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ABSTRACT: Prebiotic genetic nucleotides (PGNs) often out-
compete canonical alphabets in the formation of nucleotides and
subsequent RNA oligomerization under early Earth conditions.
This indicates that the early genetic code might have been
dominated by pre-RNA that contained PGNs for information
transfer and catalysis. Despite this, deciphering pre-RNAs’ capacity
to acquire function and delineating their evolutionary transition to
a canonical RNA World has remained under-researched in the
origins of life (OoL) field. We report the synthesis of a prebiotically
relevant nucleotide (BaTP) containing the noncanonical nucleo-
base barbituric acid. We demonstrate the first instance of its
enzymatic incorporation into an RNA, using a T7 RNA
polymerase. BaTP’s incorporation into baby spinach aptamer
allowed it to retain its overall secondary structure and function. Finally, we also demonstrate faithful transfer of information from the
pre-RNA-containing BaTP to DNA, using a high-fidelity RNA-dependent DNA polymerase, alluding to how selection pressures and
complexities could have ensued during the molecular evolution of the early genetic code.

■ INTRODUCTION
Life is thought to have emerged on the early Earth around 3.5b
years ago.1−3 Two approaches that have dictated the origins of
life studies include a top-down “biology-centric” approach and
a bottom-up “chemistry-inspired” approach.4 The former is
based on phylogenetic analysis to deduce the simplest cellular
life form called LUCA (the Last Universal Common
Ancestor), which is thought to be a compartmentalized
organism with a complex metabolic and catalytic network,
along with a sophisticated genetic system.5,6 The bottom-up
approach relies on studying the emergence of life from simpler
interacting organic chemicals.7−9 Understanding the chemical
emergence of life poses the following two prominent
questions: (1) which biomolecule came about first?10 (2)
what and how many steps were potentially involved in this
process that led to the emergence of the first cellular life?
Various models have been proposed, including protein-
first,11,12 metabolism-first,13,14 and membrane-first models,15,16

which have been fundamental to understanding life’s
emergence.
Among these multipronged approaches, there is the much-

studied nucleic acid-first model that builds on RNA’s dual
ability to transfer information and perform catalysis.17−20

Pertinently, the importance of informational molecules in
driving Darwinian evolution further adds weight to this model.
The fundamental step in RNA-based evolution is the formation
of nucleotide monomers and their subsequent oligomerization
under early Earth conditions. This is then thought to have

been followed by templated replication to enrich for
informational oligomers, some of which then adopt secondary
structures and acquire functions, eventually establishing a
putative RNA World.21 Noteworthy is that when the
constituents of a nucleoside monomer are allowed to react
under prebiotic conditions, it almost always results in the
“nucleosidation problem,” i.e., the difficulty faced during the
condensation of a nucleobase onto the sugar.22−25 Therefore,
extant nucleobases might not seem that “special” if one aims to
study RNA evolution based mainly on intrinsic reactivity.
A natural respite to the aforesaid issue is provided by the

heterogeneity inherent to the prebiotic soup, as it is a diverse
mixture of various heterocycles that, in principle, have the
potential to result in nucleobases.26−28,37 In this context, earlier
studies have explored the possibility of the formation of
nucleo(si)tide monomers or PGNs under pertinent early Earth
conditions. Strikingly, the noncanonical nucleobases evaluated
seem to fare better in comparison to extant nucleobases. The
above research findings essentially demonstrated that the
nucleosidation problem can be circumvented by invoking
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prebiotically relevant nucleobases or PGNs.29−35 Noteworthy
is that many of these PGNs are less prone to depurination,
which results during RNA oligomerization under early Earth
geochemical conditions.36 Most importantly, post glycosylation
reactions, the PGNs often form analogs that are isomorphic to
extant nucleo(si)tides in terms of their H-bonding faces.37

Despite the aforementioned features and the propensity of
these prebiotic nucleoside/tide surrogates to result in intact
informational oligomers (pre-RNAs), a systematic under-
standing of the ability of PGN containing pre-RNAs, to
adopt structures essential to emerging as functional RNAs,
such as aptamers and ribozymes, is lacking. Aptamers are
functional RNA motifs that have the propensity to fold into
distinct three-dimensional structures that result in binding to
selected ligands with very high affinities.38−40 Parallelly, the
biology-centric approach has seen various efforts being put into
creating artificial or semisynthetic informational polymers to
expand the genetic code of extant life.41,42 The artificial genetic
alphabets used in these studies typically comprise modified
nucleobases that have been used to study base-pairing
properties that they exhibit, as well as to characterize the
fidelity of information transfer using both in vitro and in vivo
approaches.43−45 These studies also raise an important
question concerning the genetic code of life and its possible
molecular evolution during the genetic transition from ancient
to extant life. Further, the use of several modified nucleobases
in extant biology adds compelling weight to the pre-RNA
World conjecture.46

In this aforementioned context, PGNs containing non-
canonical nucleobases that are isomorphic to contemporary
pyrimidine nucleobases have shown promise as candidates for
studying RNA-based evolution during life’s early stages.47,48

Characterizing the formation and emergent functions of these
early RNA molecules would be central to understanding the
evolution of the genetic system(s) per se. Against this
backdrop, we report the synthesis of one such putative PGN
triphosphate that contains a barbituric acid nucleobase
(namely, Barbitudine triphosphate or BaTP). Barbituric acid
(Ba) is a prebiotically pertinent noncanonical heterocyle whose
presence has been demonstrated in meteorites and under
prebiotically relevant reaction conditions.37 Further, we
demonstrate the incorporation of this BaTP into RNA, using
a bacterial T7 RNA polymerase. To our knowledge, this is the
first report of this particular moiety’s incorporation via an
enzymatic route. Further, we show that the incorporation of
BaTPs into a functional baby Spinach aptamer (bSP) RNA
does not hamper the folding of the resultant aptameric RNA.
This emphasizes the suitability of BaTP-containing aptamer
RNA for acquiring ligand binding functions, which we also
demonstrate by studying the binding of this aptamer to its
ligand DFHBI. Lastly, we also explored the propensity for
information transfer from this PGN-containing hybrid RNA
into DNA, by subjecting it to reverse transcription and PCR
amplification. This is not only important for discerning the
faithful transfer of genetic information from the PGN-
containing pre-RNA to DNA but also has implications for
delineating the transition of the genetic code from the pre-
RNA world(s) to the RNA World. Subsequent molecular
evolution driven by other selection pressures and constraining
environmental parameters is considered to have eventually
resulted in the molecular complexity that we presently see in
the extant World.

