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Abstract
The complexity of life boils down to the definition: “self-sustained chemical system capable of undergoing Darwinian evolution”
(Joyce, 1994) [1]. The term “self-sustained” implies a set of chemical reactions capable of harnessing energy from the environment,
using it to carry out programmed anabolic and catabolic functions. We briefly present our opinion on the general validity of this
definition.
Running anabolic and catabolic functions entails complex chemical information whose stability, reproducibility and evolution
constitute the core of what is dubbed genetics.
Life as-we-know-it is made of the intimate interaction of metabolism and genetics, both built around the chemistry of the
most common elements of the Universe (hydrogen, oxygen, nitrogen, carbon). Other elements like phosphorus and sulphur play
important but ancillary and potentially replaceable roles.
The reproducible interaction of metabolic and genetic cycles results in the hypercycles of organization and de-organization of
chemical information that we consider living entities. In order to approach the problem of the origin of life it is therefore reasonable
to start from the assumption that both metabolism and genetics had a common origin, shared a common chemical frame, were
embedded in physical–chemical conditions favourable for the onset of both.
The most abundant three-atoms organic compound in interstellar environment is hydrogen cyanide HCN, the most abundant
three-atoms inorganic compound is water H2 O. The combination of the two results in the formation of formamide H2 NCOH. We
have explored the chemistry of formamide in conditions compatible with the synthesis and the stability of compounds of potential
pre-genetic and pre-metabolic interest. We discuss evidence showing (i) that all the compounds necessary for the build-up of nucleic
acids are easily obtained abiotically, (ii) that essentially all the steps leading to the spontaneous generation of RNA are abiotically
possible, (iii) that the key compounds of extant metabolic cycles are obtained in the same chemical frame, often in the same test
tube.
How close are these observations to a plausible scenario for the origin of life?
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1. Introduction
1.1. The need for a unitary physical–chemical frame
It is common belief that we will never know exactly how life originated, but that we will be able to reconstruct
the plausible steps and the physical–chemical rules on which the first reactions were based and the kick-starting
compounds formed.
The onset of the complex “self-sustained chemical system capable of undergoing Darwinian evolution” [1] that we
dub life was presumably favoured by the cooperative encounter of necessarily robust physical–chemical processes.
The early [2] appearance of living entities, the conservativeness of their basic principles, and their biological universality support this view.
The approach to the understanding of the first pre-biological scenarios is variegate. Multidisciplinarity, usually
fertile, caused in this case the field to be split in several doctrinarian attitudes simplified by the aphorisms “geneticsfirst” [3–5], “metabolism-first” [6–9] or, even, “membranes-first” [10]. An entry in the literature of this debate is
in [11]. In recent years the opposition between the two approaches has been overstepped by more unitary experimental
and theoretical frames, taking into account energetic, evolutionary, proto-metabolic and ur-environmental aspects [12–
22]. The productive interaction between vesicles and RNA replication was reported [23]. Nevertheless, a unitary and
simple chemical frame is needed that would afford in a single “warm little pond” [24] both the precursors of the
synthetic pathways eventually leading to RNA [25] and the key components of the central metabolic cycles, possibly
connected with the synthesis of fatty acids [26]. The singleness of such prebiotically productive chemical process
would partake of Darwinian advantages over more complex fragmentary chemical systems.
By referring to Darwin’s suggestive image, we do not intend to embrace any specific prebiotic scenario, be it a
drying lagoon, an intertidal beach or hydrothermal system activated by meteorite impact. The fact that the majority
of the reactions that we describe are favoured by temperature > 100 ◦ C (typically 160 ◦ C), by high pH and by the
presence of minerals rather confers to the Darwinian image (which, given the times, was necessarily vague) the
attributes of milder hydrothermal vents. Definition of a precise prebiotic scenario is beyond our present scope.
1.2. (Pre)genetics and (pre)metabolism
Focusing on the one-carbon atom formamide H2 NCHO (thus well within the frame of reference of the chemistry
of hydrogen cyanide HCN), we discuss studies showing the plausibility of each single step along the route leading
from the synthesis of nucleic bases to the formation of long RNA chains in the simplest possible prebiotic perspective.
We describe studies on the synthesis from formamide of nucleic bases and of acyclonucleosides; on the phosphorylation of nucleosides in formamide, including the formation of cyclic nucleotides; on the roles exerted by numerous
classes of mineral catalysts on these reactions. We detail the non-enzymatic polymerization in water of cyclic purine
nucleotides yielding RNA oligomers.
First, we report that all the necessary nucleic bases are afforded by formamide chemistry [27]. Then, we comment
on the fact that the origin of nucleosides is the weakest link in this possible chain of events. Recent findings suggest a
solution [28], for conditions probably different from those that supposedly characterized prebiotic processes (namely:
simplicity, robustness and availability of abundant precursors). Formamide chemistry allows the formation of acyclonucleosides in non-demanding conditions [29]. As for the next step toward (pre)genetic complexity, formamide
chemistry also carries on phosphorylation of nucleosides [30].
Passing to water chemistry, we describe previous studies and recent advancements on the oligomerization of cyclic
purine nucleotides, both in the absence and in the presence of complementary template sequences, and on the nonenzymatic joining of oligomers to form long RNA chains [31]. Interestingly, we have recently observed that RNA
polymerization may also occur in the presence of formamide (see Section 2.5).
These processes do not imply that one can induce the abiotic polymerization of RNA in a single test-tube in a
single set of conditions, here and now, starting from one-carbon simple molecules. However, the plausibility of each
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necessary step is described in the frame of one single type of chemistry in relatively mild physical–chemical conditions
and in a time scale compatible with the accumulation of (pre)genetic chemical information.
1.3. Genetic cycles or metabolic cycles?
Which came first? The condensation reactions within the range of the thermodynamic driving force provided by
the free energy of HCN as starting material open a convergent route to the non-enzymatic syntheses of nucleic bases
and of major constituents of key metabolic cycles. We will describe studies on the synthesis of a series of connected
carboxylic acids afforded by the same reactions in the same conditions with the same catalysts.
H2 NCOH formamide provides a robust and reactive source potentially feeding both chapters of the book of origins.
Cooperation between cycles within a unitary chemical frame is thus made potentially possible.
2. Formamide
Formamide is the simplest naturally occurring amide. This compound contains in its structure all the elements,
hydrogen, carbon, oxygen and nitrogen which, with the only exception of phosphorus and sulphur, are required for
the synthesis of biomolecules [32]. As extensively reported in recent years, NH2 CHO is a ubiquitous molecule in
the Universe. It has been detected in comets [33], as in the case of comet C/1995 O1 (Hale-Bopp) [34] and comet
C/1996 B2 (Hyakutake) [35], in the solid phase on grains around the young stellar object W33A [36], in the galactic
center sources Sagittarius SgrA and SgrB2 [37,38] and, in general, in the interstellar medium [39]. In addition, recent
data suggest the presence of formamide on some celestial bodies in the solar system, including Titan and the Jupiter’s
satellite Europa, where a stratosphere of liquid formamide (pure or partially mixed with water) below the frozen
surface of the mantle has been hypothesized [40–42].
Several theoretical and experimental studies have been performed to interpret the formation of formamide in space
conditions [43,44]. As an example, the formation of formamide and of other organics has been reported starting from
gas mixtures of methane and nitrogen by proton irradiation (PI) [45], from ice-mixtures of hydrogen cyanide (HCN),
water (H2 O) and ammonia (NH3 ) under ultraviolet irradiation (UV) [46], from mixtures of carbon monoxide (CO),
NH3 and H2 O during pyrolysis [47], and by photolysis of ices [48] (Fig. 1). Similarly, NH2 CHO can be synthesized in
terrestrial conditions from mixtures of low molecular weight compounds, such as NH3 , formic acid (HCOOH), formic
ester derivatives (HCOOR), CO and alcohols, under both catalyzed and uncatalyzed experimental conditions [49].
In particular, heterocycles containing the imidazole ring, like thiamine hydrochloride [50], ammonium methoxide [51], sodium methoxide [52], glycerine [53], different Lewis and Bronsted acids and bases [54], have all been
used as catalysts for the synthesis of NH2 CHO in different experimental conditions. Among these syntheses, the one
that has probably greatest significance in terms of prebiotic chemistry, is the formation of NH2 CHO by hydrolysis of
HCN (Fig. 1).
HCN is one of the most studied chemical precursors of biomolecules [55]. After the adsorption of HCN in water, two processes may occur: the polymerization to biomolecules or poly(hydrogen cyanide) derivatives and the
hydrolysis to NH2 CHO. The hydrolysis predominates in dilute solutions, while polymerization takes over at higher
concentrations [56]. The steady state concentration of HCN in the primitive ocean was found to be too low for polymerization, thus favouring hydrolysis to NH2 CHO [56,57]. Similarly, NH2 CHO can be hydrolyzed to ammonium
−
formate (NH+
4 HCOO ) at a meaningful rate. However, one has to take into account the fact that formamide can be
regenerated by other synthetic routes described above and that, at difference from HCN, it can be easily concentrated
by evaporation of water, having a boiling point of 210 ◦ C and very limited azeotropic effects [58].
Another interesting property that characterizes the NH2 CHO as prebiotic precursor is related to the possibility of
a partial degradation under the reaction conditions to generate a panel of low molecular weight compounds which are
useful intermediates in the prebiotic synthesis of biomolecules, thus increasing the network of possible transformations [58]. This property points to NH2 CHO as a multifunctional prebiotic precursor.
As an example, NH2 CHO is thermally decomposed either to NH3 and CO or to HCN and H2 O. The formation of
HCN is usually favoured in the presence of suitable catalysts, while in their absence the reaction forming NH3 and CO
predominates [59]. Further decomposition products are also detected. These include poly(hydrogen cyanide) derivatives (PHC) potentially producing nucleic bases under hydrolytic conditions [60]. Moreover, in conditions of radical
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Fig. 1. The basic prebiotic chemistry of formamide. PI: Photon irradiation. UV: Ultraviolet irradiation. Pyr: Pyrolysis. T and P: High temperature
and/or high pressure. Cat: Reaction performed in the presence of catalysts. MF: Micelle formation.

