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For the emergence of life, the abiotic synthesis of RNA from its
monomers is a central step. We found that in alkaline, drying
conditions in bulk and at heated air-water interfaces, 2’,3’-cyclic
nucleotides oligomerised without additional catalyst, forming
up to 10-mers within a day. The oligomerisation proceeded at a
pH range of 7–12, at temperatures between 40–80 °C and was
marginally enhanced by K+ ions. Among the canonical
ribonucleotides, cGMP oligomerised most efficiently. Quantifica-
tion was performed using HPLC coupled to ESI-TOF by fitting

the isotope distribution to the mass spectra. Our study suggests
a oligomerisation mechanism where cGMP aids the incorpora-
tion of the relatively unreactive nucleotides C, A and U. The
2’,3’-cyclic ribonucleotides are byproducts of prebiotic phos-
phorylation, nucleotide syntheses and RNA hydrolysis, indicat-
ing direct recycling pathways. The simple reaction condition
offers a plausible entry point for RNA to the evolution of life on
early Earth.

Introduction

The central and multifunctional role of RNA within biology
points towards RNA as a chief informational biopolymer for the
onset of molecular evolution.[1] Polymerisation involving more
than a single type of canonical nucleotide, generating a varied
pool of RNA strands, has not been achieved under aqueous
conditions.[2–6] Chemical activation strategies are deployed to
trigger RNA polymerisation[3,7,8] and template-directed primer
extension of sequences.[9,10] In the earliest self-replicating
systems, the formation of complementary strands for replication
and transfer of genetic information by non-enzymatic processes
is believed to be important and homopolymers are not
considered very useful as genes.[11] Short RNA strands, especially
from dimers[11] to tetramers[12,13] have been shown to enhance
the copying of mixed-sequence templates in comparison to

monomers. Thus, it is necessary to have a oligomerisation
mechanism that is able to generate short mixed-sequences that
later function as primers and templates for copying of longer
sequences.
We base this study on 2’,3’-cyclic mononucleotides (cNMP)

which (a) possess an intrinsically activated phosphate; (b) are
products of several prebiotic phosphorylation and nucleotide
syntheses;[14–18] and (c) are products of neutral to alkaline
chemical and enzymatic hydrolyses of RNA.[19–23] In comparison,
the dry oligomerisation of 3’,5’-cGMP[24–26] did not foster the
oligomerisation of the other ribonucleotides.[26] Orgel and
coworkers, reported conditions for 2’,3’-cAMP oligomerisation
by drying for 40 days with a 5-fold excess of ethane-1,2-diamine
and yields up to 0.67% of 14-mers.[4,6] Other catalysts such as
imidazole or urea required temperatures up to 85 °C and offered
lower yields.[4,6]
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We found that 2’,3’-cGMP oligomerised spontaneously
under alkaline (pH 7-12) drying conditions (40-80 °C), within a
day. The other canonical cNMP were relatively inert under
similar conditions. Our observations of cAMP and cUMP forming
up to trimers are consistent with literature.[27,28] The oligomerisa-
tion is demonstrated in the presence of bulk water at the air-
water interface, within a microfluidic thermal chamber. The
chamber mimics conditions of a heated, water filled volcanic
rock pore that includes a gas bubble.
In an oligomerisation mixture of cNMP, we observed

oligomers rich in G nucleotides, but with C, A and U
incorporated at lower concentrations. Computational and
modelling results suggest that the oligomers of cGMP form a
self-assembled scaffold in the dry state, which could incorporate
the nucleotides C, A and U to form short mixed-sequence
oligomers.