■ MATERIALS AND METHODS
Reagents. Trimethylsilyl trifluoromethanesulfonate, O-

bis(trimethylsilyl)acetamide, Barbituric acid, 1-O-acetyl-2,3,5-
tri-O-benzoyl-beta-D-ribofuranose, Sodium methoxide, and
DOWEX 50 × 8 H+ resin were all procured from Sigma-
Aldrich. DNA oligonucleotides were purchased from Eurofins,
Inc. and were used without further purification. T7 RNA
polymerase, ribonuclease inhibitor (RiboLock), NTPs, RNase
A, and RNase T1 were obtained from Fermentas Life Science.
Calf intestinal alkaline phosphatase (CIP) and snake venom
phosphodiesterase I were procured from Invitrogen (Thermo-
Fisher Scientific) and Sigma-Aldrich, respectively. Chemicals
for preparing buffer solutions were purchased from Sigma-
Aldrich (BioUltra grade). Autoclaved water was used in all the
biochemical reactions, and for HPLC analyses, HPLC grade
solvents were used.

Instrumentation. NMR spectra of small molecules were
recorded on a 400 MHz Jeol ECS-400 and Bruker AVANCE
III HD ASCEND 400 MHz spectrometers and processed using
Mnova software from Mestrelab Research. Mass analysis was
performed using an ESI-MS Waters Synapt G2-Si Mass
Spectrometry instrument. HPLC analysis was done using
Prominence UFLC Next Generation High-Throughput-
Shimadzu HPLC using reverse phase shim-pack GIST C18
column (250 mm × 4.6 mm, 5 μm). The absorption spectra
were recorded on a Shimadzu UV-2600 Shimadzu spectropho-
tometer. Steady-state and time-resolved fluorescence spectra of
the control and modified spinach aptamers were recorded on a
Fluoromax-4 spectrophotometer (Horiba Scientific). CD
analysis was performed on a JASCO J-815 CD spectrometer.
UV−Tm measurements were performed on a Cary 300 Bio
UV−vis spectrophotometer.

Synthesis of 1-(2′,3′,5′-Tri-O-benzoyl) uridine 2 and
Barbitudine. To the suspension of barbituric acid hetero-
cyclic base (0.300 g, 2.34 mmol,1 equiv) in 15 mL of 1,2-
dichloroethane under a nitrogen atmosphere, N,O-bis-
(trimethylsilyl) acetamide (1.89 mL, 7.73 mmol, 3.3 equiv)
was added. This reaction mixture was stirred until a clear
solution was obtained. After this step, the powder of activated
molecular sieves was added to the solution, followed by the
addition of 1-O-acetyl-2,3,5-tri-O-benzoylribofuranose (1.05 g,
2.09 mmol, 0.9 equiv). This mixture was then allowed to stir
for 15 min. After this, TMSOTf (200 uL, 1.16 mmol, 0.5
equiv) was added, and the mixture was heated under nitrogen
and refluxed at 90 °C for 4 h. When the starting material was
depleted significantly, the mixture was cooled to room
temperature and the clear yellow solution was diluted with
50 mL DCM. The organic layer was then extracted with 50 mL
ice-cold saturated NaHCO3 solution and washed three times
with 20 mL water. Organic layers were then dried over Na2SO4
and evaporated to dryness. The traces of impurities were
removed by column chromatography to obtain compound 2 as
a yellow-white solid (0.420 g, 32%). 1H NMR (400 MHz,
CDCl3) δ 9.02 (s, 1H), 8.04 (d, J = 7.5 Hz, 2H), 7.96 (d, J =
7.5 Hz, 2H), 7.85 (d, J = 7.6 Hz, 2H), 7.56−7.46 (m, 3H),
7.33 (dd, J = 31.9, 7.1 Hz, 6H), 6.42 (s, 1H), 6.05 (d, J = 10.6
Hz, 2H), 4.77 (d, J = 11.6 Hz, 1H), 4.67 (t, J = 8.0 Hz, 1H),
4.58 (dd, J = 11.8, 5.6 Hz, 1H), 3.69 (s, 2H). 13C NMR (101
MHz, CDCl3) δ 166.47 (s), 165.79 (s), 165.26 (d, J = 38.9
Hz), 164.94 (s), 164.24 (s), 149.66 (s), 133.82−133.03 (m),
133.16 (s), 130.07−129.80 (m), 129.68 (s), 128.89 (d, J = 8.8
Hz), 128.50 (d, J = 8.5 Hz), 86.97 (s), 79.26 (s), 74.02 (s),
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71.11 (s), 63.77 (s), 39.78 (s). HRMS: (m/z). Expected mass
for C30H25N2O10 [M + H]+ = 573.1509, observed mass =
573.1506.
Finally, to obtain barbitudine, benzoylated nucleoside

derivative 2 (0.140 g, 0.244 mmol, 1 equiv) was dissolved in
2 mL of absolute methanol, and to this solution, NaOCH3
(0.012 g, 0.220 mmol, 0.9 equiv) was added. The reaction
mixture was stirred at RT for 1 h, and the completion of the
reaction was determined by TLC (dichloromethane:methanol
= 3:1). Neutralization of the solution was achieved by adding a
DOWEX-50 WX-8 ion-exchange resin (proton form) that was
previously washed with methanol. After filtering the resin, the
methanol was evaporated, and 20 mL of water was added. The
benzoic acid methyl ester was extracted three times with 30
mL of diethyl ether each time, and the water fraction was
lyophilized to give the deprotected nucleoside barbitudine as a
pale-yellow solid (0.060 g, 94%). 1H NMR (400 MHz,
DMSO) δ 11.39 (s, 1H), 5.89 (s, 1H), 4.35 (s, 1H), 4.06 (t, J
= 6.5 Hz, 1H), 3.66 (t, J = 7.7 Hz, 3H), 3.59 (dd, J = 11.6, 3.1
Hz, 2H), 3.39 (dd, J = 11.7, 6.5 Hz, 2H). 13C NMR (101
MHz, DMSO) δ: 166.46 (d, J = 69.3 Hz), 151.0 (s), 87.86 (s),
84.17 (s), 71.43 (s), 69.94 (s), 62.27 (s), 40.01 (d, J = 99.2
Hz). HRMS: (m/z) Expected mass for C9H12N2O7Na [M +
Na]+ = 283.0542, observed mass = 283.0547. This solid was
used further without any purification step.