reactions catalyzed by titanium dioxide (TiO2 ), NH2 CHO can be degraded to formaldehyde H2 CO, a compound which
is currently the most studied prebiotic precursor for the origin of sugars.
The synthetic potential of formamide is also increased by specific physical conditions, such as by microwave
radiation [61]. Due to its high dielectric constant, formamide is also a good solvent for polar organic and inorganic
compounds with potential catalytic activity in prebiotic processes [62].
Finally, NH2 CHO (and others NH2 CHO derivatives, such as N -methyl formamide and N ,N -dimethyl formamide)
can play an important role in the phenomenon of compartmentalization of the first cell considerably increasing micelle
formation of ionic surfactants (sodium caprylate, sodium laurate, sodium palmitate and sodium stereate), the driving
force for the supra-molecular organization being correlated with the solvophobicity of the system [63].
2.1. Syntheses of nucleic bases from formamide
As mentioned above, H2 NCHO can be decomposed to a large panel of low molecular weight compounds (carbon
oxides, ammonia, isocyanate, and others) under various experimental conditions. All these compounds are possible
intermediates in the prebiotic synthesis of nucleic acids, thus increasing the network of possible transformations [64,
65]. The chemical potential of H2 NCHO in prebiotic chemistry was, for a long period of time, considered to be limited
to the synthesis of a small number of heterocycles including, as a nucleic base, only adenine [66,67]. Seminal studies
have shown that formamide oligomers, ammonia, and HCN were involved in the mechanism of formation of adenine
by a multi-steps condensation process [68,69].
A meaningful improvement in this chemistry was obtained in 2001 through the analysis of the catalytic effect
of simple metal oxides in a thermal condensation process. Minerals and metals oxides were largely diffused on the
surface of the primitive Earth and probably played a key role in the synthesis, selection, concentration and organization
of simple organic compounds to complex biomolecules [70].
The gentle warming of H2 NCHO at 160 ◦ C in the presence of catalytic amounts of calcium carbonate (CaCO3 ),
alumina (Al2 O3 ), silica (SiO2 ), and zeolite (Y type) yielded cytosine and 4(3H)-pyrimidinone, in addition to purine

88

R. Saladino et al. / Physics of Life Reviews 9 (2012) 84–104

Fig. 2. Chronological evolution in the prebiotic chemistry of formamide from 2001 to 2011. The minerals and metal oxides used as catalysts in the
condensation processes are reported. The arrows in the circumstellar/cometal dusts panel is a qualitative representation of the content of iron, silica
and magnesium in the catalyst.

and adenine (Fig. 2 and Scheme 1 pathway “A”) [71]. These data were the first example of the one-pot synthesis of
cytosine starting from a one-carbon atom precursor as simple as H2 NCHO [72].
In 2003 thymine was synthesized from H2 NCHO in the presence of titanium dioxide (TiO2 ) [29]. In this case
three novel purine acyclonucleosides, in which the heterocyclic base is bonded to a sugar-like side-chain in the N(9)position, were obtained in addition to 5-hydroxymethyl uracil (5-HMU). The presence of 5-HMU in the reaction
mixture suggested a synthetic pathway for thymine, requiring the electrophilic addition of formaldehyde on the C(5)position of uracil as intermediate, followed by a reduction step mediated by formic acid. In agreement with this
hypothesis, traces of formaldehyde, formic acid and uracil were detected by gas chromatography-mass spectrometry
analysis (Fig. 2 and Scheme 1 pathway “B”) [73].
Uracil, adenine, cytosine and hypoxanthine were obtained in 2004 by thermal condensation of H2 NCHO in the
presence of clays of the montmorillonite family (Fig. 2 and Scheme 1 pathway “C”) [74]. Uracil was probably produced by deamination of cytosine through a catalysis due to the known acidic character of montmorillonites [75].
The ribonucleoside corresponding to hypoxanthine (inosine) is the starting material for the biosynthesis of adenosine and guanosine. 5-Aminoimidazole-4-carboxamide (AICA) and 5-formamidoimidazole-4-carboxamide (fAICA),
the imidazole intermediates for hypoxanthine in the cell, were also detected in the condensation mixture [32,74].
Thus, the H2 NCHO/montmorillonite syntheses appeared to be the first documented example of a chemiomimetic
system [76,77].
In 2005 the pyrimidine nucleobases uracil and cytosine were selectively synthesized from H2 NCHO and cosmic
dust analogues (CDAs) of terrestrial olivines (from fayalite to forsterite). Purine derivatives were not detected under
these experimental conditions. In particular, the efficacy and selectivity of the reaction was determined by the content
of iron in the catalyst, suggesting a redox process as a key step in the formation of the pyrimidin-(1H,3H)dione
scaffold (Fig. 2 and Scheme 1 pathway “D”) [78].
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Scheme 1. Synthesis of nucleobases from formamide, metal oxides and minerals: an overview. The compounds are indicated by their common
name only when obtained for the first time, with the exception of adenine (see text).

In 2006, adenine, cytosine and uracil were obtained by warming H2 NCHO in the presence of one out of a large
panel of mineral phosphates, confirming the possibility of the contemporaneous synthesis of purine and pyrimidine
nucleobases under simple conditions (Fig. 2 and Scheme 1 pathway “E”) [79,80].
At that time, only one of the five natural nucleobases was lacking from the panel of products obtained from
H2 NCHO: guanine. This bias was partially solved in 2006, when experiments on UV light irradiation of H2 NCHO on
the surface of a TiO2 (001) single crystal at low temperature in ultra-high vacuum conditions showed (even though
only tentatively) the formation of all five nucleic bases, including guanine (Fig. 2 and Scheme 1 pathway “F”) [81].
The possibility to synthesize guanine from H2 NCHO was confirmed in 2010 by a combined UV-irradiation/thermal
condensation process in the presence of phosphate minerals [82].
Minerals characterized by redox properties have been suggested as key effectors in the origin of the metabolic
apparatus, as exemplified by the iron sulfides used in Wächtershäuser’s model [83].
In this system FeS minerals had no catalytic function, being oxidized from FeS to FeS2 . The catalytic function of
FeS minerals, with transfer of electrons from H2 to CO2 via FeS cluster as ferredoxin mimetics, was reported and
analyzed in detail [84–86].
These minerals are able to catalyze the thermal condensation of H2 NCHO to yield nucleic bases. In 2008 the
synthesis of adenine and isocytosine from H2 NCHO in the presence of different iron sulphur and iron–copper sulphur
minerals (including pyrite and pyrrothite) was reported (Fig. 2 and Scheme 1 pathway “G”) [27,87]. Isocytosine is
a structural isomer of cytosine, recognizing both guanine (iCG) and cytosine (iCC) in reversed and normal Watson–
Crick interactions, respectively [88].
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A similar reaction pathway was observed in 2010 during the thermal treatment of H2 NCHO with zirconium minerals at 160 ◦ C [89]. Under these experimental conditions, adenine and isocytosine were obtained (Fig. 2 and Scheme 1
pathway “H”) in addition to urea, carbodiimide and various carboxylic acids, three of which (succinic, maleic and
fumaric acids) are intermediates of the reductive version of the citric acid cycle (rTCA) (see Section 3). This cycle of
autocatalytic processes is probably the most ancient anabolic core in intermediary metabolism [90,91]. Carbodiimide,
a product of urea dehydration, is a well-known condensing agent able to catalyze the formation of the peptide and
phosphoester bonds in proteins and oligonucleotides, respectively [92].
A large panel of nucleic bases (adenine, uracil and cytosine), including isocytosine, were synthesized in 2011 from
formamide and borate minerals (Fig. 2 and Scheme 1 pathway “I”) [93]. Borate minerals selectively favor the formation of ribose during the formose-like condensation process of formaldehyde and glycolaldehyde, due to coordination
of the cis-diol moiety [94]. The formose reaction requires alkaline conditions, which is entirely compatible with an
alkaline hydrothermal vents scenario. As a general trend, adenine was synthesized with anhydrous borates, while
cytosine was synthesized with hydrates of borates, anhydrous borates, borocarbonate and borosilicates. For a classification of borate minerals, see [95]. As observed with zirconiun minerals, borate minerals catalyze the formation of
four carboxylic acids including pyruvic acid, which is also an intermediate of the reverse citric acid cycle.
As a possible extension of this experimental model to prebiotic chemistry in space-wise conditions, uracil, adenine
and isocytosine were synthesized in 2011 by heat-driven condensation of H2 NCHO in the presence of Murchison
material. These data are of particular interest providing the first example on the catalytic effect of a meteorite on the
synthesis of nucleic bases (Fig. 2 and Scheme 1 pathway “L”) [96].
2.2. Plausible syntheses of nucleosides in prebiotic conditions
The next step towards the synthesis of nucleic acids requires the formation of nucleosides, compounds in which the
nucleic base is linked to a sugar, ribose or 2 -deoxyribose for RNA or DNA, respectively. In principle, the synthesis
of nucleosides can be achieved by three different reaction pathways: a) the direct formation of the glycosidic bond
between a pre-formed nucleic base and a sugar; b) the construction of the nucleic base heterocyclic scaffold on a
pre-formed sugar; c) the construction of the sugar on a pre-formed nucleic base. On the basis of existing data, the
direct condensation of sugar and natural nucleic bases does not work efficiently under prebiotic conditions either for
kinetic and thermodynamic reasons [97]. Examples of the two other reaction pathways of possible prebiotic interest
have been reported: 1) β-ribocytidine-2 ,3 -cyclic phosphate was synthesized with high stereoselectivity by a multistep process starting from glycoladehyde and cyanamide through a pentose amino-oxazoline derivative on which the
cytosine scaffold was gradually built [28]. The use of amino pentose-oxazolines as intermediates in the synthesis
of nucleoside derivatives is a well-known practice in medicinal chemistry [98]. These procedures generally require
lengthy optimization of experimental conditions and efficient purification techniques of the various intermediates [98];
2) different purine acyclonucleosides have been synthesized from H2 NCHO and TiO2 by a one-pot domino process
[29] including the N -formylation of the nucleobase at the N (9)-position followed by a formose condensation. In this
process, the sugar side-chain grew adding single carbon units of formaldehyde. These data were further confirmed
analyzing the thermal condensation of H2 NCHO in the presence of added formaldehyde and montmorillonites. In
this latter instance a mixture of nucleic bases, sugars and amino sugars was obtained [26]. Amino sugars are useful
intermediates for the construction of the nucleic base that can be obtained by incorporating the amino group through
condensation reactions with one or more reagents, such as β-diketoesters (see Scheme 2).
2.3. Nucleoside phosphorylation
In the presence of a phosphate source at high temperature in formamide nucleosides are phosphorylated [30].
The phosphate source may consist of KH2 PO4 or of one of several phosphate minerals. The most efficient phosphorylation was observed with KH2 PO4 and hydroxylapatite, followed by Cu-containing phosphate minerals; namely,
2+
2+
in the order, libethenite Cu2+
2 (PO4 )(OH), cornetite Cu3 PO4 (OH)3 , ludjibaite Cu5 (PO4 )2 (OH)4 , reichenbachite
◦
◦
Cu2+
5 (PO4 )2 (OH)4 . The optimal temperature observed was 90 C, temperatures lower than 60 C being inefficient,
higher ones causing faster degradation of the compounds formed. Phosphorylation could occur at any of the three
possible positions of the sugar: 2 , 3 or 5 although, in the case of adenosine, phosphorylation occurred mainly in the
5 -O ribose position with formation of adenosine-5 -monophosphate.
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Scheme 2. One-pot synthesis of acyclonucleosides and amino sugars from formamide.