Results

Polymerisation of cGMP

An aqueous solution of the sodium salt of 2’,3’-cGMP (20 mM)
was dried for 18 hours at 40 °C in the presence of 40 mM KCl.
Since the monomers are monosodium salts, there was an equal
concentration of Na+ ions when in solution (20 mM). All the
reported concentrations throughout the article are calculated
for a volume of 100 μL. The total concentration of each n-mer
(oligomer) is a sum of oligomers containing the linear-
phosphate (-P) and the cyclic-phosphate (-cP) on the n-mer
terminus. Both endings are well discriminated by HPLC as the
n-mer-cP is eluted before a n-mer-P of the same length (S2d).
Typically, about 90% of the n-mers consisted of -P endings
(S5d). Due to propensity of purines to form non-covalent
aggregates in mass spectrometry detection,[29] a combination of
HPLC and ESI-TOF techniques were used for detection of
oligonucleotides. The non-covalent stacked n-mers (eg. two 4-
mers) are discriminated from covalent n-mers (eg. an 8-mer)
due to the higher mass of the stacked n-mers by one H2O in the
MS and the corresponding HPLC retention times of n-mers
under denaturing HPLC conditions.[30–32]

The denaturing conditions of the HPLC column at 60 °C
efficiently resolved synthetic oligoG n-mers without signs of
aggregation, as shown in Figure 1c. It must be noted that an n-
mer-cP and a cyclised n-mer of the same length would have the
same mass, but are unlikely not to be discriminated by the
HPLC retention times. The presence of n-mer-cP is established
from the 31P NMR peak at ~20 ppm in Figure 1d. Oligomers
from 2- to 15-mers (S8a) were detected by HPLC-MS for cGMP
oligomerisation. For quantification, only 2- to 10-mers were
considered throughout the study.
The error bars can be estimated based on plots of cGMP

oligomerisation (5 replicates) in S8a, with a mean standard
deviation of 2.95 μM between independent runs of the experi-
ment. The error bars are not indicated in the figures as they
would appear insignificant on the log scale. For quantification,
the HPLC retention times of the oligomer standards of G were

first optimised on an RP C-18 HPLC column coupled to ESI-TOF.
Figure 1c shows the HPLC chromatogram of 2- to 10-mers for
oligoG standards (with 1 eqv. of KCl) with their respective
retention times. We found efficient separation and no evidence
for the formation of aggregates. The ion counts of the n-mer
with their HPLC retention times are shown in S2b. By comparing
the ion counts, we confirmed the high efficiency of the post-
polymerisation ethanol precipitation protocol and its negligible
influence (S3). However, the precipitation was used to remove
excess monomers which would otherwise saturate the HPLC
column, yielding a robust method for the quantification of the
complex oligonucleotide mixtures (S2c).
The calculated isotope probabilities of the n-mers in the

various charge states were fitted to the raw mass spectra using
a self-written LabView program. This allowed us to identify salt
adducts formed in the mass spectrometer and to fit overlapping
isotope patterns. The retention times of the oligoG standards
were used to obtain time-brackets to sum the mass spectra.
Further details on the calibration used for the quantification
within the program and the functional modes of the program
are elaborated in S1–S6. Based on preliminary enzymatic
digestion experiments, we estimated that the formed G

Figure 1. Oligomerisation of Guanosine-2’,3’-cyclic monophosphate
(cGMP·Na). A 20 mM cGMP·Na solution was heat-dried with 40 mM K+ at
40 °C for 18 hours, under ambient pressure in 100 μL volume. (a) Polymer-
isation was screened over a range of pH 3–12. The reported concentrations
were the sum of terminal cyclic (-cP) and linear phosphate (-P) containing
oligomers. Oligomers without terminal phosphates were not detected.
Polymerisation was optimal at pH 10 with total oligomer yields of ~3.5%
(inset). The solid line shows results of the polymerisation model based on
stacked assembly (S19). (b) pH screen with 100 mM imidazole under similar
conditions. No significant increase in oligomerisation was found by adding
imidazole. (c) Diode array detector (DAD) absorbance at 260 nm for 50 μM
oligoG standards (-P endings) and 100 μM KCl used for confirming HPLC
separation and the determination of retention time for quantification with
ion counts. (d) 31P proton-decoupled NMR spectrum (10% D2O, pH 10), of
oligomerised G sample: the signals corresponding to phosphodiester
linkages for both 3’-5’ and 2’-5’ are between � 0.8 and � 1.1 ppm.
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oligomers were linked by 2’-5’ and 3’-5’ phosphodiester link-
ages in about 1 :1 ratio (S21–S23). The linkage type in the
oligomerisation was also confirmed by 31P NMR (Figure 1d) and
the peaks were assigned based on the literature values.[33,34]

Figures 1a and 1b compare the effect of pH on the lengths
and concentrations of the n-mers formed by drying with K+

(Cl� ) and imidazole respectively. We determined the optimal
reaction temperature to be 40 °C (S5, S8b). Imidazole and its
derivatives are used in the literature as nucleotide activation
agents for templated primer extension reactions,[9] as a
buffering agent and a catalyst for oligomerisation.[4] The
addition of imidazole did not enhance the length and
concentration of n-mers in comparison to oligomerisation with
K+.

