6.86-6.89
(m, 2H), 7.37-7.43 (m, 3H), 7.55-7.58 (m, 2H), 7.95-7.96
(d, 2H, J = 4.0 Hz), 9.04 (brs, 1H). 3C NMR (125.8 MHz,
CDCly): § 73.8,76.7, 82.1, 92.6, 96.8, 116.6, 117.7, 124.6,
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125.9, 127.4,128.6, 129.1, 130.0, 135.5, 135.6, 155.6, 160.5,
166.0. HRMS (ESI-TOF) caled for C,; H70sN3SNa
[M+Na]* 446.0787; observed 446.0777.

3-a-L-Threofuranosyl-1,3-diaza-2-oxophenothiazine — (5).
Compound 4 (208 mg, 0.49 mmol) was dissolved in a
solution of NH3-MeOH (6 ml) and stirred for 3.5 h at
24°C. The solvent was removed under reduced pressure
and crude 5 was purified by flash chromatography (SiO;,
column 10 x 3 cm, CH,Cl,/MeOH, 10:1) to afford the
free nucleoside 5 (157 mg, 100%) as a yellow solid. TLC
(DCM/MeOH, 9:1): Rr = 0.35. UV Apax (MeOH)/nm
(e/dm’ mol~!' ecm~") 236 (26100), 260 (13300), 271 (12200),
368 (3900). '"H NMR (500 MHz, CD;0D): § 4.13-4.16 (m,
2H), 4.20-4.26 (m, 2H), 5.68 (s, 1H), 6.82-6.83 (m, 1H),
6.90-6.97 (m, 2H), 7.03-7.06 (m, 1H), 7.54 (s, 1H). 13C
NMR (125 MHz, CD;0D): § 75.2, 76.3, 80.3, 93.9, 95.9,
116.5, 116.6, 124.2, 125.7, 127.1, 135.5, 136.1, 156.3, 160.7.
HRMS (ESI-TOF) caled for C4H304N3;SNa [M+Na]*
342.0525; observed 342.0522.

3-(2'-O-Benzoyl-a-L-threofuranosyl)-1,3-diaza-2-
oxophenothiazine-3'-(2-cyanoethyl)-N,N’-diisopropyl
phosphoramidite (6). To a stirring solution of 4 (0.34 g,
0.80 mmol) and DMAP (20 mg, 0.16 mmol) in CH,Cl,
(10 ml) was added (i-Pr);NEt (210 pl, 1.21 mmol)
followed by the addition of 2-cyanoethyl-N, N-diisopropyl-
chlorophosphine (215 pl, 0.96 mmol). After stirring for
40 min at 24°C, the solution was diluted with CH,Cl,
(40 ml) and extracted with 5% aq. NaHCOj3 (40 ml). The
organic layer was washed with brine, dried over Na,SOy4
and evaporated. The residue was purified by flash chro-
matography (SiO, column 10 x 3 cm, CH;,Cl,/acetone,
6:1) affording 6 (0.47 g, 93%) as a yellow foam. R
= 0.33 (CH,Cly/acetone, 4:1). 3'P NMR (162 MHz,
CDCl3) 8 152.87, 150.85. HRMS (ESI-TOF) caled for
C30H3306NsPSNa [M+Na]* 646.1865; observed 646.1862.