Scheme 3. Nucleoside phosphorylation in formamide in the presence of phosphate minerals.

Interestingly, also 2 ,3 and 3 ,5 cyclic forms were observed. Upon incubation for several hundred hours at 90 ◦ C
the cyclic forms were the majority of the intact phosphorylated nucleotides remaining, due to their higher stability
relative to the open forms in the phosphorylation conditions. It has not escaped our attention the possibility that these
non-enzymatic phosphorylation reactions could provide a means to form and preferentially accumulate, in the form
of cyclic nucleotides, a source of naturally activated precursors for abiotic polymerization (see Scheme 3).
2.4. Abiotic RNA
Different solutions for the origin of abiotically obtained RNA polymers have been proposed and reviewed [99–
101] and conditions for the promotion of their polymerization have been defined [102,103]. The actual prebiotic
relevance of several of these solutions was criticized [97], due to their requirement for highly activated precursors
whose formation entails complex chemistry.
The lipid-assisted synthesis of RNA-like polymers from mononucleotides [104], does not ask for a pre-activation
step and is bereft of this limitation. For an in-depth analysis of this topic see [105].
The difficulty in understanding and recreating the spontaneous generation of RNA in a simple-chemistry frame
and in the absence of enzymatic activities has stimulated the proposal of polymers with totally different structures, yet
maintaining their nucleic bases-based specificities. Peptide Nucleic Acid (PNA) [106] stands out (besides its per se
interest) for its plausibility. Data on its prebiotic valence have been gathered [106]. A different approach consists of
the exploration of enhancers and effectors of ribozymic activities. Very interestingly, nucleic bases-based activities
have been reported, both in normal and extreme pressure conditions [107].
Cyclic phosphate bonds were explored previously as a potential source of RNA polymers and of formation of
phosphodiester bonds for the connection of preformed oligonucleotides. In particular, 2 ,3 cyclic phosphate bridges
were reported to promote the formation of phosphodiester bonds connecting preformed oligonucleotides bound to
the appropriate sequence-complementary strands in the absence of catalysts [108]. In this system, in addition to the
capacity to form phosphate bridges, the higher stability of 3 ,5 bonds relative to 2 ,3 bonds in double-stranded RNA
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Fig. 3. Non-enzymatic polymerization of 3 ,5 cGMP in water. Panel A shows the population of different length oligomers obtained by dissolving
3 ,5 cGMP in water pH 6.0 at 4 ◦ C and precipitated, as described [31], after a handling time of 5 seconds. Numbering refers to the length in
nucleotides, determined by comparison with a ladder produced by hydrolysis of a G24 oligomer (not shown, as detailed in Ref. [31]). Panel B: the
products of polymerization allowed to proceed for 10 min at 85 ◦ C at the indicated pH. The different pH values were obtained by the use of the
appropriate 10 mM Tris-HCl buffer. Panel C: free floating 3 ,5 cGMP monomers (left) have strong tendency to form stacked structures (center).
Part of these undergo ring-opening and bond formation with the adjacent unit at 5 . The resulting molecules are of the type 5 pG[pG]n pG3 , where
n = 1 is the trimer, n = 2 is the tetramer, and on. See Section 2.5.

structures was observed [109]. In the presence of 1–2 diamino ethane at alkaline pH the self-polymerization of 2 ,3
cyclic adenosine mono-phosphate (2 ,5 cAMP) was described [110]. The non-enzymatic ligation of short-chained
2 –5 - or 3 –5 -linked oligoribonucleotides on 2 –5 - or 3 –5 -linked complementary templates was also reported [111].
In spite of this observed capacity of both 2 ,3 and 3 ,5 cyclic phosphate bonds to promote covalent linkage between
RNA segments, the polymerization of 3 ,5 cyclic nucleotides was to our knowledge not reported.
We observed [31] that 3 ,5 cyclic guanosine mono-phosphate (3 ,5 cGMP) and to some extent also 3 ,5 cAMP,
afford short oligomers upon solubilization in water. Upon treatment in various conditions (see below), these oligomers
undergo further polymerization. Here we describe the key features of this reaction focusing on the polymerization of
3 ,5 cGMP, the more efficient of the two.
2.5. The 3 ,5 cGMP polymerization reaction
3 ,5 cGMP polymerizes spontaneously by base-catalyzed trans-phosphorylation of stacked monomers (Fig. 3). We
describe below the whereabouts of this reaction [31].
The simplest possible polymerization protocol. Addition of pure water or of Tris-buffered water to 3 ,5 cGMP
resulted in the rapid formation of oligomers (Fig. 3, panels A & B). 3 ,5 cGMP was obtained from providers (Sigma
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Aldrich and Carbosynth) both in the H+ and Na+ forms. The efficiency of the polymerization observed with the Na+
form was at least one order of magnitude lower than that observed with the H+ form, both in terms of the amount
of oligomer formed and of its Navg length. The sample was treated as detailed in [31], the procedure consisting in
short of alcohol precipitation, terminal labeling by T4 polynucleotide kinase, phenol extractions and denaturing gel
electrophoresis.
An initial reaction is observed that is faster than the 5 seconds necessary for the handling of the sample. This
poses the question of the possible presence of preformed oligomers in the starting 3 ,5 cGMP material. A rigorous
verification of this possibility is difficult. The starting material was analyzed by Phosphorus Nuclear Magnetic Resonance analysis (31 P NMR) and by HPLC. With both techniques, traces of polymerized material were observed. Taking
into account that even if no trace of pre-existing polymer were observed, selective precipitation phenomena of eventual traces of pre-existing polymerized material could not be totally excluded, we conservatively consider from these
analyses that the starting material is not completely pure.
Independently of the unverifiable presence of trace amounts of preformed polymers in the starting material, an
active polymerization reaction takes place upon solubilization of the cyclic monophosphate in water. This polymerization reaction is non-fastidious and it is easily reproduced, provided that one takes into account that the Na+ form
of cyclic nucleotides polymerizes very poorly. The reason of the low reactivity of the Na+ form is presumably the
strong interaction of the nucleotide with Na+ held in place by four coordinated molecules of water [112]. Due to
the low yield of the reaction, sensitive analytical methods should be applied. Several parameters characterizing the
polymerization of 3 ,5 cGMP in water were determined, as follows:
Temperature: The optimal temperature for the formation of G oligomers is 80 ◦ C, higher temperature probably
interfering with an initial step of stacking of the cyclic monomers [113]. pH: alkaline pH favours the reaction. The
optimal value determined is 9.0. Stability: in pure water at 80 ◦ C polymerization steady state is rapidly reached, due
to RNA instability at high temperature. Stability of RNA and of its precursors in water as a function of temperature was analyzed in detail [114]. Concentration of the reacting species: the optimal concentration of precursors was
determined to be, at 80 ◦ C, 6 mM. At concentrations higher than 10 mM precipitation phenomena hamper polymerization. The problem of the concentration of precursors in the generation of nucleic acid polymers is a major chapter
of prebiotic chemistry. Its possible solutions depend largely on the scenario in which polymerizations are considered.
A possible solution of general applicability is provided by the potent concentrating mechanism of both short and long
nucleic acid chains by thermal currents through microporus compartments [13]. Yields of the reaction are low, typically resulting in 30 µmoles of oligomers starting from 10 mmoles of monomers (as determined by 31 P NMR titration
analysis).
The reaction mechanism. The polymerization mechanism (to be detailed elsewhere) was determined by (i) characterization of the molecular species produced, as determined by MALDI ToF Mass Spectometry; (ii) 31 P NMR analysis
of the type of phosphodiester bond formed; (iii) analysis of the polymerization products by specific ribonucleases. The
ensemble of these analyses shows that polymerization occurs by a simple state-of-art mechanism consisting in the formation of 3 ,5 phosphodiester bonds among stacked cyclic nucleotides.
The reaction is a normal base-stimulated catalysis, occurs in water (Fig. 3, panel A) and in 80% dimethylformamide (not shown), and is strongly stimulated by bases [as determined by the boosting of the reaction with
1,8-Diazabicycloundec-7-ene (DBU), one of the most used non-nucleophilic Lewis base in organic chemistry]. This
simple reaction mechanism requires a favorable thermodynamics and the non-fastidious correct positioning of the
reacting species, pillared through stacking interactions.
Formamide and polymerization. We have observed that 3 ,5 cGMP solubilized in pure formamide polymerizes
following kinetic parameters similar to those observed for polymerization in water (to be detailed elsewhere).
Thermodynamic plausibility. The free energy value for phosphodiester bond formation was calculated to be
−5.5 kcal mol−1 [115]. The enthalpy of hydrolysis of various 3 ,5 - and 2 ,5 -cyclic nucleotides was calculated and resulted to be indicative of a high energy bond varying, for different compounds, from −7.7 to −14.1 kcal mol−1 [116].
Thus, the coupling between the process of cleavage of the phosphoester bond in cyclic nucleotides and the simultaneous formation of a new bond is thermodynamically favored.
Stacking of guanosine nucleosides. Energetically favorable stacking interactions between bases play an important
role in determining and stabilizing nucleic acid structures [117,118]. The physical fundamentals of nucleic acid bases
stacking in water have been accurately defined and reviewed [119–121], the thermodynamic parameters for stacking
have been determined [122,123].
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In ribodinucleoside monophosphates, the stacking preference follows the sequence purine–purine > purine–
pyrimidine  pyrimidine–purine > pyrimidine–pyrimidine [124,125]. In particular, it was established that the stacked
states have a 2–6 kcal mol lower free energy than the unstacked states for purine–purine dimers, while for pyrimidine–
pyrimidine dimers no appreciable barrier was obtained [124,126]. The most favorable stacking is found in A–A and
G–G [120,122,123], determining their rapidly-obtained stacked state in the high dielectric aqueous solution [127].
The stacking–unstacking equilibrium has been characterized as a fundamental parameter in the nick sealing process
in DNA [118]. Thus, the polymerization mechanism outlined above is explained by the strong tendency of guanines
and of guanosine nucleotides to form stacked, potentially reactive structures.
We wish to note the relevance of stacking forces in the earliest steps of the polymerization processes. As stated
in a pioneering work on the conformational properties of nucleosides [128]: “. . . dimerization of mononucleotides
by 3 –5 phosphodiester formation causes a series of conformational events in a majority of cases and the initiator of
these changes is the stacking interaction”.
Upon reaction of 3 ,5 cGMP, molecular species were detected by MALDI-ToF Mass Spectometry corresponding
to precise multiples of the unitary mass of the cyclic nucleotide = 345 (i.e., 690 for the dimer, 1035 for the trimer,
1380 for the tetramer, and so on) showing the oligomeric stacking of guanosine nucleotides. These forms constitute the
initial step of the polymerization reaction. Part of these stacking-organized molecules undergo trans-phosphorylation,
affording the observed covalently linked oligomers. Molecular species corresponding to covalently linked dimers,
trimers, tetramers, and on, were detected at the expected 708, 1053, 1398, and on.
2.6. Further elongation by terminal ligation
Once formed, oligomers of the size of 2–3 tens of units are bound to rapid degradation in water and do not provide
a credible source for the evolution of more complex chemical information. Before even considering the prebiotic
relevance of the insertion of these neo-synthesized sequences in a lipid micelle environment and the conditions for
their eventual replication, one has to envisage a credible mechanism for their further growth.
A reaction was reported that might provide a partial solution to this evolutionary dead-end: the non-enzymatic
terminal ligation of preformed oligomers. This reaction was described for pre-synthesized adenosine oligonucleotides
of various lengths [129] and for cytidine–guanosine 24mer oligonucleotides [130]. In the first case, ligation occurred
following stacking of the reactants, the second was sequence-complementarity mediated. In both instances >100
nucleotides long molecules were observed [129,130].
The short adenosine oligomers obtained by polymerization of 3 ,5 cAMP through the mechanism described above,
undergo spontaneous terminal ligation affording >100 nucleotides-long polymers [31]. The same was observed for
the products of polymerization of 3 ,5 cGMP which self-ligated to yield >100 nucleotides long molecules in a slow
reaction requiring >50 hrs.
When 3 ,5 cGMP was reacted in water with cytidine oligomers, polymerization of oligoGs was observed growing
on the 3 -end of oligo Cs [31,130]. Noteworthy, this terminal polymerization allowed mis-matched growth (that is:
not only growth of oligoG on oligoC, but also growth of oligoG on not fully-complementary templating sequences, as
CCGCCGCCG [131]).
Whether these self-polymerization mechanisms provide a solution to the onset of development of pre-genetic materials remains to be seen.
3. Synthesis of pre-metabolic components
We have observed that upon heating at 160 ◦ C in the presence of defined catalysts, formamide condenses into
carboxylic acids. Namely:
Iron sulphur copper minerals: pyrite FS2 , pyrrhotine FeS, bornite FeCu5 S4 and covellite CuS afford oxalic acid, in
various yields [87].
Zirconium minerals: baddeleyte (zirconium dioxide; ZrO2 ), cerium zirconium oxide (CeZrO4 , as a mixture of ZrO2
and CeO2 ), zircon (zirconium silicate; ZrSiO4 ), different metal zirconates (lithium zirconate, Li2 ZrO3 ; lead zirconate,
PbZrO3 ; barium zirconate, BaZrO3 ) and zirconium oxinitrate [zirconyl nitrate, ZrO(NO3 )2 ] afford glyoxylamide,
glycolic, lactic, succinic, oxalic, fumaric and maleic acids, in various yields and combinations [89].
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Fig. 4. The major metabolic pathways involving products afforded by abiotic formamide condensation processes. The products abiotically synthesized from formamide are indicated by their name and chemical structure. For a graphical simplification of the scheme, salts are represented as the
corresponding acids. Other key intermediates of the pathways that were not obtained in abiotic syntheses from formamide are indicated by their
usual name, without chemical structure. Arrows in different colors represent specific metabolic pathways as reported in the inset. Thick arrows
start from, or arrive to, products produced from formamide. Thin arrows connect compounds not obtained from formamide. The core of the scheme
consists of the citric acid cycle (CAc). The reductive version of this cycle (RCAc) works in the anticlockwise mode. The glyoxylic acid cycle is a
variant of the CAc mainly operative in plants. The transformation of glyoxylic acid to oxalic acid is a metabolic cul-de-sac. The symbols in bold
at the side of the structure of each compound refer to the mineral(s) or metal oxide(s) required as catalyst for the synthesis of that compound from
formamide (see text). The correspondence between acronyms and catalysts is reported. Note that specific compounds can be synthesized from
formamide in the presence of different catalysts.

