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ABSTRACT  Life developed on Earth probably about 3.8 billion years ago, on a planet that was already 
largely covered by oceans and where the atmosphere was very humid. The reactions, which may 
have led to the formation of the first polymers, particularly to the first peptides and nucleic acids, 
must have been compatible with these conditions. This is the case of the reaction of nitriles with 
aminothiols, such as cysteine   and homocysteine. Since aminonitriles are the probable precursors 
of amino acids, this condensation reaction has been able to rapidly yield dipeptides, tripeptides, 
oligomers and even true polymers, each containing thiol functions. These thiol-rich peptides (TRP’s) 
would then have assumed the various catalytic roles that the peptides containing cysteine   residues 
play today. They allowed a rapid bloom of life in the primitive ocean. In this scenario, RNA’s are not 
the first polymers, but have been synthesized, like DNA’s, thanks to the catalytic properties of thi-
ols in a mostly TRP world. In this world, due to its ability to form a thiolactone, homocysteine may 
have played the leading role in enabling the previously formed oligomers to be stappled together, 
thus accelerating the formation of long peptide chains. 
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Introduction

The answer to the question “what were the first steps of life 
development on our planet?” largely depends on the answer to this 
second question: “what were the environmental conditions on Earth 
in these very old times?” Any attempted answer to the first ques-
tion incompatible with what is known of these conditions should be 
excluded. A response only marginally compatible with the general 
conditions of this environment should be viewed with suspicion.

A second test of the soundness of an origin of life hypothesis 
should be the speed with which the postulated reactions are expected 
to lead to catalytic species. Indeed, the faster the implementation 
of catalytic processes, the more efficient the synthesis of large 
polymers, from which many will be even more efficient catalysts. 
Then polymers will interact with polymers. There will be a true bloom 
of life, with rapid creation of proto-cells (that is, small concentrated 
monomers and polymers mixes), protecting the formed polymers 
from too much dispersion and allowing synthetic processes to ef-
fectively counterbalance hydrolysis reactions. Saying it in biological 
terms, anabolism and catabolism together should reach a point of 
no return. 
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Furthermore, even though one cannot exclude a completely 
statistical set of first steps followed by a drastic Darwinian (ther-
modynamic) molecular selection, retaining a selected collection of 
polymers after some time, it seems more reasonable to put forward 
selective processes. The greater the part of actually catalytic oligo-
mers in the initial mixture, the less their activity will be hampered 
by the presence of unnecessary molecules. This means that the 
chemistry in action, from monomers to polymers, should better be 
somehow “informed”. Nowadays information is coded thanks to the 
genetic code. All nucleic acids are copies of pre-existing nucleic 
acids. In the synthesis of a given protein, the first Met residue is 
introduced thanks to the start codon (AUG) and the choice of the 
second one is coded by another specific codon, let’s say AGU for 
Ser, etc. Nothing is randomly chosen. Of course, in the early days 
of the development of life, an important part of chance must have 
existed. However, in this paper we present a scenario that limits the 
scope of possibilities in this game of chance. It is compatible with 
initial environmental conditions, it rapidly creates catalytic species 
and it is selective.
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Geological considerations

The story of life probably began ca. 3.8 billion years ago, that is 
just after the late heavy bombardment (Marchi et al., 2014). This 
bombardment lasted 300 million years, during which thousands 
of meteorites struck the Earth (Gomes et al., 2005). The energy 
involved was colossal and it is very unlikely that traces of life, or 
even complex organic molecules, that would have existed before 
this event, would have survived it, even though this has been tenta-
tively proposed (Abramov and Mojzsis, 2009, Nutman et al., 2016).

At that time oceans already covered the surface of our planet 
(Wilde et al., 2001). As the moon was much closer to Earth than 
nowadays (Walker and Zahnle, 1986), this ocean was shacked by 
impressive tides. With a Moon-Earth distance 2.8 times shorter 
than nowadays (Zharkov, 2000), the tides were roughly 22 (2.83) 
times stronger. Winds and currents were very strong. It is difficult 
to have a precise idea of the temperature of this ocean. However, 
the internal energy of Earth was still much higher than now and 
probably compensated the lower energy furnished by the Sun, 
which was smaller (Shaviv, 2003). Thus it could well be that the 
temperature of water was not too different from nowadays, may be 
a little bit warmer (Bounama, 2001). As an atmosphere containing 
a lot of CO2 covered it, the pH of this ocean might be slightly acidic 
(Pinti, 2005). The most common ions were Na+ and Cl-, just as it is 
today. One major difference is that no molecular oxygen, O2, was 
present in the atmosphere, so that the environment was globally 
reductive (Shaw, 2008). For that reason, iron was in its ferrous state, 
Fe2+, and was soluble. Very active volcanoes (Martin et al., 2007) 
liberated large amounts of gases, including hydrogen sulfide, H2S.