Synthesis of 6-Oxo Uridine-5′-triphosphate (BaTP).
An ice-cold solution of the prebiotic ribonucleoside
barbitudine (50 mg, 0.27 mmol, 1.0 equiv) in trimethyl
phosphate (1 mL) was slowly added to freshly distilled POCl3
(37 μL, 0.40 mmol, 1.5 equiv). The reaction mixture was
stirred for 15 h at ∼4 °C. A solution of bis-tributylammonium
pyrophosphate (0.5 M in DMF, 2.75 mL, 5.1 equiv) and
tributylamine (0.65 mL, 2.75 mmol, 10 equiv) was rapidly
added under ice-cold conditions. The reaction was quenched
after 30 min with 1 M triethylammonium bicarbonate buffer
(TEAB, pH 7.6, 15 mL) and was extracted with ethyl acetate
(2 × 10 mL). The aqueous layer was evaporated and the
residue was purified, first on a DEAE Sephadex-A25 anion
exchange column (10 mM−1 M TEAB buffer, pH 7.6),
followed by reversed-phase flash column chromatography
(C18 RediSep Rf, 0−40% acetonitrile in 100 mM triethy-
lammonium acetate buffer, pH 7.5, 50 min). Appropriate
fractions were lyophilized to separate the desired triphosphate
product BaTP as a (tetra)triethylammonium salt (42 mg,
16%). 1H NMR (400 MHz, D2O) δ 6.15 (d, J = 2.8 Hz, 1H),
4.68 (dd, J = 6.3, 3.1 Hz, 2H), 4.42 (t, J = 6.7 Hz, 1H), 4.22
(dd, J = 8.5, 5.7 Hz, 1H), 4.08−4.01 (m, 2H). 13C NMR (101
MHz, D2O) δ 179.73 (s), 166.67 (s), 87.38 (s), 81.15 (s),
71.72 (s), 69.46 (s), 65.84 (s), 58.66 (s). 31P NMR (162 MHz,
D2O) δ −10.58 (dd, J = 49.6, 19.8 Hz), −22.83 (s). HRMS:
(m/z) Expected mass for C9H14N2O16P3 [M−H]− = 498.9556,
observed mass = 498.9553.

In Vitro Transcription of Baby Spinach DNA Template
in the Presence of BaTP and UTP. The transcription
reactions were carried out in 40 mM Tris-HCl buffer (pH 7.9)
containing 200 ng of the DNA template (see DNA template
design below), 1 mM GTP, CTP, ATP, UTP/BaTP, 10 mM
MgCl2, 10 mM NaCl, 10 mM dithiothreitol (DTT), 2 mM
spermidine, 1 U/μL RNase inhibitor (Riboblock), and 40 units
of T7 RNA polymerase, in a total volume of 25 μL. Samples
were incubated overnight at 37 °C. The RNA products were
purified by phenol-chloroform extraction, and the RNA pellet
formed from each reaction was washed with 70% aqueous

ethanol, dried, and dissolved in 20 μL of nuclease-free water.
Control (UTP-containing) and modified (BaTP-containing)
transcripts obtained after transcription reactions were resolved
and detected by 2% agarose gel containing EtBr. Further, the
presence of Barbitudine in the RNA transcript was confirmed
by enzymatic digestion followed by HPLC analysis of the
ribonucleoside products obtained from the digestion reaction
(For experimental details, please see enzymatic digestion
protocol described below in the relevant section).

Details of DNA Template Design. The regions under-
lined depict the binding sites for the reverse primer and the
forward primer.

■ 5′TAA TAC GAC TCA CTA TAG GGT GAA GGA
CGG GTC CGT TCG CGT TGA GTA GAG TGT GAG
CTC C 3′

Enzymatic Digestion of BabSP. Approximately four
nanomoles of only the modified oligoribonucleotide transcripts
that were obtained after the transcription reaction, which was
carried out either in the presence of only BaTP or with
equimolar concentration of BaTP:UTP, was taken for
digestion experiment(s). These were then treated (separately)
with snake venom phosphodiesterase I (0.01 U), calf intestinal
alkaline phosphatase (10 μL, 1 U/μL), and Rnase A (0.25 μg),
in a total volume of 100 μL in 50 mM Tris-HCl buffer (pH 8.5,
40 mM MgCl2, 0.1 mM EDTA) for 12 h at 37 °C. After this
period, Rnase T1 (0.2 U/μL) was added, and the samples were
incubated for another 4 h at 37 °C. The ribonucleoside
mixtures obtained from the digests were analyzed by reversed-
phase HPLC using the Shimadzu Shim-pack GIST C18
column (250 × 4.6 mm, 5 μm) at 260 nm. Mobile phase A: 50
mM triethylammonium acetate buffer (pH 7.5); mobile phase
B: acetonitrile. Flow rate: 1 mL/min. Gradient: 0−10% B in 20
min and 10−100% B in 10 min.