3-(2'-O-Benzoyl-a-L-threofuranosyl)-1,3-diaza-2-

oxophenothiazine-3'-bis(2-cyanoethyl )- phosphotriester
(7). To a stirring solution of 6 (0.47 g, 0.75 mmol) in
acetonitrile (15 ml) was added 3-hydroxypropionitrile (82
pl, 1.2 mmol) followed by a solution of 0.45 M tetrazole
in THF (2.67 ml, 1.2 mmol). After stirring for 3 h at 24°C,
the solution was diluted with CH,Cl, (50 ml) and washed
with brine. The organic layer was dried over Na,SO4 and
evaporated to afford a yellow foam. This material was
directly used for the next step. The foam was dissolved in 6
ml of THF and H,0, (30% in H,O) (153 pl, 1.5 mmol) was
added to the solution. After stirring at 24°C for 20 min,
the solution was diluted with CH,Cl, (50 ml) and washed
with brine. The organic layer was dried over Na,SO4 and
evaporated. The residue was purified by flash chromatog-
raphy (SiO;, column 10 x 3 cm, CH,Cl,/acetone, 1:1)
to afford 7 (275 mg, 60%) as a yellow foam. Ry = 0.28
(CH,Cl,/acetone, 1:1). '"H NMR (500 MHz, CDCl;): §
2.75-2.82 (m, 4H), 4.33-4.38 (m, 5H), 4.58-4.61 (d, J =
11.5 Hz, 1H), 5.02-5.04 (m, 1H), 5.73 (s, 1H), 6.14 (s, 1H),
6.84-6.85 (m, 2H), 6.99-7.00 (m, 1H), 7.09-7.11 (d, J = 7.5
Hz, 1H), 7.35 (s, 1H), 7.42-7.60 (m, 3H), 8.01 (d, 2H, J =
8.0 Hz), 9.71 (brs, 1H). *C NMR (125.8 MHz, CDCl;)
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6 19.6, 19.7, 63.1, 63.2, 74.5, 78.9, 79.9, 90.7, 96.6, 116.6,
118.2, 124.6, 125.8, 127.6, 128.4, 128.5, 130.0, 133.4, 133.9,
135.4, 154.5, 160.5, 164.9. 3'P NMR (162 MHz, CDCl;):
8 —3.80. HRMS (ESI-TOF) calcd for C,7H4OgN5sPSNa
[M+Na]* 632.0981; observed 632.0955.

3-a-L-Threofuranosyl-1,3-diaza-2-oxophenothiazine 3-
monophosphate (8). Compound 7 (185 mg, 0.30 mmol)
was suspended in NH4OH 5mL and stirred for 16 h at
37°C. The solution was diluted with water and washed with
CH,Cl; (3 x 40 ml). The aqueous layer was lyophilized to
afford the desired monophosphate 8 (119 mg, 91%) as a
yellow solid. *'P NMR (162 MHz, D,0): § 2.55. HRMS
(ESI-TOF) calcd for Ci4H307N3;PS [M—H]~ 398.0212;
observed 398.0219.

3'-Phosphor-(2-methyl)imidazolide (9). Monophosphate
8 (118 mg, 0.27 mmol) and 2-methylimidazole (200 mg, 2.44
mmol) were dissolved in DMSO under nitrogen. To this
solution was added DMF (2 ml), triethylamine (0.10 ml),
triphenylphosphine (140 mg, 0.53 mmol) and 2,2’-dipyridyl
disulfide (160 mg, 0.73 mmol), and the reaction was stirred
for 6 h at 24°C. The product was precipitated as a sodium
salt by dropwise adding the reaction mixture to a stirring
solution of acetone (60 ml), diethyl ether (80 ml), triethy-
lamine (6 ml), saturated NaClOy in acetone (0.4 ml). The
precipitate was collected by centrifugation, washed with
(1:1) acetone/diethyl ether (3 x 10 ml), and dried over vac-
uum. 110 mg of product 9 (yield 83%) was obtained as
sodium salt and used for next step directly without further
purification. *'P NMR (162 MHz, DMSO-dg): § —10.04.
HRMS (ESI-TOF) caled for C1gH sO¢NsPSNa [M+Na]*
486.0613; observed 486.0602.

3-a-L-Threofuranosyl-1,3-diaza-2-oxophenothiazine 3-
triphosphate (10). To a DMF (2 ml) solution of com-
pound 9 (49 mg, 0.10 mmol) was added tributylamine (47
wl, 0.20 mmol) and tributylammonium pyrophosphate
(110 mg, 0.20 mmol), and the reaction was stirred for 6
h at 24°C under N,. The reaction mixture was diluted
with water and washed with CH,Cl, (3 x 40 ml). The
aqueous layer was lyophilized to dryness and purified by
reverse-phase HPLC. Fractions containing triphosphates
was collected and lyophilized to afford the product as a
triethylammonium salt. The yield of triphosphate 10 was
measured by the UV spectrophotometry, assuming an
extinction coefficient of 13.3 mM~! cm~', and found to be
19% (19 wmol). 3'P NMR (162 MHz, D,0): § -8.49 (d, J =
20.0 Hz), —12.50 (d, J = 20.0 Hz), —22.40 (t, J = 20.0 Hz).
HRMS (ESI-TOF) calcd for C14H14013N3P3SK [M-2H+
K]~ 595.9097; observed 595.9072.