At the heart of the problem: how to form (catalytic) 
polymers?

Chemists agree that most, if not all, of the monomeric species 
necessary to the formation of biological polymers were pres-
ent (Eschenmoser, 2007), including many amino acids (Bada, 
2013, Miller, 1953), nucleic bases (Callahan et al., 2011, Voet 
and Schwartz, 1983), may be even nucleotides (Becker et al., 
2016, Patel et al., 2015). Some may have been synthesized on 
Earth, over may have been of extraterrestrial origin (Burton et al., 
2012), brought by meteorites and asteroids, as well as possibly a 
part of the water that constituted oceans (Morbidelli et al., 2000). 
However, after the late heavy bombardment stopped, the arrival 
of molecules from space inevitably diminished. From that time, 
the synthesis of most, in not all, prebiotic monomers must have 
taken place on Earth.

The main problem is then to understand how these monomers 
condensed to form, inter alia, proteins and nucleic acids, a difficult 
problem indeed when the condensation reactions have to be con-
ducted in water. These reactions are disfavored by thermodynamics 
(because of the formation of a molecule of water) and kinetics. For 
instance, the direct condensation in an aqueous solution of an acid 
with an amine to give an amide is highly improbable (Chalmet et 
al., 2001).

To circumvent such difficulty, dry reactions have been proposed. 
We believe that they cannot be taken into account in a realistic 
prebiotic scenario. One may argue that some reactions occurred 
on relatively dry surfaces (Cleaves, 2013), on the shore of small 
continents or near some newly formed streams. But these sur-

faces, if existing, were indeed over wet, due to the large amount 
of water present in the atmosphere and frequent rains. Many 
captivating scenarios have been proposed since Darwin’s little 
hot pond (Follmann and Brownson, 2009, Damer, 2016): coastal 
zone (Lathe, 2003), dehydrating/hydrating cycling (Ross and De-
amer, 2016), hydrothermal vents (Miller and Bada, 1988), tectonic 
faults (Schreiber et al., 2012), geothermal fields (Mulkidjanian et 
al., 2012), ocean abysses (Di Giulio, 2005), surface metabolism 
(Wächtershäuser, 2006), salt-induced peptide formation (Fitz et 
al., 2007), a stereochemical era (Fontecilla-Camps, 2014), thermal 
gradients (Agerschou et al., 2017), the sum of various specific 
spots (Monard, 2016, Stüeken et al., 2013)… To these scenarios, 
in which life occurred “somewhere”, we prefer a scenario in which 
life came out everywhere or, at least, anywhere in a roughly ho-
mogeneous ocean.

We believe that most of organic monomers were randomly 
distributed in the vigorously stirred global terrestrial ocean and 
that life began with some efficient reactions in this homogeneous 
diluted aqueous solution. These reactions had to rapidly yield 
catalytic oligomers, allowing the synthesis of polymers, then the 
formation of aggregation micelles, proto-cells, and the first “true” 
cell models, including the Last Universal Common Ancestor, LUCA 
(Kyrpides et al., 1999) from which derives the whole tree of life. 
What could be the key reaction that would lead to the first catalytic 
oligomers? It has been proposed that the formation of amino acid 
N-carboxyanhydrides (Danger et al., 2012) played a major role in 
the formation of first peptide chains. However, this process could 
only explain the formation of a random mixture of peptides. In 
contrast, our scenario favors the formation of one specific kind of 
catalytic oligomers, thiol rich peptides (TRP’s).

