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Abstract
The secular debate on the origin of life on our planet represents one of the open challenges 
for the scientific community. In this endeavour, chemistry has a pivotal role in disclosing 
novel scenarios that allow us to understand how the formation of simple organic molecules 
would be possible in the early primitive geological ages of Earth. Amino acids play a cru-
cial role in biological processes. They are known to be formed in experiments simulating 
primitive conditions and were found in meteoric samples retrieved throughout the years. 
Understanding their formation is a key step for prebiotic chemistry. Following this reason-
ing, we performed a computational investigation over 100′000 structural isomers of natural 
amino acids. The results we have found suggest that natural amino acids are among the 
most thermodynamically stable structures and, therefore, one of the most probable ones to 
be synthesised among their possible isomers.

Keywords  Amino acids · Prebiotic chemistry · Computational analysis · Stability

Introduction

The reason behind the beginning of life on Earth is a widely debated topic, which encom-
passes many interdisciplinary fields. Chemistry has always played a vital role in explaining 
how the emergence of biochemical building blocks such as amino acids, nucleotides and 
sugars could have been possible.

The pioneering work of Oparin (Oparin 1924) suggested how a long period of abiotic 
synthesis of organic molecules could support the heterotrophic hypothesis of the origin of 
life on our planet. This idea culminated in the Urey-Miller experiment, where it was proved 
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how the production of the first simple organic compounds could have been possible in the 
primitive conditions of Earth in the Archean Age (Miller 1953, 1955). In this well-known 
experiment, the emergence of biotic molecules has been observed in a simulation of the 
young Earth, taking into account the presence of spark discharge, inorganic molecules, and 
reducing atmosphere.

Amino acids, amines, hydroxy acids, aldehydes, nitriles, and many more compounds 
have been identified in the first promising experimental proofs of Oparin’s “primordial 
soup”. It has been debated for a long time if the Earth atmosphere was likely to be reduc-
ing, as proposed in these pioneering works, or a neutral gas mixture. Later studies have 
analysed in more detail the geochemical condition of the Earth (Holland 1962; Abelson 
1966): it was later understood that the early atmosphere was most likely a neutral gas mix-
ture mainly composed of CO2 (1–100 bar) with ∼1 bar N2 (Kasting and Catling 2003).

Moreover, the low yields of amino acids synthesised by spark discharges have raised the 
criticism that the formation of amino acids needed additional external support (Johnson 
et al. 2008).The mechanisms of synthesis of amino acids such as ammonium thiocyanate, 
thiourea, and thioacetamide are unlikely to be obtained in a non-reducing atmosphere. 
In fact, the synthesis of such amino acids may follow one of these mechanisms: i) amino 
nitriles and hydroxy nitriles are produced in aqueous solution by aldehydes and HCN pro-
duced by the discharge in the atmosphere (known as Strecker’s mechanism); ii) amino 
and hydroxy acids are a product of the electric sparks by ions and free radicals (Shneur 
and Ottesen 1966). Lacking significant percentages of oxygen (Kasting and Catling 
2003; Catling and Claire 2005), the direct abiotic synthesis of amino acids may have still 
occurred during the early rise of atmospheric O2 on our planet. Several mechanisms have 
been suggested to support this idea: the Bucherer–Bergs reaction (Bucherer and Lieb 1934; 
Taillades et al. 1998), the hydrolysis of hydrogen cyanide oligomers (Oró and Kamat 1961; 
Ferris et al. 1978), and the Strecker synthesis (Miller 1955). Even if methane and ammonia 
have been proved necessary to the formation of amino acids (Schlesinger and Miller 1983; 
Miyakawa et al. 2002), the production of amino acids and nucleotides highly depends on 
the hydrogen cyanide that is formed in the atmosphere (Ferris et  al. 1978). The experi-
mental absence of polymers derived from hydrogen cyanide and the high level of energies 
required to form non-α-amino acids suggest that no mechanism can be sufficient by itself.

Among the suggested solutions of this conundrum, hydrothermal synthesis may 
(Wächtershäuser 1988; Steele et al. 2012) have enhanced prebiotic organic evolution, espe-
cially in the production of high-yielding compounds derived from cyanates. The oxida-
tion inhibitors in the oceans may have enhanced the formation of organic compounds in a 
neutral atmosphere. A more suggestive, but sound hypothesis relies on the contributions 
of extraterrestrial organic compounds to endogenous synthesis (Chyba and Sagan 1992). 
It has been experimentally proven that complex organic compounds (e.g. amino acids, 
purines, pyrimidines) exist in carbonaceous meteorites and are indigenous, as in the Mur-
chison meteorite. The Murchison meteorite is a remarkable case, that greatly advanced the 
study of geochemical properties of meteorites and comets (Hayes 1967; Nagy 1973). Its 
fall in September 1969 in Murchison (Australia) proved the existence of extraterrestrially 
formed organic molecules (Kvenvolden et al. 1970).