TNA synthesis

Primer-extension reactions were performed in a final
volume of 10 wl using the PBS2-IR800 primer and
PBS2-(1-3G) templates. Each reaction contained 10 pmol
primer/template complex, 1x ThermoPol buffer [20 mM
Tris—HCI, 10 mM (NH4),SO4, 10 mM KCl, 2 mM MgSOsy,
0.1% Triton X-100, pH 8.8], 1 wM Kod-R1I, 100 wM of each
tNTP and 1 mM MnCl,. Reactions were incubated for 30

min at 55°C, quenched with stop buffer (8 M urea, 45 mM
EDTA) and analyzed by 20% denaturing urea PAGE.

Competition assay

Competition assays were performed as described above for
the primer-extension assay using the PBS7-IR700 or PBS7-
TNAS-IR800 primers and the PSB7-1G or PBS7-TNAS-
1G templates. Reactions contained different molar ratios
of tCTP and tC"TP (0-100%) poised at a final concentra-
tion of 100 wM cytidine triphosphate. Reactions were in-
cubated for 5 min at 55°C, quenched with stop buffer and
analyzed by 20% denaturing urea PAGE, and quantified us-
ing an ODYSSEY scanner (LI-COR, Lincoln, USA).

Pre-steady state kinetics

100 nM of PBS7-IR 700 was annealed with 100 nM of PBS7-
2G in 1 x ThermoPol buffer. The solution was combined
with 400 nM Kod-RI and 100 pM of tNTP substrate. The
reaction was incubated at 45°C for increasing amounts of
time (0—15 min). At designated time points, a portion of the
reaction was removed, quenched with stop buffer, analyzed
by 20% denaturing PAGE, and quantified by ODYSSEY
scanner. In the kinetics analysis (see SI section), kops; Was
measured from the decay profile of the starting primer (Eq.
1). The value for kyps; Was then introduced into Equation
(4) to obtain kyps, which describes the accumulation of the
n + 2 product. Graphs were plotted using Prism (Lalla, CA,
USA).

Fidelity of TNA replication

The fidelity assay was performed as previously described
(17). Briefly, primer 1 wM PBS8_extra containing a sin-
gle nucleotide mismatch was annealed with 1 wM of the
4NTIG template. The primer-extension reaction was per-
formed for 1 h at 55°C in 1x Thermopol buffer supple-
mented with I mM MnCl; and 100 wM of each tNTP. The
polymerase Kod-RI was used at a final concentration of
0.5 mg/ml, which is in 4-fold excess to the primer—template
concentration. The extension product was purified by de-
naturing PAGE and reverse transcribed into cDNA. The
reverse transcription reaction was performed by incubat-
ing the TNA template-PBS7 primer complex (1 wM) with
Bst DNA polymerase (1 wM) for 3 h at 50°C in a reaction
mixture (50 pl) that contained 500 wM each dNTP, 3 mM
MgCl; and 1x Thermopol buffer. The cDNA product was
PCR amplified with the extra/PBS7 primer pair, ligated into
a TOPO vector (Thermo Fisher, Waltham, MA, USA), and
cloned into Escherichia coli. Individual colonies were grown
in liquid media and sequenced (Retrogene, San Diego, CA,
USA). DNA sequences were aligned with the 4NT9G tem-
plate and analyzed using DNASTAR (Madison, MI, USA).

RESULTS

Synthesis of «-L-threofuranosyl-1,3-diaza-2-oxo-phenothia
zine nucleoside

We began by synthesizing the «-L-threofuranosyl-1,3-
diaza-2-oxo-phenothiazine nucleoside (5) from the univer-
sal glycosyl donor (1) and 1,3-diaza-2-oxo-phenothiazine



(2). Compounds 1 and 2 were prepared from known liter-
ature procedures and conjugated together in a Vorbriiggen
glycosylation reaction to produce nucleoside 3 in protected
form (Scheme 1) (20,27). Compound 5 was generated with
an overall yield of 55% by deprotection of the 3’-O-TBDPS
group of 3 with TBAF to produce 4, which was subse-
quently treated with ammonia in methanol to remove the 2'-
O-benzoyl group. The structure of a-L-threofuranose nucle-
oside 5 was confirmed by small molecule X-ray diffraction
(Figure 2A). Torsion angles formed by the O-C(2')-C(3')-O
and O-C(1")-N(3)-C(2) atoms (170.2° and —166.5°, respec-
tively) are in close agreement with the bond angles previ-
ously observed for TNA nucleosides with natural bases (see
Supplementary Data) (3,28).

