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Copying of RNA Sequences without Pre-Activation
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Abstract: Template-directed incorporation of nucleotides at
the terminus of a growing complementary strand is the basis of
replication. For RNA, this process can occur in the absence of
enzymes, if the ribonucleotides are first converted to an active
species with a leaving group. Thus far, the activation required
a separate chemical step, complicating prebiotically plausible
scenarios. Here we show that a combination of a carbodiimide
and an organocatalyst induces near-quantitative incorporation
of any of the four ribonucleotides. Upon in situ activation,
adenosine monophosphate was found to also form oligomers
in aqueous solution. So, both de novo strand formation and
sequence-specific copying can occur without an artificial
synthetic step.

Ribonucleic acid (RNA) is found in all cells. It can encode
genetic information, but it is also involved in protein syn-
thesis,[1] catalysis,[2] and the regulation of gene expression.[3]

Because RNA can fulfil several pivotal roles in biochemistry,
it is possible that life started with a so-called “RNA world”.[4]

It is therefore important to ask how oligoribonucleotides may
form in the absence of enzymes, and how the genetic
information they contain may be copied into complementary
strands without the catalytic action of a polymerase. Current-
day metabolism generates nucleoside triphosphates for rep-
lication, transcription, and encoded protein synthesis, but
nucleoside triphosphates are largely unreactive in the absence
of enzymes.[5]

The most common way to induce enzyme-free oligome-
rization of a ribonucleotide is to activate it in a separate
chemical reaction, producing a monomer with an organic
leaving group, or an anhydronucleotide.[6] The product is
isolated and then used in a subsequent oligomerization step
(Figure 1). Following this protocol, strands have been shown
to form in the presence of mineral surfaces[7] or when exposed
to elevated temperatures and/or organic solvents.[8, 9] Hetero-
geneous media favor the incorporation of all four nucleo-
tides,[10,11] and long polymers were found in eutectic phases.[11]

Pre-activated nucleotides were also used to demonstrate that
copying of a given template sequence into a complementary
strand can occur without enzymes, mostly in the form of

enzyme-free primer extension. Pre-activated nucleotides
typically used for copying include imidazolides,[12] methyl-
imidazolides,[13] and oxyazabenzotriazolides.[14] We recently
showed that when the latter react with immobilized template–
primer duplexes, near-quantitative incorporation of any of the
four nucleotides (A/C/G/U) is found.[15]

Discontinuous, two-step syntheses require complicated
prebiotic scenarios. Conditions that induce activation and
chain extension simultaneously make presumed prebiotic
processes more likely. It is therefore important to ask whether
such conditions exist and what activating chemistry supports
them. Uronium salts are known to activate nucleotides[16,17]

for subsequent coupling, but they are usually employed in
organic solvents, and it is unclear whether they are prebioti-
cally relevant. A combination of a phosphine and pyridyldi-
sulfide has also been used to activate nucleotides,[18, 19] but this
approach is not suitable for in situ activation. Simple
inorganic activation agents like COS have been shown to
induce the formation of aminoacylnucleotides,[20] but not
RNA oligomers. Simple reagents are also problematic
because the potential for side reactions in complex reaction
mixtures involving highly reactive reagents or elevated
temperatures is very high. Complex one-pot reactions often
lead to intractable mixtures or tar.[21]

One class of activation reagents that is of prebiotic
relevance is carbodiimides. Carbodiimide is a tautomer of
cyanamide, a compound formed under presumed prebiotic
conditions.[22–24] Ligations between strands terminating in
amino groups and phosphates have been induced by carbo-
diimides, including replication reactions.[25–27] It is known that
pre-activation can be induced with a conventional condensa-

Figure 1. Copying of an RNA sequence via enzyme-free primer exten-
sion, with or without pre-activation of the ribonucleotide monomer.
LG = Leaving group.

[*] Dipl.-Chem. M. Jauker, Dipl.-Chem. H. Griesser, Prof. C. Richert
Institut fír Organische Chemie, Universit�t Stuttgart
70569 Stuttgart (Germany)
E-mail: lehrstuhl-2@oc.uni-stuttgart.de

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201506592.