CD Analysis of Control (UbSP) and Modified (BabSP)
Aptamer RNAs. For CD analysis, solutions of 5 μM control
baby spinach aptamer RNA (UbSP, which had U-A-G-C) and
modified aptamer RNA (BAbSP, which had Ba-A-G-C) were
prepared in sensor buffer containing 10 mM Tris at pH 7.5, 50
mM KCl, and 5 mM MgCl2, in nuclease-free water. The
samples were vortexed and spun down, annealed for 4 min at
90 °C in a heating block, and subsequently allowed to come to
RT. CD analyses were carried out soon thereafter, and the CD
spectra were recorded on a Jasco J-815 spectrometer using a
standard quartz cuvette with a 1 cm path length. Scans from
200 to 320 nm were acquired with a scanning speed of 100
nm/min, a step of 1 nm, and a bandwidth of 1 nm. A positive
band at 264 nm confirmed the formation of a G-quadplex
binding pocket, as previously reported by DasGupta et al. for
G-quadruplex-containing RNAs, including the spinach aptamer
derivatives.61 Similar CD spectra obtained for the control and
modified baby spinach RNAs confirmed the formation of the
G-quadruplex binding pocket in modified baby spinach RNA
(BAbSP).

UV-Thermal Melting (Tm) of Control (UbSP) and
Modified (BabSP) Aptamer RNAs. For UV−Tm analysis,
solutions of 5 μM control baby spinach aptamer RNA (UbSP,
which had U-A-G-C) and modified aptamer RNA (BAbSP,
which had Ba-A-G-C) were prepared in sensor buffer
containing 10 mM Tris pH 7.5, 50 mM KCl, and 5 mM
MgCl2, in nuclease-free water. The samples were vortexed and
spun down, annealed for 4 min at 90 °C in a heating block, and
subsequently allowed to come to RT. Samples were incubated
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at RT for 1 h and used for thermal melting analysis.
Measurements were performed on a Cary 300 Bio UV−vis
spectrophotometer. Temperature was increased from 20 to 90
°C at 1 °C min−1 interval, and the absorbance was measured
every 0.5 °C at 260 nm.

Fluorescence Analysis of Control (UbSP) and Modi-
fied (BabSP) Aptamer RNAs. RNA samples (5 μM) were
prepared for fluorescence analysis using a protocol similar to
that described for CD analysis. Additionally, a DFHBI (10
μM) ligand was added to the UbSP and BAbSP aptamer RNA
samples, respectively. In addition to these, a DFHBI control
(minus the aptamer RNA) was also prepared in the exact same
manner to account for any intrinsic DFHBI fluorescence.
Before fluorescence analysis, RNA samples were incubated in
the dark for 2 h. Following incubation, fluorescence analysis
was recorded on a Fluoromax-4 spectrophotometer (Horiba
Scientific) using excitation at 460 nm and emission at 500−
505 nm. The slit width used for excitation and emission was 8/
8, respectively. All of the respective controls were also analyzed
using similar instrumental parameters.

Reverse Transcription and PCR Amplification of
Barbitudine-Modified mCherry mRNA. One μg of
mCherry mRNA (1 μg) was taken for cDNA synthesis using
Superscript III first strand synthesis kit (Invitrogen catalog no.
18080051). The cDNA synthesis was done as per the
manufacturer’s recommended protocol. Briefly, the mCherry
RNA, random hexamers, and dNTPs were incubated at 65 °C
for 5 min and immediately put on ice (4 °C) for another 5
min. The 5× first strand synthesis buffer was added to the
above mix along with 0.1 M DTT, RNase Inhibitor, and the
Superscript III enzyme. The above mixture was subjected to
the following incubations: 25 °C for 5 min, 50 °C for 30 min,
followed by 70 °C for 15 min. cDNA validation was performed
by using HiFi PFU enzyme (DX/DT catalog no. R1220) using
standard PCR protocol. Briefly, the PFU master mix (2×) was
added to the forward−reverse primers (see details below) and
the cDNA template, and the PCR was set up as per the
recommended protocol.

Details of mCherry DNA Template Design. The regions
underlined depict the binding sites for the reverse primer and
the forward primer.
5′ATGGTGAGCAAGGGCGAGGAGGATAACATGGC-

CATCATCAAGGAGTTCATGCGCTTCAAGGTGCA-
CATGGAGGGCTCCGTGAACGGCCACGAGTTCGA-
GATCGAGGGCGAGGGCGAGGGCCGCCCCTAC-

GAGGGCACCCAGACCGCCAAGCTGAAGGTGAC-
CAAGGGTGGCCCCCTGCCCTTCGCCTGGGA-
CATCCTGTCCCCTCAGTTCATGTACGGCTC-
CAAGGCCTACGTGAAGCACCCCGCCGACATCCCC-
GACTACTTGAAGCTGTCCTTCCCCGAGGGCTT-
C A AGTGGGAGCGCGTGATGAACTTCGAG -
G A C GGCGGCG TGG TG A C CG TG A C C C A G -
GACTCCTCCCTGCAGGACGGCGAGTTCATCTA-
CAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCC-
G A C G G C C C C G T A A T G C A G A A G A A G A C -
CATGGGCTGGGAGGCCTCCTCCGAGCGGATG-
TACCCCGAGGACGGCGCCCTGAAGGGCGAGAT-
CAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCAC-
TACGACGCTGAGGTCAAGACCACCTACAAGGCCAA-
GAAGCCCGTGCAGCTGCCCGGCGCCTACAACGT-
CAACATCAAGTTGGACATCACCTCCCACAACGAG-
GACTACACCATCGTGGAACAGTACGAACGCGCC-
GAGGGCCGCCACTCCACCGGCGGCATGGAC-
GAGCTGTACAAGTAG3′

Forward Primer. 5′TAATACGACTCACTATAGGG-
GATGGTGAGCAAGGGCGAGGAG3′

Reverse Primer. 5′CTTGTACAGCTCGTCCATGCC3′

■ RESULTS AND DISCUSSION
Synthesis of Barbitudine, a PGN Containing Barbitu-

ric Acid. Barbituric acid was recently explored as a
prebiotically pertinent nucleobase that readily forms nucleo-
side and nucleotide analogs under prebiotically relevant
conditions.36,48 Further, the nucleoside monophosphate of
barbituric acid was observed to oligomerize effectively under
strongly acidic conditions at high temperatures, whereas the
oligomerization of canonical nucleobases under these same
conditions has been shown to result in abasic oligomers.49

Abiotically formed barbituric acid nucleoside/tide is isomor-
phic to uridine and pseudo uridine (ubiquitously found in
structural RNAs),50 making barbitudine an interesting PGN
candidate to study early RNA evolution. Additionally,
Krishnamurthy51 and Powner52 groups recently also described
a putative route for the prebiotic formation of nucleoside
triphosphates, molecules that are thought to have paved the
way for the transition from abiotic to biotic. Given all of these
aforementioned promising studies, we felt encouraged to
synthesize barbitudine triphosphate (BaTP) and systematically
explore its use as a putative pre-RNA World PGN.