Borates: borax Na2 B4 O7 ·10(H2 O), colemanite CaB3 O4 (OH)3 ·H2 O, hydroboracite CaMgB6 O8 (OH)6 ·3(H2 O),
kernite Na2 B4 O6 (OH)2 ·3(H2 O), kurnakovite MgB3 O3 (OH)5 ·5(H2 O), ulexite NaCaB5 O6 (OH)6 ·5(H2 O), chambersite Mn3 B7 O13 Cl, hambergite Be2 (BO3 )(OH), ludwigite Mg2 Fe3 +BO5 , rhodizite (K,Cs)Al4 Be4 (B,Be)12 O28 ,
vonsenite Fe22+ Fe3+ BO5 , dravite NaMg3 Al6 (BO3 )3 Si6 O18 (OH)4 , dumortierite Al6.9 (BO3 )(SiO4 )3 O2·5 (OH)0·5 ,
elbaite NaLi2·5 Al6·5 C3 Si6 O18 (OH)4 , kornerupine (Mg,Fe+2 )4(Al,Fe3+ )6(SiO4 ,BO4 )5 (O,OH)2 , axinite-(Mn)
Ca2Mn2+ Al2 (BO3 )Si4 O12 (OH), schorl NaFe+2 Al6 (BO3 )3 Si6 O18 (OH)4 , canavesite Mg2 (CO3 )(HBO3 )·5(H2 O), painite CaZrB(Al9 O18 ), boric anhydride B2 O3 , sodium perborate NaBO3 ·4(H2 O) afford lactic, oxalic, pyruvic and
glyoxylic acids, in various yields and combinations [93].

96

R. Saladino et al. / Physics of Life Reviews 9 (2012) 84–104

Murchison minerals afford lactic, malic, oxaloacetic and oxalic acids, in various yields [96].
Fig. 4 summarizes these data and lists the carboxylic acids observed as products of formamide condensation,
ordered according to their connections in extant metabolic cycles. A large part of the essential components of both the
glyoxylic and citric cycles and of gluconeogenesis are observed as products of non-enzymatic, abiotic condensation
of formamide.
In a prebiotic setting, cycles of the same reaction are conceivable only through the action of catalysts which,
by definition, facilitate the conversion of reactants to products without being themselves changed. In addition, nonenzymatic metabolic cycles should produce their components in sufficient amounts to facilitate an unclogged circular
series of transformations. The observed production of the series of carboxylic acids in the presence of a variety of
catalysts provides the proof-of-principle that the onset of cycles in a prebiotic environment is conceivable.
The non-enzymatically-driven autocatalytic reverse citric acid cycle RCAc (or: reductive tricarboxylic acid cycle
rTCAc) is considered an important driving point in prebiotic scenarios [7,8,132], to the point of being referred to as a
universal and possibly primordial metabolic core [8]. This cycle results in the fixation of CO2 into larger molecules and
is initiated by the splitting of citric acid to give acetyl-CoA and oxaloacetic acid. The RCAc is defined as autocatalytic,
resulting in two molecules of citric acid starting from one [7,8].
One of the two requirements for this cycle to become autocatalytic, as distinguished from a simple catalytic cycle,
is the transformation of pyruvic acid into oxaloacetic acid. The other is the production of CoA-SH. The first is satisfied
by the chemistry of formamide, the second involves a component that is too complex to be conveniently considered
as prebiotic. The RCAc is shown in Fig. 4 highlighting the compounds abiotically obtained from formamide with the
indicated catalysts.
Pyruvic acid connects the RCAc (or the normal citric acid cycle CAc, depending on the clockwise or anticlockwise directions of its rotation) with alanine (the aminoacids branch) and, potentially, with lipids. Pyruvic acid also
connects with lactic acid and dihydroxyacetone (DHA), intermediates of glycolysis and gluconeogenesis. Alanine,
lactic acid and DHA are all present in the observed panel of compounds. Other key intermediates of glycolysis and
gluconeogenesis (namely, glycine and sugars) have also been observed as products of formamide condensation under
different experimental conditions. In extant cells, glycine is the only substrate for the synthesis of porphyrins. Moving
to other intermediates of the RCAc obtained from formamide, malic acid connects with glyoxylic and isocitric acids
in the frame of the glyoxylic acid cycle, a variant of the CAc mainly operative in plants. Glyoxylic acid connects with
glycolic acid in the frame of the synthesis of phospholipids, and with oxalic acid in a metabolic cul-de-sac.
The fact that the series pyruvic → oxaloacetic → malic → fumaric → succinic acids is not obtained with a single
catalyst tells on one hand that these carboxylic acids may all be synthesized in the frame of formamide chemistry, on
the other that probably none of the catalysts involved in the reactions that we have described is a prebiotic reference
milestone (at least in the physical–chemical conditions analyzed here) or acted alone.
The series of compounds synthesized from formamide forming the descending branch of the RCAc ends with
succinic acid, where CoA-SH merges into the cycle. Acceleration of three of the five reduction reactions on this cycle
(oxaloacetic to malic, fumaric to succinic and oxoglutaric to oxalosuccinic acids) occurs abiotically at the surface of
the mineral ZnS by photochemistry [133], showing that catalyst-induced transformations may have been instrumental
in the establishment of autocatalytic cycles.
Whether autocatalytic cycles have been able to establish themselves is matter of open debate [8,16,17,21,90,133,
134]. In particular, the onset of metabolic cycles on the prebiotic Earth has been dubbed as implausible [134], mostly
on the basis of kinetic considerations and on the difficulty of justifying both thermodynamically and kinetically the
exclusion of side reactions that would disrupt the cycle. This opinion is not generally shared [8,12,14,16,17,21,84–
86,132,134,135]. The similarity of spontaneous cycles with metabolic ones has been established for the formose
reaction [136–138], which converts formaldehyde to various sugars and other products, and has been suggested for
the triose-ammonia reaction [139] and for the acceleration of the HCN oligomerization [140].
The only suggestion made previously of a relationship between HCN chemistry and constituents of the reductive
citric cycle is due to Eschenmoser [12] who concludes that a careful analysis of this chemistry may harbour the potential of prebiotic self-organising chemical processes. In particular, the potential generational relationship between HCN
and those constituents of the RCAc which are direct precursors of aminoacids in extant metabolism was hypothesized,
based on theoretical considerations [12].
Admittedly [12], and as noted [134], there is no robust experimental evidence to support the proposed relationship
between HCN chemistry and key metabolic cycles. The data presented here provide such evidence.
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Fig. 5. Interconnections. Formamide is the starting material for the abiotic synthesis of all the pro-biotic nucleic bases, of a spate of carboxylic
acids, of the aminoacids glycine and alanine. These compounds are all constituents of extant metabolic pathways.