Polymerisation from cNMP

We also tested the polymerisation tendencies of cAMP, cUMP
and cCMP under the same heat-drying conditions and found
that these monomers did not polymerise to the same lengths
and concentrations as cGMP. Figure 2a shows that the polymer-
isation trend decreases in the order cGMP>cUMP>cAMP>
cCMP. The dominance of G-polymerisation prompted us to
investigate the copolymerisation of these moderately reactive
mononucleotides under the influence of the well oligomerising
cGMP. We found that a mixture of two or four different
monomers was capable of generating mixed sequence oligom-
ers, where the majority of the mixed oligomers were rich in G.
We probed if the oligomerisation of a G and C mixture could
reach levels where hybridisation between strands could be
possible. Thus, we oligomerised a binary mixture of cGMP and
cCMP (20 mM each), under heat-drying conditions (40 °C) in the
presence of 40 mM KCl. Comparing quantities of C2 in Figure 2a
and 2b, the concentration of C2 is enhanced 2 fold and C3
became detectable; besides the fact that mixed GC oligomers
are formed (Figure 2b). The detailed sequence composition for
GC mixed polymerisation is seen in Figure 2e, showing that the
G2 to G10 contribute to the bulk of the oligomers formed in the
polymerisation mixture. Up to two C’s were incorporated into
oligomers �4-mers, one C is incorporated into 5-mers and
none were detectable beyond them. A similar analysis of GA
and GU binary mixtures is available in S9a, b.
GC mixed polymerisation was favoured at temperatures

ranging from 40 °C to 80 °C (Figure 2c), similar to cGMP (S5b,
S8b). It must be noted that in reactions at 30 °C for 18 hours,
the drying was incomplete within the polypropylene tubes
used for the experiment and the reaction kinetics in the dry
state was reduced. Higher temperatures on the other hand
possibly contributed to the degradation of the monomers (S4c)
and the formed oligomers as seen in the trace comparisons
under 80, 60 and 40 °C in Figure 2c.
Specific cations also influenced cNMP oligomerisation. We

found that K+ ions yielded higher concentrations and lengths
of the oligomers in comparison to Na+ ions at the same
concentrations. The presence of Mg2+ ions in the reaction
mixture inhibited polymerisation (Figure 2d). The dependence

of polymerisation on K+, Na+ and Mg2+ salt concentrations is
shown in S10, indicating that 1–3 eqv. of the same cation
display similar results, but the type of cation affected the
efficiency of oligomerisation.

Polymerisation of cNMP in a heated rock pore mimic

Wet-dry cycles in surface-based geological settings are sub-
jected to a drift in salt and pH conditions due to the imbalance
caused by the evaporation of pure water and the rehydration of
the fluid that contains salt. Wet-dry cycling can also occur in a
closed chamber, subjected to a temperature gradient.[35] The
water that evaporates on the warm side re-enters the fluid on
its cold side. This causes interface shifts and the dew droplet
dynamics on the cold side, offering wet-dry cycles under