Specialists in cosmochemistry and astrobiology have kept a position of consensus in the 
last years regarding the important helping role of extraterrestrial molecules on the emer-
gence of life on Earth. According to recent studies (Bernstein et al. 1999), life arose quite 
rapidly, probably helped by complex organic compounds in fallen comets and meteorites 
and the existence of a wide variety of organic compounds formed by solar ultraviolet irra-
diation or tholins supports this theory. Early studies on Murchison meteorite have identified 
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the presence of several aromatic hydrocarbons (Oró et al. 1971; Pering and Ponnamperuma 
1971; Studier et al. 1972; Levy et al. 1973). The indigenous origin of these molecules is 
supported by the similar percentages of enantiomers of type D and of type L in compounds 
such as valine, proline, and more (Cronin and Pizzarello 1983). Some families of amino 
acids have further put the research on the trail of prebiotic synthesis of peptides and poly-
nucleotides (Cheng et al. 2004).

On the other hand, one of the cornerstones of prebiotic chemistry relies on the chemi-
cal stability of natural α-amino acids. The stability, temperature decomposition and tem-
perature range of synthesis of the natural amino acids was recently studied for glycine, 
cysteine, aspartic acid, asparagine, glutamic acid, glutamine, arginine, and histidine (Weiss 
et  al. 2018) with mass spectrometry. Different hypotheses were made regarding the rea-
sons behind the selection of the 20 natural structures that emerged among all the possible 
α-amino acids. Recent studies evaluate the role of the 20 canonical α-amino acids in stabi-
lising the protein structure and stability following different criteria (e.g., type of atoms, sol-
ubility, biosynthetic cost) (Doig 2017), or tackling this problem computationally (Bywater 
2018). These works draw a series of convincing hypothesis why other classes of α-amino 
acids were not selected, despite the bountiful number of positive mutations that can be 
induced incorporating them in a protein structure (Li et al. 2018). Experimental evidence 
was found for the preference of the D-enantiomer of RNA, which lead to the formation of 
the L- α-amino acids (Bolik et al. 2007). In general, in the literature, the stability of natural 
α-amino acids over their structural isomers is widely accepted (Luisi 2006), but the scien-
tific literature paradoxically lacks evidence supporting this hypothesis.

Starting from these considerations, we decided to test the stability of the α-amino acids 
exploring this scientific challenge from another perspective. We investigated the rela-
tive stability of the 20 natural α-amino acids compared to their structural isomers, start-
ing from the hypothesis that among all the isomers possible, only the most stable can be 
likely related to the early emergence of life in prebiotic conditions. The stability of natural 
α-amino acids should indeed be confronted using an energetic bias with other isomeric 
structures sharing the same structural formula, which are expected to be less relevant or 
marginalised and therefore less produced under prebiotic conditions.

In this work, we analysed ca. 100′000 structural isomers of specific amino acids, study-
ing their geometry and their energetic stability by computational methods. In this work, we 
aimed at answering two questions. The first one is whether among the possible stable iso-
mers that can be computed starting from an amino acid structure, the ones with an amino 
acid moiety could rank among the more stable ones. The second is whether the natural 
amino acid structure could be the more stable one, when the α amino acid (i.e., HOOC-C-
N) subunit is fixed as a structural constraint of the isomers that can be generated.

Results and Discussion

Computational Methods

The Structural MOlecular Generation (SMOG) program was used to generate isomers 
starting from the molecular formulas of natural amino acids (Molchanova et  al. 1996). 
To avoid structures that cannot correspond to actual stable compounds (such as strained 
structures or molecules containing unstable linkages), we employed a set of constraints. 
In particular, the following functionalities were avoided: strained cycles (cycles with triple 
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bonds, in some cases three members cyclic compounds or more than seven membered 
rings); unstable moieties or easily hydrolysable groups (N–N single and double bonds, per-
oxides, ketenes, geminal amino groups, geminal hydroxyl groups, N-oxides, hemiacetals). 
To prove our hypothesis, less stringent rules were implemented for a selected number of 
amino acid isomers (see below), while for the remaining ones, the α-amino acid moiety 
was imposed to reduce the possible number of structures. All structures were optimised in 
gas phase. This choice was dictated to avoid bias introduced by the implicit solvent model 
chosen and by the polarity of the medium. Consequently, all amino acid structures were 
generated and computed in their neutral form (i.e., protonated acid and neutral amine). In 
this way we aimed to model an environment more like the prebiotic / extra-terrestrial con-
ditions. On the other hand, the absence of an explicit, nucleophilic solvent in the medium 
able to hydrolise structures such as acetals was considered when ranking the isomers 
regarding their energetic stability (vide infra).