A plausible answer: the reaction of aminonitriles with 
aminothiols 

Aminonitriles are the first products of the Strecker reaction 
(Fig. 1A) (Strecker, 1850). These nitriles are subsequently hy-
drolyzed to amino acids. It is largely admitted that this is the way 
most amino acids were produced in the early ocean. Nitriles are 
slightly activated forms of acids and are relatively stable in water. 
For instance, we found that when aminoacetonitrile, a molecule 
which has been detected in an interstellar giant molecular cloud 
(Belloche et al., 2008, Schwell et al., 2012) and was the probable 
prebiotic precursor of glycine, was dissolved in slightly acidic water 
at 45°C, it was stable for months (no hydrolysis observed after 3 
months). It is thus conceivable that when formed in the primitive 
ocean, this nitrile and other aminonitriles could react with good 
nucleophiles before reacting with water.

We studied the reaction of aminoacetonitrile with cysteine (Fig. 
1B). This reaction first leads to a thiazoline derivative (Krimmer 
et al., 1987), which is afterward hydrolyzed to yield the dipeptide 
Gly-Cys. This reaction is very efficient (Fig. 2). It is quicker at 70°C, 
but goes well also at 25°C. It works at low concentration (we tested 
it down to 10-4 mol/L) and at various pH’s (at least from pH 4 to 9). 
Such efficiency is due both to the high nucleophilicity of the thiol 
group, to the better electrophilicity of aminonitriles compared to 
other nitriles (a behavior that we confirmed by theoretical calcula-
tion) and to the fact that no water molecule is eliminated during the 
ring formation. Moreover, a water molecule is consumed during the 
ring opening. It suffers neither insurmountable kinetic obstacle nor 
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thermodynamic drawback. We found it to work with all aminonitriles 
(Guillemin and Denis, 1988) we have tested. Homocysteine gave 
similar results, but no one of the non-thiol amino acids we tested 
was found to react with nitriles (in water, at 45°C). From these 
findings, we conclude that aa-Cys and aa-Hcy dipeptides were 
easily and preferentially formed in the primitive ocean.

The presence of cysteine and homocysteine in the ocean 
is highly probable (Parker et al., 2011). As already mentioned, 
large amounts of H2S were delivered during volcanoes eruptions 
(including under-water eruptions) and were not readily oxidized 
due to the lack of dioxygen. Mercapto-aldehydes could be formed 
thanks to the presence of this H2S, and these aldehydes led to the 

corresponding aminonitriles through the Strecker reaction, hence 
to cysteine and homocysteine (Fig. 1C). Furthermore, the nitrile 
precursor of cysteine, which is a plausible interstellar molecule 
(Knowles et al., 2010), contains both a nitrile group and aminothiol 
moiety. It is thus expected to be able to polymerize. Indeed, when 
it was synthesized and kept in water, the formation of Cys-Cys and 
Cys-Cys-Cys precursors was observed, after what a non-soluble 
polymer precipitated out of the solution (Fig. 1D). 

The behavior of homocysteine nitrile was entirely different (Fig. 
1E). When we synthesized it, we did not observe any polymeriza-
tion, but instead its ring closure to homocysteine thiolactone. This 
argues for the existence of this thiolactone in the primitive ocean. 

 

 