Scheme 1. Synthesis of BaTP

Scheme depicting various steps in the chemical synthesis of barbitudine and its corresponding triphosphate, i.e., barbitudine triphosphate (BaTP)
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We synthesized barbitudine using a combination of
previously reported synthetic protocols53,54 with few mod-
ifications added as required.55 The nucleobase BA was made to
react with commercially available acetate donor 1 in the
presence of N,O-bis(trimethylsilyl)acetamide (BSA), using
TMSOTf as a Lewis acid catalyst (Scheme 1). Barbituric
acid has two nucleophilic centers in the form of imine
nitrogens (N1 and N3) and carbanion carbon C-5, which is
flanked by two carbonyl groups. This raised the possibility of
the formation of two nucleosides; the C-5 linked nucleoside
and the N1/N3-nucleoside as has been reported when
glycosylation of BA on to ribose was performed using
geologically relevant wet−dry cycles.36 Our reaction conditions
used for the chemical synthesis mainly yielded N1/N3
nucleosides as the major product, though we also saw a
minor amount of C-5 nucleoside formation. The resultant
protected ribonucleoside analog 2 was purified using normal-
phase chromatography, which was then analyzed by HRMS
and 1H, 13C, and 13C DEPT NMR analyses to confirm the
regiochemistry (N-glycoside vs C-glycoside) of the nucleoside
(Figures S1−S4). 1H NMR showed two proton integrations
for the barbituric acid nucleobase at the C-5 position.
Additionally, 13C DEPT showed a negative peak for the
same C-5 carbon of barbituric acid, indicating two proton
carbons. Both 1H and 13C NMR confirmed the formation of
the N-glycoside.
Further, this protected ribonucleoside 2 was subjected to

deprotection in sodium methoxide and methanol to obtain the
free ribonucleoside barbitudine. This was further extracted in
water and washed with diethyl ether to remove the methyl
ester of benzoic acid. The aqueous layer was lyophilized to
yield a pure barbitudine nucleoside (Figures S5−S8), which

was used for further experiments. Since the substrate required
for the enzymatic incorporation is a triphosphate of
barbitudine, it was successfully converted into barbitudine
triphosphate (BaTP). This was done by a one-pot reaction
using POCl3, followed by treatment with bis-pyrophosphates
in trimethyl phosphate as a solvent (Scheme 1). The resultant
BaTP was systematically purified, first using anion exchange
chromatography, followed by reverse phase chromatography.
The final compound was then subjected to HRMS and NMR
analysis to confirm the product’s integrity (Figures S9−S12).

Enzymatic Incorporation of BaTP into Baby Spinach
(bSP) RNA Aptamer. There are two routes by which BaTP
could be incorporated into an RNA to study putative emergent
properties of such pre-RNA containing polymers. One is by
using a chemical route that works for short RNAs, while the
other involves using the enzymatic route. Since we also aimed
to explore the suitability of barbitudine to demonstrate
putative abiotic to biotic transition, we proceeded with the
enzymatic incorporation route. Pertinently, this also provides a
“natural” selection pressure that allows for gauging BaTP’s
incorporation into functional length RNA stretches. This, in
turn, could also shed light on the feasibility of molecular
evolution that is thought to have potentially occurred during
early genetic transitions. Another important aspect of in vitro
RNA synthesis using T7 RNA polymerase and DNA templates
is the formation of multiple shorter RNA transcripts along with
the intended full-length RNA transcript (and transcripts with
up to +3 additions).56 This scenario provides a realistic
backdrop for characterizing emergent properties of RNA(s)
from a pool of varying lengths of RNA populations, which is
also reflective of what could have transpired in a heterogeneous
prebiotic soup.

Figure 1. Enzymatic incorporation and digestion of BaTP-modified RNA. (A) 3% agarose gel showing the baby spinach (bSP) RNA product that
resulted from in vitro transcription (IVT) reactions performed in the presence of UTP and the prebiotic genetic nucleotide, BaTP. Lane 1, 50 bp
ladder. Lane 2 shows the RNA transcripts from the IVT reaction, which used the four canonical nucleotides, including UTP. Lane 3 shows the
RNA transcripts from the IVT reaction where the UTP was totally replaced with BaTP. Comparison of lanes 2 and 3 indicates the formation of full-
length RNA transcripts, which should be in the range of 40−50 bp. (B) The competitive incorporation of natural UTP versus the PGN BaTP by
the T7 RNA polymerase enzyme was assessed by performing a reaction in the presence of equimolar concentrations of UTP and BaTP (lane 3).
(C) HPLC chromatograms of ribonucleoside products obtained from the enzymatic digestion of RNA transcripts at 260 nm. (i) Standard mix of
natural ribonucleosides and Barbitudine. (ii) RNA digests that were obtained from IVT reactions carried out in the presence of BaTP plus other 3
canonical NTs. (iii) RNA digest obtained from IVT reaction carried out in the presence of an equimolar concentration of UTP and BaTP plus
other 3 canonical NTs (sample extracted from band in lane 3 of Figure 1B). HPLC details: mobile phase A: 100 mM TEAA (pH 7.5); mobile
phase B: acetonitrile. Flow rate: 1 mL/min. Gradient: 0−10% B in 20 min and 10−100% B in 10 min.
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In this backdrop, we explored in vitro transcription reactions
for incorporating BaTP into a functional RNA motif.57 We
chose a baby spinach DNA template, which typically results in
a 43-nt long functional RNA aptamer (bSP aptamer) after
undergoing a successful transcription reaction in the presence
of the canonical UTP58 (see DNA template design in the
Materials and Methods section). In a parallel reaction, BaTP
incorporation was assessed by performing the T7 RNA
polymerase reactions in the presence of this PGN (along
with A, U, and C). The baby spinach DNA template was
designed to contain ten dA residues in the coding region. If the
BaTP-based transcription reaction proceeded as expected,
these dAs would guide the incorporation of the mono-
phosphate of BaTP into the RNA transcripts.
In this backdrop, transcription reactions were performed in