Beyond this open debate, the observed easy production of groups of serially connected compounds (as oxaloacetic,
malic, fumaric and succinic acids; and other acids reported in Fig. 4), and of compounds (as pyruvic acid and alanine)
bridging with parts of other important extant cycles, shows that a single chemical frame could have provided a large
part of the necessary building blocks. These interconnections are outlined in Fig. 5.
4. The egg and the chicken
The top-down reconstruction of the evolutionary process leading to the origin of life rapidly hits paradoxa: how
could RNA be synthesized in the absence of RNA polymerase, how could proteins be polymerized in the absence
of the ribozymic activities [141,142] of ribosomes? The paradox of the egg and the chicken, clearly stated since two
millennia [143] and rephrased in contemporary terms by substituting egg with genotype and chicken with phenotype,
can only be solved assuming (and showing) a co-evolution of the two systems starting from a common molecular
frame. RNA seems to embody this solution [144]. Here is where the top-down reconstruction approach hits the wall of
logics: how can energy be reproducibly mastered and made available for the activation of monomers to be polymerized
into (pre)genetic polymers in the absence of a metabolism?
A bottom-up experimental approach to the unsolved bias “metabolism-first or genetics-first?” may provide a key
to the solution: the two processes started on their evolutionary path together, originated in the same chemical frame.
The formamide system provides chemical plausibility to the onset of key metabolic cycles because the carboxylic
acids observed are formed non-fastidiously, in various amounts and combinations, depending on different classes
of common catalysts. As for the nucleic acids precursors formed in the same chemistry, the key to the appearance
of components of metabolic cycles is the intrinsic synthetic capacity of formamide, not the nature of the catalyst
involved.
The fact that different classes of minerals end up producing the same classes of products provides a solution to the
topographical conundrum defined by the late L. Orgel “. . . few would believe that any assembly of minerals on the
primitive Earth is likely to have promoted these syntheses in significant yield”, and “. . . the difficulty of finding an
ensemble of catalysts that are sufficiently specific to enable the original cycle . . . ” [134]. The simultaneous synthesis
of nucleic bases, carboxylic acids and aminoacids shows that the relevant component of the soup was the reactant, not
the catalyst, provided the presence of some of the catalysts mentioned above (or of some combination thereof). Or of
one of the certainly numerous alternative catalysts yet to be determined. The decreased relevance of the specificity
of the catalyst contributes to the solution of the problem of why and how an ensemble of minerals, each capable to
carry on the synthesis of the many different steps of the RCAc, could have been present anywhere on the primitive
Earth [145] in order to allow the onset of the universal intermediary metabolism [8].
5. Chemiomimesis
The term chemiomimesis refers to a chemical reaction pathway that can be used as a template for the enzymatic
processes that will appear later in evolution to yield the same final products [146].
Chemiomimesis thus refers to the possibility that certain biosynthetic pathways reproduce early prebiotic chemistry. The chemical correlations between the condensation of formamide into nucleic bases and the present-day cellular
biosynthetic pathways for nucleic acids are remarkable and were discussed in detail [27]. The correlation between the
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Fig. 6. A flowchart showing from hydrogen to the emergence of pre-genetic sequence complexity. All the first necessary steps may be accomplished
in the unitary chemical frame of HCN/formamide chemistry, up to the formation of acyclonucleosides [27] and to the closed-ring phosphorylation
of nucleosides [30]. The abiotic synthesis of nucleosides was reported [28,158]. The spontaneous generation of RNA oligomers from purine
3 ,5 -cyclic nucleotides [31] and their non-enzymatic ligation in water [129,130] were described. Reprinted from Ref. [131] with modifications.

condensation of formamide into the core components of the key extant metabolic cycles reported above unexpectedly
provides the prebiotic scene with chemiomimetic potential for both (pre)genetics and (pre)metabolism.
It was argued that the universal anabolic core was selected by statistical and kinetic factors, not depending on genetics or compartmentation [8]. Similar arguments supported the supposed appearance and evolution of initial simple
genomes, seen as generated independently of metabolic contributions, based on intrinsic autocatalytic properties of
RNA (or pre-RNA-type molecules) undergoing Darwinian evolution centred on their replication capacity [147]. Both
scenarios are based on solid chemical theories and on experimental observations. Removing the reciprocal supposed
independence and assuming a potential coexistence in the same chemical frame, the way to experiment the possibility
and the benefits of the cooperation of the two systems is open.
6. Conclusions
The most abundant organic (HCN) and inorganic (H2 O) combinations of the four most frequent atoms of the Universe H, C, O, N (www.astrochemistry.net) react to yield formamide H2 NCHO. Formamide has the peculiar property
of being liquid between 4 and 210 ◦ C, thus being easily concentrated from dilute aqueous solution above 100 ◦ C and
available for reaction in numerous environments.
The content of this article describes how all the steps are plausible from the initial syntheses of nucleobases to
RNA in the frame of reference of formamide first, then in water.
6.1. (Pre)genetics and (pre)metabolism
HCN/formamide chemistry provides a plausible unitary frame for the origin of the genetic polymers in the extant
forms of life on planet Earth. Formamide condensation affords all the necessary nucleic bases and acyclic nucleosides [26,27,29], allows the efficient phosphorylation of nucleosides in every possible position of ribose [30], also
yielding cyclic phosphate forms. In water, purine 3 ,5 cyclic nucleotides polymerize to oligomers [31] which may
non-enzymatically ligate affording long RNA molecules [129,130]. A schematic view of this series of connected
possibilities is reported in Fig. 6.
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This path to the spontaneous generation of chemical complexity highlights the ability of RNA to potentially solve
the problem of the origin of genetic materials, based on its intrinsic catalytic properties and on the attainment of
increasingly higher levels of molecular stability and complexity [148].
From the one-carbon atom formamide the RNA precursors are simply obtained by warming at 160 ◦ C [80,96] or
by decreasing the temperature while providing part of the energy in the form of UV radiation [81,82]. These synthetic
reactions occur in the presence of any one of the following common terrestrial minerals: calcium carbonate, zeolite,
alumina, titanium oxides, clays, olivines, phosphates (reviewed in [27,80]), and of iron-sulphur–copper minerals [87],
zirconium minerals [89], borates [93]; or, from outer environments, in the presence of Murchison meteorite minerals [96]. The generality of the catalysts involved indicates the non-fastidious nature of the synthetic process of nucleic
acids precursors based on formamide chemistry.
The same spontaneity and the same non-fastidious requirement for specific catalysts are observed for the synthesis
of a large number of connected carboxylic acids in the core of the anabolic processes, as detailed in Section 3. At this
point the prebiotic potentiality of this chemical system delineates as a credible possibility.
We do not venture into hypotheses on what ignited the autocatalytic hypercycle that led to life. Nevertheless, if one
considers life as a hypercycle of the nucleic acids’ and of the carboxylic acids cycles, one at least knows where to
look for it. A brief discussion on the “definition of life” may help in delimiting this argument.
Definition of life is an open problem. The current status of the definition problem is discussed in-depth in a recently appeared collection of essays [149]. No definition is generally and univocally accepted. Interestingly, a critical
analysis of the over 100 definitions of life existing today [150,151] defines a consensus. The analysis of the terms
most frequently occurring in these definitions results in the concise formulation: life is self-reproduction with variations [152]. Analytical comparison with the most frequently used definition (“life is a self-sustained chemical system
able of undergoing Darwinian evolution” [1]) reveals that the similarity is only apparent. The only common term in
the two definitions is “self”, which appropriately highlights the spontaneous character of the process.
Our operational opinion on this matter is that life is (i) a process rather than a system, and that (ii) variation is the
most deeply rooted intrinsic character of nucleic acids. The nucleotide sequence of a given nucleic acid molecule is
bound to change because of the intrinsic chemical properties of the sequence replication process. This can be brought
to experimental analysis in sequence complementarity-driven abiotic RNA replication [130] in a system consisting
of sequence-complementary tail polymerization of 3 ,5 cGMP on a polyC template. The system allows one round
of replication and accommodates sequence mistakes. As pointed out [153], any experimental work involving the
GCCn*GGCn replicator would border the life-non life transition.
The nature of the very first peptides has been indicated and the reasons for the assignment have been presented [154,
155]. These very first peptides supposedly were (Ala)7 and (Gly)7 , encoded by (GCC)7 and (GGC)7 , the two strands
of the earliest RNA duplex genes [154,155]. Hence the relevance of GCCn*GGCn replication studies. In this perspective the precise replication of the protogenic sequence represents the establishment of order, in informational terms.
Its unprogrammed variation represents disorder. Entering variability and evolution in this replication scheme means
considering the passage from disorder to order, from non-life to life [153].
An extreme definition of life is provided by Emile Cioran: “La vie est le kitsch de la matière” [156]. Even without recurring to such an extreme view, this pessimism is instrumental in making the point: life is nothing special, its
manifestations are all well within the laws of thermodynamics. What distinguishes it from more elegant simple processes as atomic transformations or crystallizations is complexity, resulting from the interaction among different sets
of reactions and, eventually, their mutual interference. These reactions segregate information and anabolic products,
for a period. From a minimalist point of view this sort of complexity can be easily considered as kitsch. Especially so
because the more the system is complex, the less it is foreseeable and controllable. Evolution is not foreseeable nor
controllable and, according to Trifonov’s view, evolution is one of the pillars of the definitions of life [152].
The simple chemistry illustrated here is inspired by the John Occam’s razors logics (“the simplest is the likeliest”)
and by Victor Stenger’s aphorism “Something came from nothing because it was more stable than nothing” [157],
embodying in a prebiotic perspective the second principle of thermodynamics.
Acknowledgements
We thank the anonymous reviewers for constructive and important suggestions. Thanks to Silvia Lopizzo for helpful contributions.