R
O

H

HCN, NH3

H2O
R

CN

NH2 H2O
R

CO2

NH3

A Strecker reaction

H3N
CN

Cl
+

H3N

HS

CO2

H2O S

N CO2H3N

H2O H3N N
H

CO2

O
SH

thiazoline Gly-Cys- NH3

H3N
CN

Cl

+

H3N CO2

H2O H2O H3N N
H

CO2

O

Gly-Hcy- NH3

HS

SH

S

N
H3N

CO2

dihydrothiazine

O

H

HCN, NH3

H2O

CN

NH2 H2O

CO2

NH3HS HS HS

C Cysteine and Homocysteine Strecker synthesis

O

H

HCN, NH3

H2O

CN

NH2 H2O

CO2

NH3HS HSHS

B Dipeptide formation

D Cysteine nitrile polymerization

H2N CN

HS

+
H2N CN

HS S

N CN

HS

H3N Cys-Cys

H2N CN

HS

+

S

N
CN

N
H

HSO
H3N

SH

+ H2O

Cys-Cys-Cys

H2O

H2O

(Cys)n

aa-Cys-Cysaa-CN
H2O

aa-Cys-Cys-Cys
aa-CN

H2O

E Homocysteine nitrile cyclization

NH2

SH N

S NH2

NH

S NH2

O
+ H2O

- NH3

F Homocysteine thiolactone opening by GlyCN

S NH2

O

H2N
CN

+
NH2

O

SH

N
H

NC
H2O

O

N
H

NC
S

N
NH2

H2N
CN+

Gly-Hcy-Gly

cysteine

H2O
Cys-Gly-Hcy-Gly

(Gly-Hcy)n

S NH2

O

H2N
+

H2O

O
NH

NC
Gly-GlyCN

G Homocysteine thiolactone opening by Gly-GlyCN

NH2

O

SH

N
HO

H
NNC

(Gly-Gly-Hcy)n

Gly-GlyCN

O

N
H

S

N
N
H

O

O

H
NNC NH2

cysteine

H2O
Cys-Gly-Gly-Hcy-Gly-Gly

H2O

H2O

Gly-Gly-Hcy-Gly-GlyH Cys-aaCN polymerization

H2N

HS

O

N
H

R

CN +
H2N

HS

O

N
H

R

CN

H2N

HS

O

N
H

R

S

N
N
H

RO

CN
(Cys-aa)n

R = H, Me, iPr, CH2CH2SMe

S NH2

O
+ +

I Homocysteine thiolactone "staple"

NC N
H

H
N

O

(aa)n
R2

R1

(aa)n N
H

H
N

NH2
O

O

R3

(aa)n N
H

H
N

N
HO

O

R3

O

S

N
N
H

H
N

O

(aa)n
R2

R1

(aa)n N
H

H
N

N
HO

O

R3

O H
N

N
H

H
N

O

(aa)n
R2

R1

O

SH

S NH2

O
+ +

NC N
H

H
N

O

(aa)n
R5

R4

NH2

H
N

O

S

N
R4

H
N

O

R5

N
H

(aa)n

H
N

O

SH

N
H R4

H
N

O

R5

N
H

(aa)n

O

S NH2

O
+NH2

N
H

O
NH2

SH

N
H

O
NH2

SH

Fig.1 Reactions involved in the thiol-
rich peptide scenario. Experiments 
were run in H2O, for mass spectroscopy 
determination of products, or in D2O, for 
NMR monitoring. Standard conditions: 
45°C, pH slightly acidic (5.5 – 6.5). Prod-
ucts and reactions presented in green are 
extrapolated from the chemistry used in 
previous reactions (for instance hydrolysis 
of thiazoline, opening of homocysteine 
thiolactone). Used cysteine was enantio-
pure (L), homocysteine and thiolactone 
were racemic.



474    Y. Vallée et al.

Furthermore, when we reacted it with aminoacetonitrile (Fig. 1F), 
we observed the formation of Gly-Hcy-GlyCN, which is a precursor 
for Gly-Hcy-Gly, and also for Gly-HCy-Gly-Cys, Gly-HCy-Gly-Hcy 
and even longer thiol rich peptides (Gly-HCy-Gly-Cys-Cys etc.). 
Similarly, reacting homocysteine thiolactone with Gly-GlyCN (that 
we have been able to obtain in a prebiotic manner), we obtained 
Gly-Gly-HCy-Gly-GlyCN (Fig. 1G). These reactions occurred via 

2007). This preference, which was initially very low, may have been 
sufficient for automultiplication processes to take place (Shibata et 
al., 1996). Such processes should have been of the utmost impor-
tance in the TRP world, which is primarily based on the idea of a 
quick creation of molecular catalysts. Such catalysts would have 
been all the more efficient as they would have been homochiral. 
The choice of the most efficient catalysts, and of the most stable 
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Fig. 2 (Left). NMR monitoring of the reaction of cysteine with aminoacetonitrile. The solvent was a 1/1 mixture of D2O and H2O phosphate buffer 
(pH 6.5). The NMR probe temperature was 45°C.

Fig. 3 (Right). 13C solid NMR spectrum of poly Cys-Gly. The spectrum was recorded at 9.4 T and a magic-angle spinning frequency of 20 kHz. Red and 
blue bars denote the expected chemical shift ranges for reduced (S-H) and oxidized (S-S) cysteine residues, indicating the presence of both species in the 
sample. Peaks labeled with an asterisk correspond to CF3 (trifluoroacetic acid was used for the synthesis), acetone and silicone grease (from left to right).