the presence of GTP, CTP, ATP, and UTP in the control RNA
reaction or by replacing UTP with BaTP in the modified
reaction. The resultant products were resolved using 3%
agarose gels. Our studies showed that the modified tran-
scription reaction that involved the use of BaTP, ATP, CTP,
GTP, and the template DNA resulted in lesser yield. The gel
analysis indicated the formation of a putative full-length RNA
transcript along with some altered-length RNA transcripts
when compared to the control reaction where the canonical
UTP was used along with ATP, CTP, and GTP (Figure 1A,
lane 3 vs lane 2). To further discern the outcome of the
transcription reaction, we performed HPLC analysis of the
RNA transcripts (Figure S13). The HPLC trace showed a
similar population distribution in the case of both the
unmodified (UbSP transcripts) and the modified RNA
transcripts (BAbSP transcripts). This result was further
corroborated by 20% denaturing PAGE analysis that also
showed truncated transcript formation in both the UbSP and
BAbSP RNA that resulted from the in vitro transcription
reactions (Figure S14). Further, we also analyzed the control
UbSP and modified BAbSP RNA transcripts by subjecting
them to HRMS analysis to characterize the control and the
modified RNA transcripts. Nonetheless, even after multiple
attempts and trying to vary the mass analysis conditions, we
were unable to obtain HRMS data for both the control and
modified RNA transcripts. In addition to instrument-related
sensitivity issues that made working with 43-mer length of
RNA molecules very challenging, the issue got compounded

due to the intrinsic complexity and the low yield of the
resultant product mixtures (Figures S13 and S14).59

Therefore, to confirm the incorporation of barbitudine
triphosphate into the bSP RNA aptamer, we performed
enzymatic digestion of the RNA that was obtained from the
transcription reactions containing BaTP-CTP-GTP-ATP (Fig-
ure 1A, lane 3), and the resulting RNA digest was subjected to
HPLC analysis. The HPLC chromatogram from the digestion
of BAbSP RNA did indeed show a peak for barbitudine. This
nucleoside eluted at the same retention time as that of the
corresponding peak that was observed in the chromatogram
obtained for a mix of nucleoside standards (Figure 1C (i) and
(ii) panels, respectively). We further assessed the competitive
incorporation of BaTP versus the canonical UTP by perform-
ing an in vitro transcription reaction in the presence of 1:1
concentrations of UTP and BaTP, along with the other three
canonical NTPs (Figure 1B). Further, the RNA digest of the
transcript obtained from this competitive incorporation of
BaTP and UTP (1:1), also showed a peak at a retention time
similar to that of the barbitudine used in the standard mix
(Figure 1C iii vs i panel).
The HPLC analysis of ribonucleoside products arising from

enzymatic digestion of barbitudine-containing RNA transcripts
from the aforementioned reactions clearly revealed the
incorporation of the ribonucleoside into the RNA transcripts.
We further confirmed the integrity of the natural as well as
barbitudine ribonucleoside by subjecting the corresponding
HPLC fraction to mass characterization (Table S1 and Figures
S15−S18). These results further unambiguously ascertained
the presence of the PGN barbitudine in the bSP RNA
transcripts. Pertinently, these enzymatic digestion results
highlight the qualitative ability of BaTP to compete with
canonical UTP during transcription reactions.

Secondary Structure Analysis of Unmodified (UbSP)
and Modified (BabSP) RNA Aptamers using CD Spec-
troscopy Analysis. As mentioned earlier, the transcription
reaction results in a scenario that reflects a heterogeneous
prebiotic soup in which RNAs that have the ability to form
secondary structures could have been selected for in certain
contexts, e.g., catalysis, ligand binding by aptamer, etc. The
presence of such structures can be delineated using
spectroscopic methods such as circular dichroism (CD), a
very useful technique for characterizing RNA aptamers that
contain G-quadruplex forming sequences. This is pertinent as

Figure 2. Secondary structure of UbSP and BAbSP aptamer RNAs. CD spectra of 5 μM unmodified UbSP (panels A and C, red trace) and
modified BAbSP (panels B and C, blue trace) RNA, respectively. Both RNA aptamer samples were prepared in a sensor buffer containing 10 mM
Tris-HCl, 100 mM KCl, 10 mM MgCl2, and at pH 7.4.
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the G-quadruplex plays a crucial role in the secondary structure
formation of UbSP and BAbSP RNA aptamers, which in turn
impinges on its functional capacity to bind its ligand.
Therefore, for CD analysis, 5 μM of unmodified (UbSP) and
5 μM of modified (BAbSP) RNAs were prepared in a sensor
buffer containing 10 mM Tris-HCl, 100 mM KCl, and 10 mM
MgCl2 at pH 7.4.
The K+ ions in the sensor buffer trigger G-quadruplex

formation, and the typical signature of a G-quadruplex was
readily observed in the unmodified RNA aptamer (UbSP) as
shown in Figure 2C (red trace). The CD spectrum of the
UbSP aptamer also revealed a positive band at 270 nm and
smaller negative peaks at 238 and 215 nm, indicating the
formation of a mixture of the hybrid, parallel/antiparallel G-
quadruplex, and is consistent with what has been reported in
the literature.60,61 Interestingly, a similar CD result was
obtained for the modified BAbSP RNA aptamer as well
(Figure 2C, blue trace), in which up to 10 uridine residues
could have been potentially replaced by the PGN, barbitudine.
The overall secondary structure seemed to be in reasonable
agreement with the control UbSP aptamer. However, the
ellipticity values on the Y-axis seem to indicate a marginally
altered effect that could be coming from the presence of the
multiple barbitudine residues in the BAbSP aptamer. This
could be due to the inability of the barbitudine residues to
stack and base pair effectively with cognate and neighboring
nucleobases.62 To assess this, UV-thermal melting analysis of
control UbSP and modified BAbSP aptamers was performed.
Five μM unmodified (UbSP) and 5 μM modified (BAbSP)
RNAs were prepared in a sensor buffer following the exact
procedure for the preparation of samples for CD analysis. The
melting studies show that the modified BAbSP aptamer has a
lower melting temperature (58 °C ± 0.5 °C) when compared
to the control unmodified UbSP aptamer (70 °C ± 0.5 °C,
Figure S19). The thermal melting profile emphasized that after
incorporation into the aptamer RNA, the 6-oxo group of the
barbitudine was affecting the H-bonding. Additionally, poor
stacking of barbitudine62 would have further resulted in
lowering the melting temperature for BAbSP when compared
to the control UbSP aptamer. These experiments also indicate
that the H-bonding and stacking ability of the heterocycle
could have been a significant selection pressure on pre-RNAs