100

R. Saladino et al. / Physics of Life Reviews 9 (2012) 84–104

References
[1] Joyce J. The foreword. In: Deamer DW, Fleischaker GR, editors. Origins of life: the central concepts. Boston: Jones and Bartlett; 1994.
[2] Des Marais DJ. Sea change in sediments. Nature 2005;437:826–7.
[3] Woese C. The fundamental nature of the genetic code: prebiotic interactions between polynucleotides and polyamino acids or their derivatives. Proc Natl Acad Sci USA 1968;59:110–7.
[4] Miller SL, Orgel LE. The origins of life on the Earth. Englewood Cliffs, NJ: Prentice-Hall; 1974.
[5] Crick FHC. The origin of the genetic code. J Mol Biol 1968;38:367–79.
[6] Wächtershäuser G. Evolution of the first metabolic cycles. Proc Natl Acad Sci USA 1990;87:200–4.
[7] Morowitz HJ, Kostelnik JD, Yang J, Cody GD. The origin of intermediary metabolism. Proc Natl Acad Sci USA 2000;97:7704–8.
[8] Smith E, Morowitz HJ. Universality in intermediary metabolism. Proc Natl Acad Sci USA 2004;101:13168–73.
[9] Corliss JB. Hot springs and the origin of life. Nature 1990;347:624.
[10] Szostak JW, Bartel DP, Luisi PL. Synthesizing life. Nature 2001;409:387–90.
[11] Szathmáry E. The evolution of replicators. Philos Trans R Soc Lond B Biol Sci 2000;355:1669–76.
[12] Eschenmoser A. On a hypothetical generational relationship between HCN and constituents of the reductive citric acid cycle. Chem Biodiv
2007;4:554–73.
[13] Baaske P, Weinert F, Duhr S, Lemke K, Russell MJ, Braun D. Extreme accumulation of nucleotides in simulated hydrothermal pore systems.
Proc Natl Acad Sci USA 2007;104:9346–51.
[14] Martin W, Baross J, Kelley D, Russell MJ. Hydrothermal vents and the origin of life. Nature Rev Microbiol 2008;6:806–14.
[15] Bapteste E, O’Malley MA, Beiko RG, Ereshefsky M, Gogarten JP, Franklin-Hall L, et al. Prokaryotic evolution and the tree of life are two
different things. Biol Direct 2009;4:34.
[16] Lane N, Allen JF, Martin W. How did LUCA make a living? Chemiosmosis in the origin of life. Bioessays 2010;32:271–80.
[17] Lane N. Chance or necessity? Bioenergetics and the probability of life. J Cosmol 2010;10:7.
[18] Lane N. Life Intelligent non-design and the origins of life. J Cosmol 2010;8:16.
[19] Lane N, Martin W. The energetics of genome complexity. Nature 2010;467:929–34.
[20] Nitschke W, Russell MJ. Just like the universe the emergence of life had high enthalpy and low entropy beginnings. J Cosmol 2010;10:3200–
16.
[21] Russell MJ, Hall AJ, Martin W. Serpentinization and its contribution to the energy for the emergence of life. Geobiology 2010;8:355–71.
[22] Martin W. Early evolution without a tree of life. Biol Direct 2011;6:36.
[23] Mansy SS, Schrum JP, Krishnamurthy M, Tobé S, Treco DA, Szostak JW. Template-directed synthesis of a genetic polymer in a model
protocell. Nature 2008;454:122–5.
[24] Darwin C. The life and letters of Charles Darwin. Letter to Joseph Hooker, vol.3. London: John Murray; 1888. p. 18.
[25] Gilbert W. The RNA world. Nature 1986;319:618.
[26] Saladino R, Neri V, Crestini C. Role of clays in the prebiotic synthesis of sugar derivatives from formamide. Philos Magaz Astrobiol 2010:1–
9.
[27] Saladino R, Crestini C, Ciciriello F, Costanzo G, Di Mauro E. Formamide chemistry and the origin of informational polymers. Chem Biodiv
2007;4:694–720.
[28] Powner MW, Gerland B, Sutherland JD. Synthesis of activated pyrimidine ribonucleotides in prebiotically plausible conditions. Nature
2009;459:239–42.
[29] Saladino R, Ciambecchini U, Crestini C, Costanzo G, Negri R, Di Mauro E. One-pot TiO2 -catalyzed synthesis of nucleic bases and acyclonucleosides from formamide: Implications for the origin of life. Chem Biol Chem 2003;4:514–21.
[30] Costanzo G, Saladino R, Crestini C, Ciciriello F, Di Mauro E. Nucleoside phosphorylation by phosphate minerals. J Biol Chem
2007;282:16729–35.
[31] Costanzo G, Pino S, Ciciriello F, Di Mauro E. Generation of long RNA chains in water. J Biol Chem 2009;284:33206–16.
[32] For reviews on prebiotic chemistry of H2 NCHO see Ref. [27] and Saladino R, Crestini C, Costanzo G, Di Mauro E. On the prebiotic synthesis
of nucleobases, nucleotides, oligonucleotides, pre-RNA and pre-DNA molecules. Top Curr Chem 2005;259:29–68.
[33] Despois D, Crovisier J, Bockelee-Morvan D, Biver N. Comets and prebiotic chemistry: the volatile component. In: Proceedings of the second
European workshop on exo-astrobiology [special publication] SP-518. European Space Agency; 2002. p. 123–7.
[34] Bockelee-Morvan D, Lis DC, Wink JE, Despois D, Crovisier J, Bachiller R, et al. New molecules found in comet C/1995 O1 (Hale-Bopp).
Investigating the link between cometary and interstellar material. Astron Astrophys 2000;353(3):1101–14.
[35] Lis DC, Mehringer DM, Benford D, Gardner M, Phillips TG, Bockelee-Morvan D, et al. New molecular species in comet C/1995 O1
(Hale-Bopp) observed with the Caltech Submillimeter Observatory. Earth Moon Planets 1999;78(1–3):13–20.
[36] Schutte WA, Boogert ACA, Tielens AGGM, Whittet DCB, Gerakines PA, Chiar JE, et al. Astron. Weak ice absorbtion features at 7.24 and
7.41 microns in the spectrum of the obscured young stellar object W33A. Astrophys 1999;343:966.
[37] Flygare WH, Benson RC, Tigelaar HL, Rubin RH, Swenson Jr GW. Chemical and rotational state stability of interstellar formamide. In:
Gordon, Mark A, editor. From mol. Galactic environ., Proc. symp. 1973. p. 173–9.
[38] Gottlieb CA, Palmer P, Rickard LJ, Zuckerman B. Interstellar formamide. Astrophys J 1973;182(3):699–710. (Pt. 1).
[39] Solomon PM. Interstellar molecules. Phys Today 1973;26(3):32–40.
[40] Parnell J, Baron M, Lindgren P. Potential for irradiation of methane to form complex organic molecules in impact craters: Implications for
Mars, Titan and Europa. J Geochem Expl 2006;89(1–3):322–5.
[41] Borucki JG, Khare B, Cruikshank DP. A new energy source for organic synthesis in Europa’s surface ice. J Geophys Res [Planets]
2002;107(E11). 24/1–24/5.

R. Saladino et al. / Physics of Life Reviews 9 (2012) 84–104

101

[42] Levy M, Miller SL, Brinton K, Bada JL. Prebiotic synthesis of adenine and amino acids under Europa-like conditions. Icarus
2000;145(2):609–13.
[43] For an example of theoretical study see: Woon DE. Ab initio quantum chemical studies of reactions in astrophysical ices. 4. Reactions in ices
involving HCOOH, CH2 NH, HCN, HNC, NH3 , and H2 O. Intl J Quant Chem 2002;88(1):226–35.
[44] For a comprehensive review on the synthesis of organic molecules in space see: Navarro-Gonzalez R, Raulin F. Step toward the origin(s) of
life: endogenous sources and chemistry. Adv Space Res 2004;33(1):79–80.
[45] Koike T, Kaneko T, Kobayashi K, Miyakawa S, Takano Y. Formation of organic compounds from simulated Titan atmosphere: perspectives
of the Cassini mission. Uchu Seibutsu Kagaku 2003;17(3):188–9.
[46] Gerakines PA, Moore MH, Hudson RL. Ultraviolet photolysis and proton irradiation of astrophysical ice analogs containing hydrogen
cyanide. Icarus 2004;170(1):202–13.
[47] Takano Y, Tsuboi T, Kaneko T, Kobayashi K, Marumo K. Pyrolysis of high-molecular-weight complex organics synthesized from a simulated interstellar gas mixture irradiated with 3 MeV proton beam. Bull Chem Soc Jpn 2004;77(4):779–83.
[48] Bernstein MP, Allamandola LJ, Sandford SA. Complex organics in laboratory simulations of interstellar/cometary ices. Life sciences: complex organics in space. Adv Space Res 1997;19(7):991–8.
[49] For examples on the synthesis of formamide under terrestrial conditions see: Deschamps G. Preparation of formamide and its conversion
into hydrocyanic acid. Chimie et Industrie (Paris) 1931(Special Issue):589–97;
Sato S, Mori K, Tanaka A. Preparation of formamide from formates and ammonia. Jpn Kokai Tokkyo Koho 1994. JP 06340601 A 19941213.
[50] Lei M, Ma L, Hu L. A convenient one-pot synthesis of formamide derivatives using thiamine hydrochloride as a novel catalyst. Tetrahedron
Lett 2010;51(32):4186–8.
[51] Hudea I. Preparation of formamide. Rom, 1991, RO 102557 A2 19910919.
[52] Kodama S, Nose S, Tomihisa N, Tochitani A, Yamahara T. New catalysts for direct synthesis of formamide from carbon monoxide and
ammonia. Kogyo Kagaku Zasshi 1955;58:157–8.
[53] Kodama S, Nose S, Tomihisa N. Synthesis of formamide from ammonia and carbon monoxide. 1956. JP 31005519 B4 19560710.
[54] Rimola A, Tosoni S, Sodupe M, Ugliengo P. Peptide bond formation activated by the interplay of Lewis and Bronsted catalysts. Chem Phys
Lett 2005;408(4–6):295–301.
[55] For recent reviews on prebiotic chemistry of HCN see: Debjani R, Von Rague S. Chemical origin of life: how do five HNC molecules
combine to form adenine under prebiotic and interstellar conditions. Quantum Biochem 2010;1:199–217;
Schwartz AW. Intractable mixtures and the origin of life. Chem Biodiv 2007;4:656–64;
Eschenmoser A. On a hypothetical generational relationship between HCN and constituents of the reductive citric acid cycle. Chem Biodiv
2007;4:554–73.
[56] Miyakawa S, Cleaves HJ, Miller SL. The cold origin of life: A. Implications based on the hydrolytic stabilities of hydrogen cyanide and
formamide. Orig Life Evol Biosph 2002;32:195–208.
[57] Stribling R, Miller SL. Energy yields for hydrogen cyanide and formamide syntheses: the HCN and amino acid concentrations in the primitive
ocean. Orig Life Evol Biosph 1987;17:261–73.
[58] Nguyen VS, Abbott HL, Dawlwy MM, Orlando TM, Leszczynski J, Nguyen MT. Theoretical study of formamide decomposition pathways.
J Phys Chem A 2011;115:841–51.
[59] Formic acid and derivatives (Formamide). In: ECT Kirk–Othmer encyclopedia of chemical technology, vol. 11. Wiley Interscience; 1978.
p. 258–62.
[60] Elvers B, Hawkins S, Ravenscroft M, Rounsaville JF, Schulz G. Ullmann’s encyclopedia of industrial chemistry, vol. A12. Weinheim
(Germany): VCH; 1989. 1;
Cataldo F, Patane G, Compagnini G. Synthesis of HCN polymer from thermal decomposition of formamide. J Macromol Sci A Pure Appl
Chem 2009;46:1039–48.
[61] Checova L, Jansa P, Sala M, Dracensky M, Moly H, Janeba Z. The optimized microwave-assisted decomposition of formamide and its
synthetic utility in the amination reactions of purines. Tetrahedron 2011;67:866–71.
[62] Faebe J, Regitz M. In: Römpps Chemie-Lexikon, vol. 2. 9th edn. Georg Thieme Verlag; 1990. p. 1425–6.
[63] Akhter MS, Alawi SM. A comparison of micelle formation of ionic surfactants in formamide in N -methylformamide and in N ,N dimethylformamide. Colloids and Surfaces A: Physicochem Eng Aspects 2003;219:281–90.
[64] Nguyen VS, Abbott HL, Dawlwy MM, Orlando TM, Leszczynski J, Nguyen MT. Theoretical study of formamide decomposition pathways.
J Phys Chem A 2011;115:841–51.
[65] Checova L, Jansa P, Sala M, Dracensky M, Moly H, Janeba Z. The optimized microwave-assisted decomposition of formamide and its
synthetic utility in the amination reactions of purines. Tetrahedron 2011;67:866–71.
[66] Bredereck H, Gompper R, Schur HG, Theilig G. Neuere Methoden der präparativen organischen Chemie II. 16. Synthesen mit Säure-amiden,
insbesondere mit Formamid. Angew Chem 1959;71:753–74.
[67] Okamoto T, Toshihiko M, Yamada H, Hiroshi I, Miroshi Y. Purine from formamide. Jpn Kokai Tokkyo Koho 1972;3:1–3. JP 47042695 B4.
[68] Yamada M, Hirobe M, Higashiyama K, Takaha H, Suzuki KT. Reaction mechanism for purine ring formation as studied by carbon 13nitrogen-15 coupling. Tetrahedron Lett 1978;42:4039.
[69] Koyama T, Hirota T, Bashou C, Namba T, Ohmori S, Yamato M. Polycyclic N-hetero compounds. XIV. Reactions of methylpyridine with
formamide. Chem Pharm Bull 1977;23:1923–7.
[70] Hazen RM, Sverjensky DA. Mineral surfaces, geochemical complexities and the origin of life. Cold Spring Harb Perspect Biol 2010;2:1–21.
[71] Saladino R, Crestini C, Costanzo G, Negri R, Di Mauro E. A possible prebiotic synthesis of purine, adenine, cytosine and 4(3H)-pyrimidinone
from formamide: Implications for the origin of life. Bioorg Med Chem 2001;9:1249–53.
[72] Saladino R, Crestini C, Costanzo G, Di Mauro E. Advances in the prebiotic synthesis of nucleic acid bases: Implications for the origin of
life. Curr Org Chem 2004;8:1425–43.