Fig. 4. Proposed scenario from the thiol-rich peptide (TRP) world to the classical DNA/
RNA/peptide world. After TRP synthesis, the first steps were the development of a Fe-S based 
anaerobic respiration, the synthesis of fatty acids, thanks to the acyl carrier properties of TRP’s, 
and the synthesis of short RNA’s. DNA’s grown from RNA primers when deoxysugars and (may 
be later) thymine were available. Longer RNA’s could be produced either without the support of 
DNA frameworks or only after the synthesis of DNA strands (and DNA pairing).

the transient formation of Hcy-GlyCN, a precursor 
for polymeric (Hcy-Gly)n, and Hcy-Gly-GlyCN, 
precursor of (Hcy-Gly-Gly)n (Fig. 1G). We are 
currently studying various Cys-aaCN polymers 
(Fig. 1H). The 13C solid-state NMR spectrum of 
poly Cys-Gly obtained this way is presented in 
Fig. 3. Analysis of the cysteine CH2 chemical shifts 
indicates that some cysteine residues have been 
oxidized to the corresponding disulfides (cystine) 
(Sharma and Rajarathnam, 2000).

Overall, we think that these experiments dem-
onstrate that TRP’s (thiol-rich peptides) could be 
readily formed in the prebiotic ocean. Of course, 
some of their amide bonds could be hydrolyzed, 
but the hydrolysis of amide bonds is a slow process 
(the typical half-life of an amide bond in water is 
ca. 1000 years) (Danger et al., 2012), so that it 
was efficiently counterbalanced by the specific 
reactivity of thiol amino acids. At the very most, 
the hydrolysis vs. amide bond formation game 
might have favored the most stable oligomers.

Life, as we know it, is inseparable from ho-
mochirality. All the models that claim to explain 
the origin of life must take into account this 
unavoidable fact. In the case of amino acids, it 
is possible that some physical factors created 
a slight excess of the L-form (but it could have 
been D), for example during partial crystallization 
(Kojo et al., 2004) or sublimation (Fletcher et al., 
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chains, would have favor the synthesis of 
homochiral peptides. It may be envisaged 
that this necessitated the implementation of 
asymmetric Strecker synthesis (Shibasaki 
et al., 2008).

Biological considerations

Cysteine rich proteins play an unavoid-
able role in nowadays biology (Capdevilla 
and Atrian, 2011, Khalimonchuk and Winge, 
2008, Lavergne et al., 2012, Sutherland and 
Stillman, 2011). We propose that the TRP’s 
presented above assumed at least a part 
of this role in the primitive ocean and some 
proportion of the various catalytic functions 
of cysteine residues in proteins (Fig. 4). 

Being able to form disulfides, they 
took part in redox processes as does, for 
instance, today’s thioredoxin (Holmgren, 
1989) (Fig. 5A). As ribonucleotide reductase 
(Torrents et al., 2002), they were able to 
reduce sugars, including ribose, reducing 
it into deoxyribose (Fig. 5B). Being thiols, 
they were acyl carriers. They were thus able 
to promote the synthesis of other peptides. 
Today, non-ribosomal peptides (Hashimoto, 
2008) are produced in this way, except that 
the thiol group of cysteine or homocysteine 
is replaced by the thiol of a pantetheine 
group (Fig. 5C) (Keefe et al., 1995, Moffitt 
and Neilan, 2000). They were also able to 
built fatty acid chains via malonic conden-
sation of thioesters (Jenke-Kodama, 2005) 
and reduction of the primary condensation 
products similarly to today’s dehydratase 
(Buckel et al., 2005). The formation of fatty 
acids allowed the construction of proto-cell 
membranes (which probably also contained 
peptides). Some of these reductions were 
permitted thanks to the ability of TRP’s to 
form iron clusters (Rawat and Stemmler, 
2011) that were able to deliver electrons 
via the Fe2+ to Fe3+ oxidation reaction (Fig. 
5D). Furthermore, the energy delivered 
by this iron oxidation might have been 
used to form polyphosphates (inorganic or 
organic, similar to ATP). From these poly-
phosphates ribo and deoxyribonucleotides 
were formed, as well as acylphosphates, 
including aminoacyl phosphates, which 
progressively replaced nitriles in all the 
previously described reactions. That stage 
should have been crossed before all HCN 
present at the beginning of Earth history has 
been consumed, making the formation of 
new nitriles impossible. In addition, as the 
preferentially formed peptides contained a 
lot of thiol groups, classical native chemical 
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ligation couplings (Dawson et al., 1994) might have taken a part 
in their elongation. 