Figure 2. Oligomerisation of mixed Nucleotide 2’,3’-cyclic monophosphate
(cNMP). (a) Homooligomers of cGMP·Na, cAMP·Na, cCMP·Na, cUMP·Na were
individually produced from a 20 mM solution at 40 °C for 18 hours.
Oligomers of G were formed in far higher concentrations than polyC, A and
U. The solid line shows results of the polymerisation model based on stacked
assembly (S18). The approximately 3x lower yield for oligoG compared to
Figure 1a is attributed to the lack of K+ ions. (b) Oligomerisation of cGMP
and cCMP at 40 °C with 40 mM K+. The base C is incorporated into the
sequences in the presence of cGMP while only dimers were detected
without it. (c) Temperature screening over a range of 30–80 °C for GC
oligomerisation. Reduced concentration of n-mers >3 is observed for 80 °C,
possibly due to ring opening of the cyclic phosphate monomers (S4c).
(d) The presence of 40 mM K+ increased the concentration of n-mers while
added Mg2+ quenched polymerisation (S10a). (e) Sequence composition of
cGMP and cCMP mixed oligomers at 40 mM K+. Oligomers show G-rich n-
mers and suggest the presence of all possible combinations in trimer
sequences.
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constant pH and salt conditions. The geological analogues of
such a setting would be volcanic rock pores which are partially
filled with fluids and are subjected to a thermal gradient. We
have previously reported prebiotically important processes such
as accumulation, phosphorylation, encapsulation, gelation,
strand separation, enzymatic DNA replication and crystallisation
within such settings.[35–37]

For the polymerisation within this setting, we started with
20 mM total monomers (5 mM each of cG, cC, cA and cU). After
the chamber was loaded with the monomer solution, a thermal
gradient was applied which drove continuous wet-dry cycles
just above the air-water interface inside the chamber (Fig-
ure 3a). Over time, the meniscus of the bulk liquid receded in
an oscillatory manner depending on how many dew droplets
formed above the interface; and dried material precipitated on
the warm side as a consequence (Figure 3b). The dew droplets
grew at the cooler side of the chamber by surface-tension
driven fusion and made contact with the warm side, rehydrat-
ing the dried material and transporting it back into the bulk.[37]

This phenomenon was allowed to continue for 18 hours, after
which the setup was dismounted and the remaining bulk liquid

and the dried flakes (after dissolution) were sampled for
analysis.
The pH of the samples at the end the reaction was found to

be lowered by a pH unit, indicating the formation of acidic
species in the reaction mixture. A likely cause of the pH drop is
the acidification by the ring opening of the cyclic phosphate in
the mononucleotides and the oligomers (S4e, S5c, d). At higher
temperatures, the pH drop was 1.5 to 2 pH units (S4e).
Despite the presence of bulk water, the oligomerisation

inside the simulated volcanic-rock pore showed comparable
yields as that of the heat-dried conditions. This indicates that
the heated interface can access conditions favourable for
polymerisation similar to bulk dried polymerisation conditions.
The constant feeding of monomers from the bulk fluid could
also be an important factor. A length-selective enzymatic DNA
replication was reported recently within this setting, indicating
the possible continuity of prebiotic chemistry in such a
setting.[37]

We observed all the dimer sequence combinations and
most of the trimers (Figure 3c). However, the tetramers and
pentamers are predominantly sequences rich in G. The length
selectivity of the HPLC allowed the detection of longer
sequences. However, the isotopic fit to the raw mass spectra
provided by our LabView-based analysis showed that longer
species with concentrations lower than 0.2 μM were lost in the
background noise of the mass spectra. Moreover, different
oligomers can have similar masses (eg. Table S3 and S4), so to
avoid false positives, sequences with mass overlaps were not
included here. This is in addition to the rigid selection criteria,
based on fitting of the isotopic distribution (S12) and only
considering mass spectra within the optimised n-mer retention
times of the HPLC. A full sequence composition analysis for GC
and GCAU mixtures with comparison between dry polymer-
isation and simulated rock-pore polymerisation is provided in
S11. In comparison, CAU reaction mixture yielded only dimers
(S9c), indicating again the central role of G in the copolymerisa-
tion process.