To confirm that tC' retains its fluorescent properties when
constructed as a TNA nucleoside, we measured the absorp-
tion and emission spectra of the free nucleoside in water.
As shown in Figure 2B, nucleoside 5 exhibits a significant
Stokes shift with absorption and emission maxima of 375
and 500 nm, respectively. This result is in close agreement
with a previously reported value for the DNA version of C'
(21,29), and highlights the value of extending the properties
of modified bases to nucleic acid polymers with unnatural
backbone structures.

Synthesis of the triphosphate derivative

TNA triphosphates are more difficult to synthesize than
DNA and RNA triphosphates, because phosphorylation
occurs at the sterically encumbered secondary hydroxyl
group located at the 3’ position of the sugar ring rather
than the more accessible primary hydroxyl group located at
the 5 position of pentose sugars (e.g. the sugar commonly
found in DNA and RNA). For this reason, we have evalu-
ated a number of different strategies for synthesizing TNA
triphosphates (30). One of the more successful approaches
developed to date follows a Hoard-Ott-like approach in
which the TNA nucleoside is first converted to an acti-
vated monophosphate that is subsequently treated with py-
rophosphate to afford the desired nucleoside triphosphate
(31,32). As shown in Scheme 2, nucleoside 4 was converted
to monophosphate 8 via the phosphoramidite and phos-
photriester intermediates 6 and 7, respectively. Monophos-
phate 8 was then converted to a phosphorimidazolide (9),
which was subsequently displaced with pyrophosphate to
provide the desired nucleoside triphosphate (tC!'TP, 10).
Compounds were characterized by 'H, 3C, 3'P NMR spec-
tra as well as HRMS mass spectra (see Materials and Meth-
ods Section and Supplementary Data).

TNA synthesis with a modified base pair

We evaluated the ability of tC'TP to be incorporated into a
growing TNA strand using a standard primer-extension as-
say. For this experiment, a series of DNA primer—template
complexes were designed to contain a central region of one
to three sequential guanosine residues that were flanked on
either side by an arbitrary sequence composed of A, C and
T residues (Figure 3). Kod-RI was challenged to extend the
DNA primer using chemically synthesized TNA triphos-
phates (tNTPs) that contained either tCTP or the fluores-
cent analogue tC'TP in the reaction mixture (30). In cases
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where the polymerase is able to read through the stretch
of G nucleotides, the product will be an elongated strand
in which 50 consecutive TNA residues have been added to
the 3’-end of a DNA primer. However, if the polymerase
is unable to bypass the G repeat, it will produce truncated
band that is easily detected by denaturing polyacrylamide
gel electrophoresis (PAGE).

PAGE analysis of the primer-extension assay reveals
a striking difference in the ability for tCTP and tC'TP
residues to read through the G-nucleotide motifs (Figure
3). In the case of tCTP, Kod-RI can efficiently read through
a single G-residue embedded in a DNA template. How-
ever, the enzyme struggles to read through DNA templates
that contain two or more sequential G-nucleotides. In such
cases, ~50% of the elongated product is trapped at the pause
site, while the remainder is extended to full-length product.
By comparison, primer-extension reactions performed with
tC'TP yield the desired full-length TNA product in all of
the cases tested (Figure 3). This marked difference in TNA
polymerization efficiency implies that the larger aromatic
ring system of tC'TP may help stabilize the tC:dG base pair
in the enzyme active site.