to undergo further evolution to result in more robust
functional polymers.

Biophysical Analysis of the Modified Baby Spinach
RNA Aptamers using Fluorescence Spectroscopy. To act
as a Darwinian ancestor, the PGN containing aptamer must
demonstrate the ability to fold into the requisite secondary
structure that would result in emergent functions like ligand
binding in the case of an aptamer, or facilitate catalysis, etc. To
test this possibility, we first designed and synthesized the
aptamer RNA that contained the noncanonical PGN, BaTP.
CD analysis confirmed the ability of this modified RNA
aptamer (BAbSP) to adopt a functionally active secondary
structure. To further affirm whether the BAbSP aptamer was
indeed in the “active” form, we performed fluorescence analysis
of BAbSP in the presence of the ligand, DFHBI (3,5-difluoro-
4-hydroxyphenyl)methylene]-3,5-dihydro-2,3-dimethyl-4H-
imidazole-4-one). A fluorescence enhancement after binding to
the DFHBI ligand would help confirm the ability of the
barbitudine-modified RNA, BAbSP, to adopt the correct
secondary structure. Importantly, it will establish its ability to
acquire “function,” which in this case is that of an aptameric
function of ligand binding.
Given the aforesaid, the binding of both the control and

modified versions of the bSP RNA aptamers, to the
nonfluorescent dye DFHBI, was studied as this ligand results
in fluorescence signal enhancement on binding to the target
aptamer. Samples of 5 μM unmodified UbSP and modified
BAbSP aptamer RNAs, respectively, were prepared in a sensor
buffer using the protocol described for sample preparation for
CD analysis. To these samples was added 10 μM DFHBI
ligand, and the samples were incubated in the dark for 2h. All
of the respective control samples were also prepared in a
similar manner. After the incubation period, all the samples
were analyzed using fluorescence spectroscopy. RNA samples
(UbSP and BAbSP) in the absence of the ligand DFHBI (L)
did not show any detectable fluorescence (Figure 3C, red and
blue traces, respectively). Further, the DFHBI-alone control
showed very weak fluorescence in the absence of the target
aptamer RNA (Figure 3C, black trace). However, both
aptamer RNAs (UbSP and BAbSP) showed a significant
increase in fluorescence intensity when incubated with the
DFHBI ligand. The unmodified UbSP aptamer displayed a 5-

Figure 3. Fluorescence analysis of (A) UbSP and (B) BAbSP aptamer RNAs. Five μM UbSP and BAbSP aptamers were prepared in the sensor
buffer containing 10 mM Tris-HCl, 100 mM KCl, and 10 mM MgCl2 at pH 7.4. To this, 10 μM of the DFHBI ligand (L) was added and the
mixture was further incubated for 2 h in the dark. (C) An evident increase in fluorescence intensity was observed for UbSP (pink trace) and BAbSP
(green trace) RNAs in the presence of DFHBI. The control samples of only UbSP (minus DFHBI; red trace), only BAbSP (minus DFHBI; blue
trace), and DFHBI-alone control (black trace) did not show any significant fluorescence (excitation at 460 nm and emission at 500−505 nm).
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fold increase (Figure 3C, pink trace) in the fluorescence
intensity, while the modified BAbSP aptamer showed a nearly
4-fold increase (Figure 3C, green trace). Overall, the
fluorescence analysis indicated that the function of ligand
binding to the aptamer RNAs was clearly happening, but the
efficiency of ligand binding to the modified aptamer and the
underlying mechanism is to be ascertained.

Information Transfer from Barbitudine Containing
RNA to DNA through Reverse Transcription and PCR
Amplification. Given the success with the T7 polymerase
incorporation of BaTP, we set out to evaluate the propensity of
other extant enzymes to use BaTP effectively. Since PCR
amplification and sequencing would allow a measure of the
fidelity of canonical enzymes for tolerating the incorporation of
a PGN like BaTP, evaluating enzymes relevant to this process
was the logical next step. Toward this, UbSP and BAbSP RNAs
were subjected to reverse transcription using Superscript-III
reverse transcriptase. The cDNA obtained from these two
separate reverse transcription reactions were PCR amplified
using high-fidelity Pfu DNA polymerase in the presence of
appropriate forward and reverse primers (Materials and
Methods section). The products obtained from the PCR
reactions were then processed for Sanger sequencing.
However, due to the product DNAs’ (small) length, there
was technical difficulty in sequencing them. An alternate
strategy was to monitor the incorporation of BaTP into a
longer RNA, which could then be subjected to RT-PCR and
sequencing analysis.63 Toward this, an ∼700 nt long mCherry
DNA was transcribed using T7 RNA polymerase by an in vitro
transcription reaction, using a DNA template in the presence
of UTP (control reaction) or BaTP (modified reaction) plus
ATP, CTP and GTP nucleotides. To confirm the incorpo-
ration of BaTP, we performed the enzymatic digestion of the
resultant mCherry mRNA and subjected this digest to HPLC
analysis. The HPLC profile showed the incorporation of
barbitudine into the modified mCherry mRNA (Figure S20).
Subsequent to this, both the control and the modified RNA

transcripts were subjected to RNase-free DNase treatment for
1h at 37 °C, followed by purification using LiCl precipitation
method. To generate the complementary DNA (cDNA), 1 μg
of the respective RNA samples were subjected to reverse
transcription using Superscript III reverse transcriptase and