Computational study of the proposed intercalated stacked
arrangement

Based on the hypothesis that a stack-assisted geometry is
triggering the oligomerisation of 3’,5’-cGMP,[26] we studied the
suitability of intercalated stack arrangements for the oligomer-
isation of 2’,3’-cNMP. We explored the stability of the stack
arrangements, and the incorporation of cNMP monomers into
polymerised cGMP scaffold, based on minimum energy struc-
tures and molecular dynamics simulations (Figure 4a–c and
S24–34).
To investigate the suggested intercalated stack arrange-

ment for several possible species, we have computed the
stacking interaction energies and evaluated the minimum
energy geometries obtained at ωB97 M-V/def2-TZVPD level of
theory.[38–41] All systems were studied in the gas phase as well as
with implicit solvation (C-PCM).[42] The quantum mechanical

Figure 3. RNA oligomerisation in the vicinity of air inclusions in a heated
simulated rock pore. (a) Side view. The chamber is 500 μm in depth and
subjected to a heat flow with a temperature gradient of 38–54 °C. (b) Front
view. The thermal gradient drives continuous evaporation and recondensa-
tion in the air inclusions, triggering accumulation and wet-dry cycles.
Molecules accumulated at the interface are dried from a receding interface
due to evaporation. Rehydration is provided by dew droplets on the cold
side which merge with the bulk solution due to surface tension.
(c) Oligomerisation of four canonical monomers: cGMP, cCMP, cAMP and
cUMP, 5 mM each, 40 mM KCl at pH 10 for 18 hours. Especially for the longer
strands, the oligomerisation in the simulated rock pore shows improved
yields over the dry reaction. The physically triggered wet-dry cycling and
length selectivity in this environment has been shown to drive efficient
replication and selection cycles,[37] making the finding of oligomerisation to
provide the raw material for templated ligation very interesting. Moreover,
this shows that oligomerisation under simulated geological conditions is
possible without the need for arid conditions on early Earth. The trends
show a rich set of mixed short sequences when all four nucleotides are
mixed together for oligomerisation.
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computations were performed using FermiONs+ + [43–45] in
combination with Chemshell.[46]

These computations were complemented by GFN-FF molec-
ular dynamics simulations,[47] for the systems encapsulated in an
explicit water sphere using xtb.[48] The stacking of homoge-
neous monomers were tested (N,N/N,N) with N=A, U, G, C and
the incorporation of monomers into a dimer and trimer scaffold
of G was probed (N,N/G� G or N,N/G� G� G). The 3’-5’ linked G� G
and G� G� G accommodate A, U and G monomers into the
scaffold providing a stable arrangement for the initiation of
polymerisation. For C an alternate arrangement involving
hydrogen bonding with a G within the scaffold is observed
(S28). We found that a 2’-5’ oligoG scaffold seemed to enhance
the alignment (Figure 4a, b, c), confirmed both by static and
dynamic computations (S30, S31).

Theoretical model of cGMP polymerisation

Additional evidence supporting a stacked polymerisation mech-
anism comes from the observed non-exponential length
distribution of the oligomer concentrations. This supports the
idea that the formation of dimers is the rate limiting step: the
concentration drop from monomers to dimers was most
significant. For the cGMP oligomerisation in Figure 1a, the
20 mM monomer concentrations drop to 0.15 mM for G2, then
forming a flat concentration plateau, in contrast to the typical
exponential length distribution in homogeneous
polymerisation.[49]

To test this idea, we fit the concentration distribution of G
homooligomers with a stacked polymerisation model (solid line
Figure 1a and 2a). The model assumed a three-step polymer-
isation reaction: i) a monomer of length i and a oligoG scaffold
k can stack together with rate ν, ii) the de-stacking rate δk,i

decreases exponentially with the number of stacked bases nk,I,
iii) another monomer of length j can stack to the complex. If the
stacks persist long enough, the polymerisation reaction ligates
the two monomers with rate 1 (see for details S18–S19). The
model fits the experimental data, suggesting a rate limiting
step for the formation of short oligomers due to the required
mutual alignment. It should be noted that it is difficult to
distinguish between inter-base stacking or a plausible G-tetrad
arrangement suggested based on the enhanced polymerisation
observed with K+ (Figure 4d).