Ó 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co.
KGaA. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial License, which permits use,
distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

Angewandte
Chemie

14559Angew. Chem. Int. Ed. 2015, 54, 14559 –14563 Ó 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/ange.201506592
http://dx.doi.org/10.1002/anie.201506592
http://dx.doi.org/10.1002/anie.201506592


tion agent, such as N-ethyl-N’-(3-dimethylaminopropyl)car-
bodiimide (EDC) at pH 5.5,[28] but no genetic copying occurs
under these conditions. Untemplated oligomerization up to
tetramers was recently reported in homogeneous solution at
pH 6.5, accompanied by massive side reactions,[29] but not
genetic copying. In the 1960s, template-directed oligomeriza-
tions, not genetic copying, had been studied using in situ
activation, without an organocatalyst, but the yields were low
and the oligomers obtained were too short for duplex
formation.[30, 31] These results are understandable because
free ribonucleotides were shown to act as inhibitors of
enzyme-free primer extension.[15, 32]

Here we show that a combination of a carbodiimide and
an N-alkyl heterocycle as catalyst induces efficient copying
reactions on RNA templates using unactivated, free ribonu-
cleotides. While additives like free imidazole give fairly
unreactive imidazolides, alkylated imidazole as the organo-
catalyst can give a highly reactive imidazolium species. Both
primer extension on preformed RNA strands and the
untemplated de novo oligomerization of ribonucleotides to
RNA strands were observed. This shows for the first time that
genetic copying can occur without the synthetic step of pre-
activation of the ribonucleotide. Both strand formation and
copying of genetic information occur without the intervention
of a synthetic chemist. Further, it was found that the
conditions described here unleash other intrinsic reactivities
of nucleotides and amino acids, leading to the spontaneous
formation of peptidyl RNAs and cofactors, as reported in
Ref. [33].

We started by studying primer extension with guanosine
5’-monophosphate (GMP) as the monomer and cytosine as
the templating base in the RNA template (Figure 2a). This is
the most favorable case among the four copying reactions, as
GMP pairs more strongly than the other three ribonucleo-
tides (AMP, CMP, and UMP).[32] Still, copying is demanding,
as it requires both intrinsic reactivity and delicate molecular
recognition in order to be sequence selective.[34] Initially the
challenge of achieving activation and coupling in one solution
seemed all but insurmountable. The unactivated ribonucleo-
tide was known to act as a competitive inhibitor to primer
extension, blocking the extension site.[15] Since NMR mon-
itoring indicated that the vast majority of ribonucleotide
molecules in solution remain unactivated upon treatment
with EDC, reactions were expected to be inefficient. Further,
the temperature optimum is different for the two steps, with
coupling best performed at low temperatures,[14] but activa-
tion at room temperature or above. Also, while activation is
favored by organic solvents and acidic pH,[28] coupling
requires aqueous buffer to achieve the template effect and
neutral or basic pH to ensure nucleophilic reactivity at the
primer terminus.

We monitored primer extension with MALDI-TOF mass
spectrometry under conditions that allow for quantitative
detection.[35] Initially, no extension of primer 2 by GMP was
detectable, even in high-salt buffer containing 0.8m EDC, and
our experimental work aimed at high-yielding reactions was
unsuccessful, in agreement with the low yields reported in the
early literature.[30, 31] Only when an organocatalyst was used
did detectable copying set in.

Adding imidazole or 2-methylimidazole led to 2% con-
version after 24 h. Presumably, imidazolides of the nucleotide,
known monomers for copying,[29, 36] were formed in the
solution, but steady-state levels of these species were not
high enough for efficient extension. With 1-methyladenine as
catalyst,[37] 12% primer extension was observed after 1 d at
20 88C. When 1-ethylimidazole was used, the yield of extended
primer was 32% after 24 h (Table 1). A subsequent screen of
pH values gave an optimum of 7.5.