Also, the nucleophilic thiol of cysteine (or homocysteine) was 
able to react with the uracil ring to yield the enol, which is manda-
tory for the methylation of this heterocycle, thus acting as a proto 
thymidilate synthase (Fig. 5E) (Koehn et al., 2009). The methyl 
group necessary to complete the transformation of uracil into thy-
mine could come from methylchloride, a compound detected in 
volcanic gases (Jordan, 2003) or S-methylmethionine, a nowaday’s 
common alkylated derivative of methionine (Bourgis et al., 1999). 

Added to the possible reduction of ribose, this step completes the 
transformation of RNA sub-units into DNA sub-units. Finally, TRP’s 
were able to promote the ligation of nucleotides. Indeed, cysteine 
residues, via a zinc finger motif (up to six cysteine residues are 
involved), play a major role in today’s nucleic acids – proteins 
binding (Garvie and Wolberger, 2001), including primase – primer 
interaction (Griep, 1995). We propose that these zinc fingers 
(Fig. 5F), as well as iron-sulfur clusters which are also involved 
(Wu and Brosh, 2012), were formed at a very early stage of life 
development in a mostly “TRP world” and that they promoted the 
formation of the first DNA and RNA strands. However, because 
DNA’s are more stable than RNA’s (Ross and Deamer, 2016) and 
can be further stabilized by the formation of double helixes, we 
believe that the first long chain nucleic acids were DNA’s, mean-
ing that the first exchange of molecular “genetic” information was 
the matching of DNA bases (C-G, A-T) during the double helix 
formation. But ribonuleotides intervened in this polymerization. 
With long RNA parts, the stability of the DNA-RNA structures was 
weak and RNA strands were cleaved (second genetic information 
transmission step, the RNA’s thus formed were “genetically” copied 
from DNA). Some cleaved RNA strands formed protoribosomes 
and eventually gained some catalytic properties. They interacted 
with other cleaved strands, proto-mRNA’s and proto-tRNA’s, two 
types of molecules themselves interacting via codon-anticodon 
pairing. Aminoacyl-AMP’s and peptidyl-AMP’s began to react 
with the termini of proto-tRNA’s and a new way to form peptides 
was discovered. Contrarily to what happened with abiotic TRP’s, 
in which the genetic information (the classical genetic code) was 
inoperative, but in which some primitive nonribosomal code (Von 
Döhren, 1999) may have existed, the new synthesis of peptides 
became completely “informed”. 

Because of the specific double reactivity of homocysteine 
thiolactone (thiolactone opening + aminothiol condensation re-
action), Hcy residues may have been more common than Cys 
residues in TRP’s (Jakubowski, 2002). Indeed, Hcy thiolactone 
can be regarded as a perfect “molecular staple” which would link 
together two chains of peptidic nitriles (Fig. 1I). The current role of 
methionine, which is present at the root of any protein synthesis, 
could be a remembrance of this Hcy dominance, and not, as we 
proposed before, the legacy of a possible methionine auto-activation 
(Raghavendra Rao et al., 2015, Vallée et al., 2016). Homocysteine, 
a nowadays non-proteinogenic amino acid, is still a precursor of 
methionine. Furthermore, when homocysteine is mistakenly ac-
tivated by methionyl-tRNA synthase, in place of methionine, it is 
edited by cyclization into its thiolactone (Jakubowski, 2016), our 
proposed “staple”.

In the primitive ocean, the formation of a proto-cell first de-
pended on the ability of monomers to grow to polymers, but also 
on the ability of these polymers to aggregate. Hydrogen bonding 

played an important role in this concentration process, as did the 
hydrophobicity of some amino acid residues. Noticeably, Cys and 
Hcy residues, which were so numerous in TRP’s, are hydropho-
bic. They are also able to form disulfide bridges. Intramolecular 
bridges would have stabilized TRP’s strands. Intermolecular bridges 
reinforced the stability of TRP’s aggregates. Formation of metal-
lic complexes (e.g. with iron) might also have strengthened the 
structure. The formed aggregates gained greater, more selective, 
catalytic properties. They became capable of picking monomers 
from free water, and of promoting their polymerization. Going further 
into what is of course just a hypothetic scenario, after some time, 
they even became capable of making monomers. That is to say, 
in these organic droplets, probably already enclosed in some sort 
of membrane, a primitive metabolism was running. Finally, when 
some of these droplets became too big and eventually split into 
two smaller units, which in turn began to grow, then an archaic 
form of life was born.