Discussion

Our data suggests that cGMP oligomerises in dry state at
moderate temperatures and pH. The oligomerisation occurs
over a range of temperatures (40–80 °C) and pH (7–12) and
does not require additional catalysts, making this reaction
robust. Dissolved gases and salts could adjust the pH of the
environment, making RNA formation more probable under early
Earth models.[50,51] We also showed polymerisation in the wet-
dry cycling environment at a heated air-water interface, adding
RNA polymerisation to the pool of prebiotic processes possible
within such a setting.[35–37] The tested conditions of wet-dry
cycles at an air-water interface or direct drying keep the
reaction out of equilibrium. The cyclic monomers undergo
polymerisation and ring-opening (Figure 1d), of which the ring-
opening is still the dominant product at the tested temper-
atures (S4). Under the tested conditions, the reaction yielded
oligomers up to 15-mers. The formed oligoG incorporated
cCMP, cAMP and cUMP monomers, albeit in lower concen-
tration, which did not homooligomerise significantly. As a
rough comparison to the yields achieved by Verlander and
Orgel with homooligomers of cAMP in the presence of ethane-
1,2-diamine, we observed ~0.35% for a 6-mer of oligoG in
18 hours compared to 0.81% for polyA in 40 days.[6]

An important feature of this oligomerisation is that the 2’,3’-
cyclic phosphate group, under alkaline pH, is sufficient to
trigger oligomerisation without ex-situ or in-situ activation
mechanism or added catalysts, and under low salt conditions.

Figure 4. Possible supramolecular assemblies facilitating polymerisation of
cNMP. Molecular dynamics simulations suggest polymerisation of A, U and C
by intercalating into stacks of oligoG. (a) Distances between bases in the
complex of unpolymerised nucleotides show that polymerisation is
disfavoured due to drifting away of the complex. (b) The assembly formed
when the bases are templated by covalently linked G� G (2’-5’) dimers, forms
the most stable complexes and make possible the incorporation of the G, C,
A, and U within the n-mers observed in our experiments. (c) Snapshot after
energy minimization of stacking interaction between a oligomerised scaffold
of cGMP (G� G) to template the cGMP and cUMP monomers (U,G). The
dotted lines mark distances between the bases used to evaluate the stability
of the complex. (d) However, the self-oligomerisation of oligoG could also be
based on stacks of G-tetrads, stabilised by inner K+ ions, coinciding with the
promotion of oligoG formation by K+ ions. R denotes the ribose of RNA.
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The finding that the oligomerisation starts without added
catalysts – and that the reaction site is not yet blocked by a
catalyst – is a very good starting point for Darwinian evolution
to speed up this reaction rate. Low salt conditions are
interesting for RNA evolution since they notably help strand
separation and reduce RNA degradation.[36]

cNMP oligomerisation is found to be a relatively clean
reaction under the tested conditions. In comparison, in situ EDC
activation yields side products, especially at high
temperatures.[52] We did not detect any major side products
with ESI-TOF, other than the salt adducts of sodium and
potassium.
The abiotic formation and recyclability of the cNMP

monomers is feasible, as they are known to be produced under
several phosphorylation conditions, nucleotide syntheses and
are common degradation products of RNA.[19–23] Thus, with the
likelihood of finding catalytic boosts for this found reaction
mode, a cycle of reactions involving polymerisation, oligomer
extension, polymer hydrolysis and reactivation of monomers
under early Earth conditions becomes conceivable. Further-
more, recombination and templated ligation involving 2’,3’-
cyclic ending oligomers[53] have been observed.
For our studies, we compared two monovalent ions (K+,

Na+) and one divalent cation (Mg2+). They were chosen for their
relevance in contemporary cytosolic media, their abundance on
the early Earth[54] and for the role of Mg2+ in ribozyme
activity.[55] Polymerisation is enhanced in the presence of K+ in
comparison to Na+ ions. The inhibition by Mg2+ ions possibly
occurs by a combination of base catalysis mechanism, the
deactivation of -cP ends of the reactant, products and enhanced
oligomer hydrolysis. Despite its role in ribozyme functionality,
at high concentrations Mg2+ inhibits RNA replication by
creating strong RNA duplexes, limiting thermal denaturation
and enhancing temperature dependent hydrolysis.[56] It is also
known that the presence of ~1.5 mM Mg2+ is sufficient to
inhibit the membrane self-assembly of fatty acids and this has
been considered an incompatible aspect for the co-emergence
of RNA and fatty acid membranes.[57,58] However, under the
discussed reaction conditions of cNMP oligomerisation, RNA
formation and encapsulation with fatty acids might be conceiv-
able within freshwater locations on the primordial Earth.
Moreover, we have shown that efficient strand separation can
be achieved by low sodium concentrations, triggered by
microscale water cycles within heated rock pores.[36,37]