Next we varied the salt conditions. In the absence of
a divalent metal ion, no primer extension was observed. In the
presence of 80 mm Mn2+, 10% extended primer was detected
after 24 h at pH 8. With 80 mm Ca2+, 25 % conversion was
found after 24 h. The fastest reaction was observed with Mg2+,
with 70% extension after 1 d and 90% conversion after 2 d
(mass spectrum in Figure 2a). With the same buffer and
a mixture of GMP and CMP, two consecutive high-yielding
copying steps occurred on a hairpin template that prevents
uncontrolled further extension (Figure 2b). When uridine 5’-
monophosphate (UMP), the most weakly pairing nucleo-
tide,[32] was offered to a primer on a template with adenine as
the first templating base, 75% incorporation occurred after
2 d. Lowering the temperature to 0 88C, conditions close to
those of eutectic ice phases, led to near-quantitative incorpo-
ration of UMP after 5 d in 0.5m HEPES buffer (Figure 2c,
last entry in Table 1). High concentrations are characteristic
of eutectic ice phases, and the beneficial effect of low
temperatures for copying was known.[17] The buffer thus
optimized was dubbed “general condensation buffer” (0.8m
EDC, 0.15m 1-ethylimidazole, 0.08m MgCl2, 0.5m HEPES,
pH 7.5) and was used in all subsequent assays.

Figure 2. High-yielding incorporation of three of the four ribonucleo-
tides opposite their complementary bases in aqueous condensation
buffer with in situ activation. a) Extension of primer by GMP after 2 d
at 20 88C; b) consecutive extension of primer by GMP and CMP after
6 d at 20 88C; c) extension of primer by UMP after 5 d at 0 88C. In each
case, the reaction scheme is shown next to a MALDI mass spectrum;
conditions: 0.8m EDC, 0.1–0.15m ethylimidazole, 0.4m NaCl, 0.2–
0.5m HEPES buffer, and/or 0.08–0.16m MgCl2. See the Supporting
Information for details.
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In mass spectra of copying assays with AMP as the
monomer, strong peaks for oligoadenylates were observed.
This was unexpected because similar assays with pre-acti-
vated monomers had not shown oligomers.[14,15, 17] We immo-
bilized template–primer duplexes on magnetic beads via
hybridization (Figure 3).[15, 38] Now, magnetic separation, fol-
lowed by washing the beads and denaturation allowed an
unobstructed view on copying reactions, even for A (Figure
3a). Kinetics showed that incorporation of AMP opposite U
occurred with a half-life time of approximately 3 d. This is less
than one order of magnitude slower than similar reactions
involving pre-activated forms of AMP.[15, 39]

To confirm that the copying conditions found are general,
primer 7 was hybridized to three other templates, each
offering a different template base (C, G, or U). The resulting
primer–template duplexes were allowed to react with the
corresponding ribonucleotide (AMP, CMP, GMP or UMP). In
each case near-quantitative primer extension was observed
(Figure 3b–d). Despite the high concentrations, which are
reminiscent of what is found in eutectic ice phases,[11] the
reactions were surprisingly well behaved, with little to no side
products detectable by MALDI MS. This confirmed that
enzyme-free copying of RNA does not require pre-activation.

Finally, we performed an exploratory study on strand
formation occurring under our in situ activation conditions
(vide supra). Using a combination of ion-exchange HPLC and
MALDI MS, we tested for the formation of oligomers in
solutions of AMP, UMP, or CMP (150 mm each) after one
week at 0 88C. For GMP, a 20 mm solution was used to avoid
precipitation and aggregation. Only for AMP > 90% of the
monomer was converted after 7 d, whereas for CMP � 25%

of the monomer remained, and � 40 % of UMP was
unreacted after 7 d. In the case of GMP, peaks were too
broad for unambiguous assignment, but it appeared that
significant concentrations of both monomers and short
oligomers were present. Figure 4 shows results from an
assay with AMP run for 30 d at 0 88C. Peaks for chains of up
to at least nine AMP residues are discernable. The formation
of mixed sequences that can encode genetic information from
any of the four ribonucleotides (A/C/G/U) is presented in
Ref. [33]. Taken together, our results confirm that “general
condensation conditions” induce both high-yielding copying
reactions and the untemplated de novo formation of RNA
strands.