Our proposal is an alternative to nowadays largely consensual 
RNA world hypothesis (Gilbert, 1986, Lilley, 2011, Krupkin et al., 
2011). It is a metabolism first hypothesis (Kurland, 2010, Zaia and 
Zaia, 2008), related to de Duve’s thiolester world (De Duve, 2003), 
and somehow linked to Sutherland’s cyanosulfidic protometabolism 
(Patel et al., 2015), also to Carter’s urzyme theory (Li et al., 2013). 

Experimental chemistry

Reaction of cysteine with aminoacetonitrile
NMR monitored reactions were run in D2O solutions, in NMR 

tubes. For mass measurements, reactions were run in H2O. In a 
typical experiment cysteine (3.9 mg, 0.032 mmol) and aminoace-
tonitrile hydrochloride (3 mg, 0.032 mmol) were dissolved in D2O 
(750 ml) in a NMR tube under Argon. Starting materials and products 
were identified in reaction mixtures on the basis of their 1H and 
13C NMR (500 MHz D2O, pH = 6.5). D2O calibrated at 4.7 ppm. 

Cysteine: 1H-NMR (ppm): 2.92 – 3.05 (AB of ABX system, 2 
H), 4.38 (t, 1 H). 13C-NMR (ppm): 24.78 (CH2-SH), 55.83 (CH), 
172.47 (C=O acid). Aminoacetonitrile: 1H-NMR (ppm): 4.09 (s, 2 
H). 13C-NMR (500 MHz D2O) (δ, ppm): 28.06 (CH2) 117.27 (CN). 
Thiazoline: 1H-NMR (ppm): 3.46 - 3.71 (AB of ABX system, 2 H), 
3.83 (s, 2 H), 4.98-5.03 (dd ~t, 1 H). 13C-NMR (ppm): 40.56 (CH2-
NH3), 37.52 (CH2-S), 78.97 (CH), 166.84 (C=N Imine), 178.14 (C=O 
acid). HRMS: calc. 161.0385, found 161.0387. Gly-Cys: 1H-NMR 
(ppm): 2.84-2.93 (~d, 2 H), 3.84 (s, 2 H), 4.38 (t, J = 5.3 Hz, 1 H). 
13C-NMR (ppm): 26.09 (CH2-NH3), 40.51 (CH2-SH), 56.83 (CH), 
166.6 (C=O amide), 176.06 (C=O acid). HRMS: calc. 179.0490, 
found 179.0492.

Reaction of homocysteine thiolactone with aminoacetonitrile
Homocysteine thiolactone (10 mg, 0.065 mmol) and amino-

acetonitrile hydrochloride (12 mg, 0.13 mmol) were dissolved in 
D2O (750 ml) in a NMR tube under inert atmosphere, pH = 6. After 
22h, the observed conversion into the dihydrothiazine adduct (see 
Fig. 1F) was 14% (+ 2% Gly-Hcy-GlyCN). After 48h, conversion 
was 22% (+ 8%). This experiment was repeated in H2O for mass 
spectrometry analysis. 

Identification of adduct in the reaction mixture. 1H-NMR (δ, ppm): 
1.56 – 1.62 (m, 1 H of CH2), 2.4 – 2.47 (m, 1 H of CH2), 3.03 – 3.09 
(m, 1 H of CH2-S), 3.23 – 3.3 (m, 1 H of CH2-S), 4.01 – 4.11 (m, 
CH), 3.89 (d of AB system, J = 16 Hz, 1 H, CH2-NH3), 3.82 (d of 
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AB system, J = 16 Hz, 1 H, CH2-NH3), 4.25 (s, CH2-CN). 13C-NMR 
(δ, ppm): 21.69 (CH2), 25.17 (CH2-S), 27.54 (CH2-CN) 44.35 (CH2-
NH3), 59.05 (CH), 116.99 (CN), 159.09 (C=N imine), 175.16 (C=O 
amide). HRMS: calc. 213.0810, found 213.0806. 

A full account of experimental details will be presented in a 
forthcoming chemistry paper.
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