Competitive primer-extension assays

Recognizing the fact that DNA primers extended with tC!
migrate more slowly on a denaturing polyacrylamide gel
than primers extended with tC, we designed a competi-
tion assay to compare the relative preference of Kod-RI
for tC'TP versus tCTP. Accordingly, a series of single-
nucleotide primer-extension experiments were performed
by varying the mole fraction of tC'TP in the tNTP mixture
from 0 to 100%. If Kod-R1I has an equal preference for both
nucleotides, the primer will be extended equal amounts at a
mole fraction of 0.5. However, if Kod-RI prefers one sub-
strate over the other, then an imbalance will occur where
the mole fraction will trend in the direction of the preferred
substrate. As shown in Figure 4A, Kod-RI shows a clear
preference for tC'TP over tCTP such that an equal distribu-
tion of the tC" and tC monomers occurs at a mole fraction
of 0.15.

To show that this effect was not due to the regiochem-
istry of the DNA primer, we repeated the experiment using a
chimeric DNA-TNA primer that carried 5 TNA residues at
the 3" end. This new primer was designed to probe the down-
stream process of TNA synthesis where TNA monomers
are added to the 2’ end of a growing TNA strand to cre-
ate 2'-3’ phosphodiester bonds. By contrast, strand elon-
gation from a DNA primer produces a 3’-3" phosphodi-
ester bond between the DNA primer and first nucleotide
adduct due to the strand polarity differences between TNA
and DNA (3',2" versus 5,3/, respectively). Similar to the all-
DNA primer, an equal distribution of the tC'TP and tCTP
monomers occurs at a mole fraction of 0.15 (Figure 4B). To-
gether, these results indicate that the preference of Kod-RI
for tC'TP is the same regardless of whether TNA extension
occurs from a DNA primer or DNA/TNA chimeric primer.

Kinetic analysis of TNA synthesis

To examine the mechanism of TNA synthesis in greater de-
tail, we used pre-steady-state kinetics to measure the rate
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of tCTP and tC'TP incorporation at the 3’ end of a DNA
primer. Although tC' provides an optical signal for gel anal-
ysis, we chose to use a 5-labeled dye for kinetic analysis
so that the kinetic data from tC' could be compared di-
rectly to equivalent data obtained for tC. In brief, a pre-
incubated solution of Kod-RI (400 nM) and 5'-dye-labeled
DNA primer-template complex (100 nM) in a reaction
buffer at 45°C was rapidly mixed with either tCTP or tC'TP
(100 wM). After brief incubations at various times, the reac-
tions were quenched with EDTA and analyzed by denatur-
ing PAGE. The data were fit to a single-exponential equa-
tion to yield kqps, which is the observed rate constant for a
single-nucleotide incorporation event. Since the tC'TP sub-
strate was found to insert opposite multiple G residues with
higher efficiency than tCTP, we designed a DNA template
that contained two sequential G-nucleotides. This template

design allowed us to measure the first (kops;) and second
(kobs2) nucleotide incorporation events by monitoring the
decay of the starting primer and the accumulation of the n
+ 2 product from the n + 1 product, respectively, in a single
primer-extension reaction.

The complete set of kinetic profiles observed for primer-
extension experiments performed with the tCTP and tC'TP
substrates are provided in Figure 5. Accordingly, we ob-
serve that the rate of cytidine incorporation at the first nu-
cleotide position (kqps1 ) is 2-fold faster for tCTP than tC" TP
(0.031 £ 0.002 s~! versus 0.017 & 0.007 s~!, respectively).
However, after the first TNA residue is added to the DNA
primer, the n + 1 product accumulates in the tCTP reaction,
while the tC'TP reaction rapidly progresses from the n + 1
product to the n + 2 product (Figure 5). Comparison of the
incorporation rates for the second nucleotide extension step
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Figure 3. TNA synthesis with a modified base pair. Primer-extension assay
used to evaluate TNA synthesis on DNA templates with one to three in-
ternal G-nucleotides. TNA synthesis reactions were performed for 30 min
at 55°C using Kod-RI TNA polymerase.

(kobs2) reveals that the modified tC'TP substrate is 700-fold
faster than the tCTP substrate (2.6 4= 0.04 s~! versus 0.0036
+0.001 s~!). We attribute the rate acceleration of the tC'TP
substrate to favorable base stacking interactions that arise
when two C' bases are located adjacent to one another on
the same strand, which could help stabilize the substrate in
the enzyme active site. Alternatively, it is also possible that

enhanced activity is due to increased Van der Waals interac-
tions provided by aromatic side chains in the enzyme active
site.