102

R. Saladino et al. / Physics of Life Reviews 9 (2012) 84–104

[73] Chadha MS, Choughuley AS. A synthesis of prebiotic molecules. Role of some carbonyl compounds in prebiotic chemistry. Orig Life
1984;14:469–76.
[74] Saladino R, Crestini C, Ciambecchini U, Ciciriello F, Costanzo G, Di Mauro E. Synthesis and degradation of nucleobases and nucleic acids
by formamide in the presence of montmorillonites. Chem Biol Chem 2004;5:1558–66.
[75] Labet V, Grand A, Morell C, Cadet J, Eriksson LA. Proton catalyzed hydrolytic deamination of cytosine: a computational study. Theor Chem
Acc 2008;120:429–35.
[76] de Duve C. Chemistry and selection. Chem Biodiv 2007;4:574–83.
[77] Breslow R. Biomimetic chemistry: biology as an inspiration. J Biol Chem 2009;284:1337–42.
[78] Saladino R, Crestini C, Neri V, Brucato JR, Colangeli L, Ciciriello F, et al. Synthesis and degradation of nucleic acid components by
formamide and cosmic dust analogues. Chem Biol Chem 2005;6:1368–74.
[79] Saladino R, Crestini C, Neri V, Ciciriello F, Costanzo G, Di Mauro E. Origin of informational polymers: The concurrent roles of formamide
and phosphates. Chem Biol Chem 2006;7:1707–14.
[80] Costanzo G, Saladino R, Crestini C, Ciciriello F, Di Mauro E. Formamide as the main building block in the origin of nucleic acids. BMC
Evol Biol 2007;7:1–8.
[81] Senanayake SD, Idriss H. Photocatalysis and the origin of life: synthesis of nucleoside bases from formamide on TiO2 (001) single surfaces.
Proc Natl Acad Sci USA 2006;103:1194–8.
[82] Bark HL, Buckley R, Grieves GA, Di Mauro E, Hud NV, Orlando TM. Guanine, adenine, and hypoxanthine production in UV-irradiation
formamide solutions: relaxation of the requirement for prebiotic purine nucleobases formation. Chem Biol Chem 2010;11:1240–3.
[83] Wächtershäuser G. Origin of life. Life as we don’t know it. Science 2000;289:1307–8.
[84] Russell MJ, Hall AJ. The emergence of life from iron monosulphide bubbles at a submarine hydrothermal redox and pH front. J Geol Soc
Lond 1997;154:377–402.
[85] Russell MJ, Martin W. The rocky roots of the acetyl-CoA pathway. Trends Biochem Sci 2004;29:358–63.
[86] Martin W, Russell MJ. On the origins of cells: a hypothesis for the evolutionary transitions from abiotic geochemistry to chemoautotrophic
prokaryotes, and from prokaryotes to nucleated cells. Phil Trans R Soc Lond B 2003;358(1429):59–85.
[87] Saladino R, Neri V, Crestini C, Costanzo G, Graciotti M, Di Mauro E. Synthesis and degradation of nucleic acid components by formamide
and iron sulphur minerals. J Am Chem Soc 2008;130:15512–8.
[88] Oyelere AK, Pardon JR, Strobel SA. PK(a) perturbation in genomic hepatitis delta virus ribozyme catalysis evidenced by nucleotide analogue
interference mapping. Biochemistry 2002;41:3667–75.
[89] Saladino R, Neri V, Crestini C, Costanzo G, Graciotti M, Di Mauro E. The role of the formamide/zirconia system in the synthesis of
nucleobases and biogenic carboxylic acid derivatives. J Mol Evol 2010;71:100–10.
[90] Strinivasan V, Morowitz HJ. The canonical network of autotrophic intermediary metabolism: Minimal metabolome of a reductive chemoautotroph. Biol Bull 2009;216:126–30.
[91] Morowitz HJ, Kostelnik JD, Yang J, Cooly GD. The origin of intermediary metabolism. Proc Natl Acad Sci USA 2000;97:7704–8.
[92] Guo B, Finne-Wistrand A, Albertsson A-C. Versatile functionalization of polyester hydrogels with electroactive aniline oligomers. J Polym
Sci 2011;49:2097–105.
[93] Saladino R, Barontini M, Cosetti C, Di Mauro E, Crestini C. The effects of borate minerals on the synthesis of nucleic acid bases, amino
acids and biogenic carboxylic acids from formamide. Orig Life Evol Biosph 2011;41:317–30.
[94] Ricardo A, Carrigan MA, Olcott AN, Benner SA. Borate minerals stabilize ribose. Science 2004;303:196.
[95] Gaines RV, Skinner HCW, Foord EE, Rosenzweig A. Dana’s new mineralogy. 8th edn. John Wiley & Son, Inc.; 1997.
[96] Saladino R, Crestini C, Cosetti C, Di Mauro E, Deamer D. Catalytic effects of Murchison material: Prebiotic synthesis and degradation of
RNA precursors. Orig Life Evol Biosph 2011;41:437–51.
[97] Orgel LE. Prebiotic chemistry and the origin of the RNA world. Crit Rev Biochem Mol Biol 2004;39:99–123.
[98] Holy A. 2 -Deoxy-L-uridine: Total synthesis of a uracil 2 -deoxynucleoside from a sugar 2-aminooxazoline through a 2,2 -anhydronucleoside
intermediate. Nucl Acid Chem 1978;1:347–53;
Stankevich EI, Drizina I, Liepins E, Snikeris D. Synthesis of nucleosides from aminooxazolines of pentafuranoses. Novosti Khimii Nukleozidov i Nukleotidov 1978:63–4;
Wierenga W, Loughman BE, Gibbons AJ, Renis HE. beta-D-Arabinofuran[1 ,2 :4,5]oxazolo-1,3,5-triazine-5-N-methyl-4,6-dione and analogues, unusually specific immunosuppressive agents. J Med Chem 1978;21(6):558–62;
Abushanab E, Pragnacharyulu Palle VP. Preparation of pyrimidine nucleosides AZT and d4T analogs PCT. Int Appl 1998. WO 9806729 A1
19980219;
Abushanab E, Pragnacharyulu Palle VP. Preparation of pyrimidine nucleosides. 1998. US 5760208 A 19980602.
[99] Weimann BJ, Lohrmann R, Orgel LE, Schneider-Bernloehr H, Sulston JE. Template-directed synthesis with adenosine-5 phosphorimidazolide. Science 1968;161:387.
[100] Joyce GF. Non-enzymatic template-directed synthesis of RNA copolymers. Orig Life 1984;14:613–20.
[101] Eschenmoser A. Chemical etiology of nucleic acid structure. Science 1999;284:2118–24.
[102] Ertem G, Ferris JP. Template-directed synthesis using the heterogeneous templates produced by montmorillonite catalysis. A possible bridge
between the prebiotic and RNA worlds. J Am Chem Soc 1997;119:7197–201.
[103] Huang W, Ferris JP. One-step, regioselective synthesis of up to 50-mers of RNA oligomers by montmorillonite catalysis. J Am Chem Soc
2006;128:8914–9.
[104] Rajamani S, Vlassov A, Benner S, Coombs A, Olasagasti F, Deamer D. Lipid-assisted synthesis of RNA-like polymers from mononucleotides. Orig Life Evol Biosph 2008;38:57–74;
Olasagasti F, Kim HJ, Pourmand N, Deamer DW. Non-enzymatic transfer of sequence information under plausible prebiotic conditions.
Biochimie 2011;93:556–61.