random hexamer reverse primers. Further, the cDNAs
generated from the respective RNAs were subjected to PCR
amplification using a high-fidelity Pfu DNA polymerase in the
presence of appropriate forward and reverse primers. We used
the following controls to confirm the successful reverse
transcription of the RNA transcripts; i.e., the minus RT
control (reaction without the RT enzyme) and the NTC
control (a nontemplate control). PCR products obtained after
the amplification reaction were directly resolved on 1.5%
agarose gel to confirm cDNA synthesis (Figure 4A). Notably,
all the positive (or test) reverse transcription reactions (+RT
samples) showed the amplicon band of the same length
(Figure 4A, lanes 2 and 4). Importantly, the absence of a band
from the negative “minus RT” control reactions further
confirmed that there was indeed a successful information
transfer happening from the control U and the modified
barbitudine containing RNA transcripts into the cDNA,
respectively. This confirmed the incorporation of A against
BA in the modified mCherry RNA transcripts. Further, to
evaluate the fidelity of the transcription and reverse tran-
scription reactions, PCR amplicons obtained from the
amplification of the respective cDNA products were validated
by Sanger sequencing (Figures S21−S24).
The sequence analysis of the PCR products showed 99%

sequence identity with the mCherry template DNA sequence
that was originally used for the incorporation of UTP or BaTP
into the RNAs during the transcription reaction step.
Importantly, sequence blasts also clearly showed that no
misincorporation was observed while incorporating thymidine
against the adenosine residues that were present in the
resultant cDNA template (Figures S22−S24). Taken together,
these results confirmed that BaTP was efficiently incorporated
into the RNA transcripts (against cognate deoxyadenosine),
which was then effectively recognized and copied by reverse
transcriptase to produce the corresponding cDNA by
incorporating T against the barbitudine in the pre-RNA
template). This ability of BaTP to be recognized and used in a
series of steps, namely, transcription, reverse transcription, and
amplification, would have been beneficial for faithful
information transfer in a pre-RNA World and its subsequent
transition to the RNA−DNA−protein world.

Figure 4. RT-PCR and sequence alignment results for unmodified and modified mCherry RNA. (A) Gel picture depicting PCR amplicons
obtained from the various cDNA samples. PCR reactions were performed with cDNA that was generated after the successful reverse transcription
of control RNA containing UTP and modified RNA containing BaTP (+RT samples), respectively. DNase-treated RNA was used as the negative
reaction control (−RT). Representative sequence alignment (BLAST) of PCR amplified DNA products obtained from cDNA, which was in turn
obtained by reverse transcribing either (B) unmodified RNA (containing uridine) or (C) modified RNA (containing barbitudine). The PCR
product sequencing data showed 99% sequence identities with the original mCherry template DNA sequence that was used for the incorporation of
UTP or BaTP into the RNA (using IVT).
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■ CONCLUSIONS
One of the fundamental hallmarks of life is its tremendous
capacity for evolution, which manifests at various levels.
Successful attempts to expand the genetic code of extant life to
create artificial or semisynthetic life confirm that evolution can
be tinkered with by externally facilitating changes (by applying
relevant “selection pressures”), which result in consequences at
the molecular level. The effective proliferation of life requires
molecules that can store and propagate information and
perform catalysis. It is hypothesized that RNA informational
molecules that acquired functional capabilities, like in aptamers
and ribozymes, would have been selected for further evolution
during the chemical origins of life.64 Nonetheless, the
emergence of a molecule like RNA readily from a
heterogeneous prebiotic soup is a nontrivial process even
under the best of circumstances.65 Given this, the systematic
understanding of how primitive informational polymers of a
pre-RNA World emerged and functioned is fundamental to
understanding how biotic life could have evolved from abiotic
life.
In this backdrop, we report the synthesis and enzymatic

incorporation of a prebiotically pertinent genetic nucleotide
BaTP, using prokaryotic proteinaceous T7 RNA polymerase.
To the best of our knowledge, such enzymatic incorporation of
BaTP has been reported for the first time. We observed that
BaTP can be effectively incorporated by this old-world RNA
polymerase to result in a full-length RNA product. Addition-
ally, BaTP also competes with its canonical counterpart UTP
during the transcription reaction. Understandably, the
preference of T7 polymerase, qualitatively speaking, seems to
be more for the canonical nucleotide than the noncanonical
one. This could be an indication of the early selection
pressures that could have been acting on such PGNs.
Nevertheless, more systematic quantitative studies are needed
to affirm this. Further, we also demonstrated the ability of
these putative pre-RNA aptamers to adopt secondary
structures by using CD analysis. This result suggests a H-
bonding pattern that could be shared between uridine and
barbitudine, as the CD profiles of the unmodified and modified
RNA aptamers did not indicate any drastic perturbation to the
secondary structure. Finally, these results were further
confirmed using fluorescence analysis wherein we showed
that the aptamer obtained by incorporation of a PGN (BaTP)
did not lead to the hampering of its function, which is that of
binding to its ligand. Au contraire, it showed effective binding
to its ligand (DFHBI) and there was fluorescence enhance-
ment comparable to that of the unmodified UbSP aptamer.
Collectively, these results indicate that the prebiotic genetic

nucleotide barbitudine has the potential to act as an early
Darwinian ancestor of modern pyrimidine nucleotides.
Further, we have systematically undertaken experiments
showing the ability for information transfer from barbitudine
and the fidelity associated with the related events. We also
showed evidence for the barbitudine containing RNA to act as
a template for the synthesis of complementary DNA in the
presence of a high-fidelity reverse transcriptase. This cDNA
could also be further amplified using a PCR reaction to yield a
full-length DNA product. These very compelling observations
highlight the potential of pre-RNAs containing barbitudine to
be suitable for processes like transcription and reverse
transcription, two processes integral to the central dogma of
extant biology. We are currently exploring other such PGNs

and the ability of mRNAs that have these PGNs to potentially
undergo protein synthesis, with multiple ramifications
including for interesting in vitro and in cellulo studies.
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