Our very preliminary digestion studies and 31P NMR results
suggest a considerable backbone heterogeneity (2’-5’ and 3’-5’)
within the oligomers. However, a full quantitative treatment is
beyond the scope of this study. It has been demonstrated that
the presence of 2’-5’ linkages allow efficient strand separation
by reducing the melting temperature (Tm) of oligomers, which
is pertinent in the case of G-rich sequences that are observed in
this oligomerisation.[59] Lowering of Tm is critical to replication
of sequences.[59,60] These studies also show that the presence of
2’-5’ linkages allow the folding of RNA into three-dimensional
structures, similar to native linkages and do not hinder the
evolution of functional RNAs, such as ribozymes. The suscept-
ibility towards enhanced hydrolysis of the 2’-5’ over the 3’-5’

linkages could select the latter in wet-dry cycling conditions,
similar to the reported backbone selection of RNA and
DNA.[59,61,62]

Mechanistically, molecular dynamics studies indicated that
cGMP oligomerisation could be due to the formation of
intercalated stacks of cGMP as a consequence of hydrophobic
interactions between the guanine bases. On attaining a stable
intermolecular arrangement, the 5’-OH of a nucleotide can
attack the cyclic phosphate of the neighbouring nucleotide.
This could allow the formation of oligomeric G-scaffolds (Fig-
ure 4c, d, S25). However, the formation of tetrad stacks over
one another with a central K+ ion between the stacks could
also promote oligomerisation (Figure 4d).
The notion of multi-molecular assemblies is supported by

the presence of slow-diffusing species observed in 1H, 31P
diffusion ordered spectroscopy (DOSY) of cGMP-KCl solution
(S15, S16). Reports in literature point to self-assembly of 5’-GMP
and 3’-GMP into helical stacks.[63] The presence of several slow-
diffusing species indicate a range of molecular environments,
making it impossible to identify a single type of self-assembly
by NMR. It has also been reported that G-quadruplex structures
could be stable up to a pH of ~10.8 at ambient
temperatures.[64,65]

The formation of dimers appears to be a limiting step in the
oligomerisation. Such a threshold behaviour is known to be an
optimal control strategy for self-assembly processes.[66] With
this, monomers remain available in high concentration, leading
to long-tailed, non-exponential polymer distributions. This limits
the total efficiency of the polymerisation but favours the
formation of the oligomers, important for downstream reactions
such as templated replication.
It should be noted that an efficient generation of very long

and random RNA sequences would make hybridisation and
replication inconceivable. At this point, the generated G-rich
sequences might not seem optimal for hybridisation and
replication. However, a biased pool of short oligomers (10- to
15-mers) further constrains the sequence space, favouring
selectivity and making templated replication plausible.[11,67,68]

We think that the findings are a first step to provide
oligonucleotides for templated ligation and the emergence of
an evolutionary dynamics with RNA.

Conclusion

We report the oligomerisation of canonical nucleotides that
produced RNA of mixed sequences under drying conditions in
bulk and at heated air-water interface. A wide range of
temperatures (40–80 °C) and pH (7–12) promoted oligomerisa-
tion. Best yields were reported by mild heating (40 °C) of
monomers at low salt concentrations and under alkaline drying
conditions (pH 10). The reaction proceeded best at 1–2 equiv-
alents of K+ and Na+, while Mg2+ ions inhibited it. In an equal
mixture of four nucleotides, equal incorporation of all four was
not observed and the mixed sequences were dominated by G.
However, 2’,3’-cGMP fostered the incorporation of the other-
wise scarcely reactive C, A, and U, generating short, mixed
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sequences. This reaction under the tested temperatures, pH and
salt conditions provide a novel route to fresh water oligomerisa-
tion towards short RNA strands, an important intermediate step
towards providing the raw materials for an RNA-based
emergence of life.
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