Fidelity of TNA replication

To ensure that Kod-RI faithfully incorporates the tC'TP
substrate opposite dG residues in a DNA template, we
measured the fidelity of TNA replication by sequenc-
ing the ¢cDNA product. This fidelity assay measures
the aggregate fidelity of a complete replication cycle
(DNA—TNA—DNA), which is operationally different
than the more restricted view of fidelity as the accuracy of
a single-nucleotide incorporation event (Figure 6A). The
fidelity determined by this assay is the actual accuracy
by which full-length TNA is synthesized and reverse tran-
scribed, and therefore reflects the combined effects of nu-
cleotide misincorporation, insertions and deletions, and
any mutations that occur during PCR amplification and
cloning.

Several controls were implemented to ensure that the se-
quencing results represented the true fidelity of TNA repli-
cation. First, to eliminate any possibility of contamination
by the starting DNA template, the DNA primer—template
complex used for TNA transcription was partially unpaired
and contained a dideoxynucleotide at the 3’ end of the tem-
plate strand to prevent elongation across the unpaired re-
gion of the primer. This design also facilitates separation of
the TNA product by denaturing PAGE as the product and
template strands have different lengths. Second, all PCR



5636 Nucleic Acids Research, 2017, Vol. 45, No. 10

A
5’ -GGATCGTCAGTGCATTGAGA
3’ -CCTAGCAGTCACGTAACTCTGCCGTTTT

M 0 2 5 10 20 30 50 70 100 %tCTP
- _----¢+1tg;_r§
1t
- W e e
--- P
1.0 4
)
c 084
0
L
@ o8 — {CTP
2 —*—{CTP
C 044
2
x
(0]
‘S 024
c
Kl
goo-
0'0 0‘2 0‘4 OIS 0‘8 1‘0

tCTPACTP

57 -GGCTCAGTGCATTGAGAgtagg
37 ~CCGAGTCACGTAACTCTCATCCGCCGTTTT

M 0 2 5 10 20 30 50 70 100 % tCTP
L5 e e e CTP

-----— — - 1tCTP
A T L s

S 08

[ =

o

2

£ 06

o —=— tC'TP
c

2 04 —— tCTP
2 0.4+

(9]

&

%

)

w 024

]

.o}

T

¥ 0.0

T T T T T T
0.0 0.2 04 06 08 1.0

tCTPACTP

Figure 4. Single-nucleotide competition assay comparing the primer-extension efficiency of tCTP versus tC'TP. Competition assays were performed using
triphosphate solutions that contained defined ratios of tCTP and tC'TP ranging from 0 to 100% tC"TP. Primer-extension reactions were performed on
primer—template complexes that were either all-DNA (A) or used a DNA/TNA chimeric primer that contained 5 TNA residues at the 3’ end (B). Each

dataset represents the average of two independent trials.

A 5’ -GGATCGTCAGTGCATTGAGA

3’ -CCTAGCAGTCACGTAACTCTGGCCGTTT

B
tCTP
1.0 - .
0.8 -
[2]
© —=Primer (n
L(L,E 0.44 s —n+1 -
0.2+ - —n+2 L
0.0

time/s

0 200 400 600 800 1000

C
tCTP

1.0 . !

0.84 -
12}
S 0.6 ' L
o ~Primer (n
© 0.4+ - n+1 -
w

0.2 —~n+2

.h

0 200 400 600 800 1000
time/s
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amplification steps were performed using a negative control
that contained the purified TNA template prior to the re-
verse transcription step. In no cases did we observe a DNA
band, demonstrating that the purified TNA product con-
tained minimal DNA template as a background contami-
nant. Third, to unambiguously demonstrate that each DNA
sequence derived from a complete cycle of TNA replica-
tion, the DNA primer used for TNA transcription was en-
gineered to contain a single-nucleotide mismatch that re-
sulted in an A—T transversion in the sequenced product.
Together, these controls allowed us to measure the fidelity
of TNA replication with confidence.