In conclusion, we report that the combination of a carbo-
diimide and an N-alkylated heterocycle as the catalyst induces
high-yielding genetic copying. The efficiency of the reaction
strongly depends on the choice of the covalent catalyst. A
positively charged imidazolium species, expected to form with
1-ethylimidazole, is apparently much more reactive than the

Table 1: Results of primer extension assays in solution.[a]

Template,
primer[b]

NMP[c] Cat.[d] Buffer[e] pH T [C88] t [h] Exten-
sion [%]

1, 2 G – A 6.7 20 24 <1
1, 2 G Im A 6.7 20 24 2
1, 2 G 2-MeIm A 6.7 20 24 8
1, 2 G MeAde A 7.7 20 24 12
1, 2 G 1-EtIm A 6.7 20 24 32

1, 2 G 1-EtIm A 5.5 20 24 44
1, 2 G 1-EtIm A 6.5 20 24 62
1, 2 G 1-EtIm A 7.0 20 24 63
1, 2 G 1-EtIm A 7.5 20 24 74
1, 2 G 1-EtIm A 7.9 20 24 73

1, 2 G 1-EtIm A 7.9 20 48 90

3, 2 G+ C 1-EtIm A 7.5 20 140 95

4, 5 U 1-EtIm A 7.5 20 50 75
4, 5 U 1-EtIm B 7.5 0 120 92

[a] For conditions, see General Protocol 1 in the Supporting Information.
[b] 60 mm Template, 50 mm primer. [c] 20 mm GMP; or 150 mm UMP; or
50 mm GMP and 50 mm CMP. [d] Catalysts: Im, imidazole; 2-MeIm, 2-
methylimidazole; MeAde, 1-methyladenine; 1-EtIm, 1-ethylimidazole
(0.1m of either for Buffer A; 0.15m 1-ethylimidazole for Buffer B).
[e] Buffer A= 0.2m HEPES, 0.4m NaCl, 0.16m MgCl2, 0.8m EDC; Buffer
B =0.5m HEPES, 0.08m MgCl2, 0.8m EDC.

Figure 3. High-yielding incorporation of any of the four ribonucleotides
opposite their complementary bases in condensation buffer. Reaction
schemes are shown next to MALDI mass spectra. The oligodeoxynu-
cleotide that immobilizes the primer–template duplex on beads is
shown in italics; the tetramer downstream of the extension site limits
the chain growth to a single step, facilitating analysis.[15] a) Extension
by AMP, spectrum after 21 d at 0 88C; b) extension by CMP, spectrum
after 8 d at 0 88C; c) extension by GMP, spectrum after 8 d at 0 88C;
d) extension by UMP after 21 d at 0 88C. Conditions: 0.8 m EDC, 0.15m
1-ethylimidazole, 0.5m HEPES buffer, and 0.08m MgCl2. See the
Supporting Information for details.
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well-established imidazolides. Chain growth is not limited to
template-directed reactions. Oligomerization of ribonucleo-
tides occurs in the absence of a mineral surface. It takes place
at a fast enough rate to provide strands that may act as
templates or primers, but slowly enough not to dominate the
reaction landscape, so that is still allows for sequence-
selective copying steps. The fast oligomerization of AMP is
an interesting contrast to the slow primer extension on A-rich
templates,[40, 41] the second step of replication scenarios with
strand formation and subsequent copying, suggesting a kinetic
compensation. Based on our results, a more conclusive
picture of the emergence of RNAs can be formulated, and
much simpler experimental setups can be used to study their
formation. A number of other processes leading to pivotal
biomolecules occur under the same general condensation
conditions, as reported in Ref. [33].

Experimental Section
Condensation buffer: The optimized reaction medium, referred to as
“general condensation buffer” was an aqueous solution of HEPES
(0.5m), MgCl2 (0.08m), 1-ethylimidazole (0.15m), and the appropriate
concentration of reactants, adjusted to pH 7.5. A fresh aliquot (65 mL)

of this solution was added to EDC hydrochloride (10 mg, 52 mmol) to
give an initial EDC concentration of approximately 0.8m.

Primer extension : A suspension of beads with capture oligonu-
cleotide (5 mL, 5 mg mL¢1) in HEPES buffer (0.5m with 0.08m MgCl2,
pH 7.5) was treated by addition of solutions of template (0.6 mL,
100 mm, 60 pmol) and primer (0.5 mL, 100 mm, 50 pmol) and left at 0 88C
for 15 min. The supernatant was aspirated, and 5 mL of a freshly
prepared condensation buffer containing either AMP (0.15m), GMP
(0.02m), CMP (0.15m), or UMP (0.15m) at pH 7.5 was added. The
mixture was transferred to a vessel containing 5 nmol of the down-
stream-binding tetramer, vortexed for 5 s, and incubated at 0 88C. At
5 d intervals the supernatant was drawn and replaced with a fresh
solution. The reaction was monitored with MALDI-MS.[15]
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