R. Saladino et al. / Physics of Life Reviews 9 (2012) 84–104

103

[105] van Holde K. In: Halvorson HO, van Holde KE, editors. The origins of life and evolution. New York: Alan R. Liss, Inc.; 1980. p. 31;
Anastasi C, Buchet FF, Crowe MA, Parkes AL, Powner MW, Smith JM, Sutherland JD. RNA: prebiotic product or biotic invention? Chem
Biodiv 2007;4:721–39.
[106] Nielsen PE, Egholm M, Berg RH, Buchardt O. Sequence-selective recognition of DNA by strand displacement with a thymine-substituted
polyamide. Science 1991;254:1497–500;
Nielsen PE. Question 1: Peptide nucleic acids and the origin and homochirality of life. Orig Life Evol Biosph 2007;37:323–8;
Nielsen PE. Peptide nucleic acids and the origin of life. Chem Biodiv 2007;4:1996–2002;
Nielsen PE. A new molecule of life? Sci Amer 2008;299:64–71;
Nielsen PE. Self-assembling, dynamic alphaPNAs. Chem Biol 2009;16:689–90.
[107] Li YL, Torchet C, Vergne J, Maurel MC. A cis and trans adenine-dependent hairpin ribozyme against Tpl-2 target. Biochimie
2007;89(10):1257–63;
Torchet C, Maurel MC. RNAs in extreme environments. Chem Biodiv 2007;4:1957–71;
Ztouti M, Kaddour H, Miralles F, Simian C, Vergne J, Hervé G, et al. Adenine, a hairpin ribozyme cofactor–high-pressure and competition
studies. FEBS J 2009;276:2574–88;
Talini G, Gallori E, Maurel MC. Natural and unnatural ribozymes: back to the primordial RNA world. Res Microbiol 2009;160:457–65;
Buck J, Li YL, Richter C, Vergne J, Maurel MC, Schwalbe H. NMR spectroscopic characterization of the adenine-dependent hairpin ribozyme. Chem Biochem 2009;10:2100–10.
[108] Usher DA, McHale AH. Nonenzymic joining of oligoadenylates on a polyuridylic acid template. Science 1976;192:53–4.
[109] Usher DA, McHale AH. Hydrolytic stability of helical RNA: a selective advantage for the natural 3 ,5 -bond. Proc Natl Acad Sci USA
1976;73:1149–53.
[110] Verlander MS, Lohrmann R, Orgel LE. Catalysts for the self-polymerization of adenosine cyclic 2 , 3 -phosphate. J Mol Evol 1973;2:303–16.
[111] Sawai H, Wada M, Kouda T, Nakamura Ozaki A. The nonenzymatic ligation of short-chained 2 –5 4- or 3 –5 -linked oligoribonucleotides
on 2 –5 - or 3 –5 -linked complementary templates. Chem Biol Chem 2006;7:605–11.
[112] Chwang AK, Sundaralingam M. The crystal and molecular structure of guanosine 3 ,5 -cyclic monophosphate (cyclic GMP) sodium tetrahydrat. Acta Cryst B 1974;30:1233–40.
[113] Norberg J, Nilsson L. Temperature dependence of the stacking propensity of adenylyl-3 ,5 -adenosine. J Phys Chem 1995;99:13056–8.
[114] Saladino R, Crestini C, Ciciriello F, Di Mauro E, Costanzo G. Origin of informational polymers: differential stability of phosphoester bonds
in ribomonomers and ribooligomers. J Biol Chem 2006;281:5790–6.
[115] Dickson KS, Burns CM, Richardson JP. Determination of the free-energy change for repair of a DNA phosphodiester bond. J Biol Chem
2000;275:15828–31.
[116] Rudolph SA, Johnson EM, Greengard P. The enthalpy of hydrolysis of various 3 ,5 - and 2 ,3 -cyclic nucleotides. J Biol Chem
1971;246:1271–3.
[117] Saenger W. Principles of nucleic acid structure. New York: Springer-Verlag; 1984.
[118] Protozanova E, Yakovchuk P, Frank-Kamenetskii M. Stacked–unstacked equilibrium at the nick site of DNA. J Mol Biol 2004;3:775–85.
[119] Luo R, Gilson HS, Potter MJ, Gilson MK. The physical basis of nucleic acid base stacking in water. Biophys J 2001;80:140–8.
[120] Šponer J, Riley KE, Hobza P. Nature and magnitude of aromatic stacking of nucleic acid bases. Chem Phys 2008;10:2595–610.
[121] Vologodskii AV, Amirikyan BR, Lyubchenko YL, Frank-Kamenetskii MD. Allowance for heterogeneous stacking in the DNA helix–coil
transition theory. J Biomol Struct Dynam 1984;2:131–48.
[122] Florián J, Šponer J, Warshe A. Thermodynamic parameters for stacking and hydrogen bonding of nucleic acid bases in aqueous solution:
ab initio/Langevin dipoles study. J Phys Chem B 1999;103:884–92.
[123] Friedman RA, Honig B. A free energy analysis of nucleic acid base stacking in aqueous solution. Biophys J 1995;69:1528–35.
[124] Norberg J, Nilsson L. Stacking free energy profiles for all 16 natural ribodinucleoside monophosphates in aqueous solution. J Am Chem Soc
1995;117:10832–40.
[125] Norberg J, Nilsson L. Potential of mean force calculations of the stacking–unstacking process in single-stranded deoxyribodinucleoside
monophosphates. Biophys J 1995;69:2277–85.
[126] Norberg J, Nilsson L. Influence of adjacent bases on the stacking–unstacking process of single-stranded oligonucleotides. Biopolymers
1996;39:765–8.
[127] Norberg J, Nilsson L. Solvent influence on base stacking. Biophys J 1998;74:394–402.
[128] Lee CH, Ezra FS, Kondo NS, Sarma RH, Danyluk SS. Conformational properties of dinucleoside monophosphates in solution: dipurines and
dipyrimidines. Biochemistry 1976;15:3627–39.
[129] Pino S, Ciciriello F, Costanzo G, Di Mauro E. Nonenzymatic RNA ligation in water. J Biol Chem 2008;283:36494–503.
[130] Pino S, Costanzo G, Giorgi A, Di Mauro E. Sequence complementarity-driven nonenzymatic ligation of RNA. Biochemistry 2011;50:994–
3003.
[131] Pino S, Trifonov E, Di Mauro E. On the observable transition to living matter. Genom Proteom Bioinform 2011;9:7–14.
[132] Wächtershäuser G. Before enzymes and templates: theory of surface metabolism. Microbiol Rev 1988;52:452–84.
[133] Zhang XV, Martin ST. Driving parts of Krebs cycle in reverse through mineral photochemistry. J Am Chem Soc 2006;128:16032–3.
[134] Orgel LE. The implausibility of metabolic cycles on the early Earth. PLoS Biol 2008;6:5–13.
[135] Fishkis M. Emergence of self-reproduction in cooperative chemical evolution of prebiological molecules. Orig Life Evol Biosph
2011;41:261–75.
[136] Srinivasan V, Morowitz HJ. The canonical network of autotrophic intermediary metabolism: minimal metabolome of a reductive chemoautotroph. Biol Bull 2009;216:126–30.
[137] Mizuno T, Weiss AH. Synthesis and utilization of formose sugars. Adv Carbohydr Chem Biochem 1974;29:173–227.

104

R. Saladino et al. / Physics of Life Reviews 9 (2012) 84–104

[138] Breslow R. On the mechanism of the formose reaction. Tetrahedron Lett 1959;21:22–6.
[139] Weber AL. The sugar model: autocatalytic activity of the triose-ammonia reaction. Orig Life Evol Biosph 2007;37:105–11.
[140] Schwartz AW, Goverde M. Acceleration of HCN oligomerization by formaldehyde and related compounds: implications for prebiotic syntheses. J Mol Evol 1982;18:351–3.
[141] Cech TR. The ribosome is a ribozyme. Science 2000;289:878–9.
[142] Yonath A. Polar bears, antibiotics, and the evolving ribosome (Nobel Lecture). Angew Chem Int Ed Engl 2010;49:4341–54.
[143] . . . quod negent omnino posse reperiri, avesne ante an ova generata sint, cum et ovum sine ave et ave sine ovo gigni non possit (Censorino, De
die natali, IV, 3). For translation see the “De Die Natali” by Parker Holt N (trans.):. Censorinus. The birthday book. Chicago: The University
of Chicago Press; 2007. p. xiv, 102.
[144] Cech TR. The chemistry of self-splicing RNA and RNA enzymes. Science 1987;236:1532–9.
[145] Hazen RM. Genesis, the scientific quest for life’s origin. Washington, DC: Joseph Henry Press; 2005.
[146] Eschenmoser A, Loewenthal E. Chemistry of potentially prebiological natural products. Chem Soc Rev 1992;21:1–16.
[147] Hanczyc MM, Fujikawa SM, Szostak JW. Experimental models of primitive cellular compartments: encapsulation, growth, and division.
Science 2003;302:618–22.
[148] Hayden EJ, Riley CA, Burton AS, Lehman N. RNA-directed construction of structurally complex and active ligase ribozymes through
recombination. RNA 2005;11:1678–87;
Lehman N. A recombination-based model for the origin and early evolution of genetic information. Chem Biodiv 2008;5(9):1707–17;
Díaz Arenas C, Lehman N. Quasispecies-like behavior observed in catalytic RNA populations evolving in a test tube. BMC Evol Biol
2010;10:80;
Lehman N. RNA in evolution. Wiley Interdiscip Rev RNA 2010;1:202–13;
Burton AS, Lehman N. Enhancing the prebiotic relevance of a set of covalently self-assembling, autorecombining RNAs through in vitro
selection. J Mol Evol 2010;70:233–41.
[149] Gayon J, Malaterre C, Morange M, Raulin-Cerceau F, Tirard S, guest editors. Special issue: Definitions of life. Origins Life Evol Biospheres
2010;40:119–244.
[150] Barbieri M. The organic codes. An introduction to semantic biology. Cambridge: Cambridge University Press; 2003.
[151] Popa R. Between necessity and probability: searching for the definition and origin of life. In: Adv astrobiol biogeophys. NY: Springer; 2004.
p. 197–205.
[152] Trifonov EN. Vocabulary of definitions of life suggests a definition. J Biomol Struct Dynam 2011;29(2):259–66.
[153] Di Mauro E, Dunker AK, Trifonov EN. Disorder to order, non-life to life. In the beginning there was . . . a mistake. In: Joseph Seckbach,
Richard Gordon, editors. Genesis: origin of life on Earth and planet. Cellular origins, life in extreme habitats and astrobiology (COLE).
Springer; 2011 [in press].
[154] Trifonov EN, Kirzhner A, Kirzhner VM, Berezovsky IN. Distinct stages of protein evolution as suggested by protein sequence analysis.
J Mol Evol 2001;53:394–401.
[155] Trifonov EN. The origin of the genetic code and of the earliest oligopeptides. Res Microbiol 2009;160:481–6.
[156] Cioran Emile. Histoire et utopie. Paris: Gallimard Folio; 1992. p. 110.
[157] Stenger VJ. The Comprehensible cosmos: Where do the laws of physics come from?. Amherst, NY, USA: Prometheus; 2006.
[158] Bean HD, Sheng Y, Collins JP, Anet FAL, Leszczynski J, Hud NV. Formation of a β-pyrimidine nucleoside by a free pyrimidine base and
ribose in a plausible prebiotic reaction. J Am Chem Soc 2007;129:9556–7.