We sequenced >1000 nucleotide positions from the
cDNA isolated from a cycle of TNA transcription and re-
verse transcription. In this experiment, Kod-RI was used to
facilitate TNA synthesis, while Bst DNA polymerase was
used to reverse transcribe the TNA back into DNA (33).
Analysis of the data yielded an overall replication fidelity
of 98.4% (error rate of 1.6 x 10~2), as shown in Figure 6B.
This level of fidelity is comparable to previous fidelity re-
sults for other XNA systems (15).

DISCUSSION

In the field of synthetic genetics, where engineered poly-
merases are used to synthesize artificial genetic polymers,
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Figure 6. Fidelity of TNA replication. (A) Schematic representation of the transcription and reverse transcription process used to evaluate the fidelity
of TNA replication. DNA is shown in black, TNA is shown in red. The primer-template complex contains a T-T mismatch, which produces a T to A
transversion in the cDNA strand. The transversion represents a watermark to ensure that the sequenced DNA was produced by TNA transcription and
reverse transcription. The starting template contains a 3’-deoxy residue to prevent extension across the unpaired region. (B) The mutation profile reveals
that TNA transcription and reverse transcription proceeds with an error rate of 16 x 10 (98.4% fidelity).

there exist two main reasons for developing XNA poly-
mers with modified bases. The first and most pressing
reason is to overcome the limitations of engineered poly-
merase that function with inferior activities relative to nat-
ural polymerases. Analogues that compensate for problems
with template sequence bias, primer-extension efficiency, or
fidelity provide a chemical biology solution that can en-
hance the value of XNA polymers until new generations
of XNA polymerases are produced by directed evolution.
Diaminopurine, for example, was previously used as a base
analogue of adenosine to increase the rate of TNA synthe-
sis at a time when early TNA polymerases were unable to
synthesize long stretches of TNA on DNA templates (11).
A second reason for pursuing XNA with modified bases
is to endow XNA polymers with functional properties not
present in the four canonical bases of A, G, C and T (U).
Chemically modified bases, for example, have long been
used to expand the functional diversity of natural DNA and
RNA (34). These include functional groups with amino acid
side chains as well as unnatural chemical moieties with func-
tionalities beyond those found in proteins (35,36).

In the current study, we sought to develop a cytidine ana-
logue that would stabilize the tC:dG base pair in the ac-
tive site of Kod-RI and expand the functional properties
of TNA. A review of the literature identified 1,3-diaza-2-
oxo-phenothiazine (C') as a base analogue that maintains
Watson-Crick base pairing with guanine, but has an en-
hanced base stacking ability due to a large tricyclic aro-
matic ring system (19). In the context of a DNA helix,
one C' incorporation can increase the melting tempera-
ture of a DNA duplex by 2.7°C relative to an identical du-
plex containing natural cytosine (21). This level of stability,
along with increased hydrophobic and fluorescence charac-
ter, were viewed as favorable properties for a modified base
analogue.

We show that C' supports both reasons for generating
XNA polymers with modified bases. Replacing cytosine
with C! enables Kod-RI to read through G-repeats in a
DNA template that posed a strong barrier to TNA synthe-

sis. The favorable kinetic properties and faithful replication
profile make C! a valuable base analogue for synthetic ge-
netics, as this modification makes it possible to synthesize
any reasonable TNA sequence that is accessible from a stan-
dard four letter genetic alphabet. In addition, the C' ring
system provides TNA with new chemical properties that
are not found in the canonical bases (20,21). This includes
strong fluorescent properties that are insensitive to envi-
ronment as well as increased hydrophobic and base stack-
ing character that may enhance the functional properties of
TNA aptamers. Collectively, these benefits demonstrate the
importance of pursuing base analogues in synthetic genet-
ics, which is growing trend in the field of artificial genetic
polymers (37).

CONCLUSION

In summary, our study identified Cf as a modified cytosine
analogue that improves TNA synthesis by enabling an en-
gineered TNA polymerase to read through sequential G-
repeats in a DNA template. In addition to enhancing the
sequence diversity of TNA polymers generated by enzyme-
mediated synthesis, C" introduces new physiochemical that
are not present in TNA molecules composed of natural
bases. This includes an expanded aromatic ring system with
increased hydrophobic character and fluorescence activity
that is insensitive to environmental conditions.
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