Hydrogens were added, and 3D structures were built from the two-dimensional ones 
produced by SMOG by using HyperChem 8.0.10. The software was also used to perform a 
coarse optimisation via its molecular mechanics MM + routine. The cartesian coordinates 
generated by this first optimisation step were then re-optimised at the parametrised semi-
empirical PM3 level (Stewart 1989a, b), as implemented in Gaussian 09 Rev.B01. This 
classic semi-empirical method uses formalism based on the Neglect of Differential Dia-
tomic Overlap, allowing very fast and accurate geometry optimisations for small organic 
molecules. A subset of the optimised structures (vide infra) was subsequently optimised 
with Density Functional Theory (DFT) (Hohenberg and Kohn 1964; Kohn and Sham 
1965) at the ωB97X-D/TZVP level (Schäfer et al. 1992; Chai and Head-Gordon 2008), as 
implemented in Gaussian 16, Rev.B01. All stationary points were characterised by com-
puting the respective Hessian matrix, probing the absence of imaginary frequencies. All 
the calculation sequences were batch-executed, and data analysis pipelines were created to 
automatize collection, extraction, and processing of results.

Some Considerations

An important point was whether to consider the neutral or ionic form of the amino acid. 
In fact, amino acids in water exist primarily as ionic (zwitterion) form. In the absence of 
water or other ions, they cannot exist in monomeric form or at least this is not true for all 
the amino acids (Price et al. 1997; Wyttenbach et al. 2000).

Moreover, the isoelectric point is different from case to case, and this will raise the 
question of the choice of the value of pH. By bearing this in mind, and since our work was 
related to the discussion of the amino acid stability regardless of their generation (thus not 
excluding a random formation from a high energy mixture of atoms such as that existing 
in plasma or interstellar medium), we decided not to include the zwitterion form. Addition-
ally, if we consider that only amino acids could exist in the zwitterionic form, this should 
lead to a higher stabilization of amino acids with respect to their isomers, going in the 
same direction we observed.

Preliminary Calculations

As it is shown in Fig.  1, the relative energy distribution among the isomers generated 
by our method can change from amino acid to amino acid. This could be related to the 
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presence of different classes of molecules (e.g., acids, amines, carbonates etc.) gener-
ated, which directly depends on the formula of the original amino acid and the constraints 
imposed.

Due to the large number of calculations to perform, only the best candidates were opti-
mised with computational quantum mechanical modelling starting from the PM3 struc-
tures. Preliminary quantum calculations based on the Density Functional Theory (DFT) 
showed that there is a correlation between PM3 and DFT energies (see Fig. 2). For this 
reason, PM3 energies could be used for the choice of the best candidates; only the lower 
energies isomers were thus re-optimised by DFT.

Figure 3 represents a typical output, in this case for threonine (13), where no constraints 
(vide supra) were imposed. As it is visible from the figure, most of the intermediates will 
be readily hydrolysed in water. Isomers1, 3 and 7 are hemiacetals, 2, 4, 6, 8, 10 and 12 are α 
amino alcohols and 5, 9 and 11 are N-substituted carbamic acid derivatives (Dijkstra et al. 

Fig. 1   Frequency distribution 
(every 0.02 Ha) of the number 
of isomers calculated at the PM3 
level for Ala, Ser and His. The 
energies are plotted in Hartree 
(Ha) relative to the most stable 
species

Fig. 2   Comparison of the elec-
tronic energy difference between 
the optimised geometries of the 
different isomers of aspartic 
acid (Asp) relative to their most 
stable form calculated at the DFT 
(vertical axis) and PM3 (hori-
zontal axis) levels. The energies 
are reported in Hartree units. It 
is evident a direct correlation 
between the ordering of the 
isomers obtained from the two 
different methods
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2007). Since, on the other hand, it is assumed that liquid water is essential for the emer-
gence of life, only the non-hydrolysable isomers were considered. A recent paper advanced 
the hypothesis that lipid-encapsulated polymers could be synthesised and directed to form 
protocells of wet-dry-moist cycles (Damer and Deamer 2020). Peptides are hypothesised to 
avoid hydrolysis via integration in bilayer structures facilitating the protection against low 
pH, high temperatures and high cationic concentrations in the hot springs.

It has also to be noted that, in modern metabolism, carbamates are essential intermedi-
ates in post-translational modifications (carbamylation) of amino acids (Linthwaite et  al. 
2018). They are known to spontaneously formed in prebiotic conditions (Preiner et  al. 
2019; Wimmer et  al. 2021), also in the presence of water (do Nascimento Vieira et  al. 
2020). Consequently, their presence among the most energetically stable isomers formed in 
the atomic permutation performed is an additional verification of the validity of our com-
putational approach.

As for the optimised structures shown in Fig. 3, after the exclusion of α-amino alcohols, 
hemiacetals and N-substituted carbamic acids, the real threonine (13) can be considered the 
first stable molecule. The relative position for the natural α-amino acids after this treatment 
is reported in Table 1, along with the absolute position obtained by sole energy evaluation.

Relative Energy of Natural Amino Acids

For a selected number of amino acids (viz. Glycine, Threonine, Serine and Alanine), the 
α-amino acid moiety was not imposed in the structural constraints (vide supra), and all the 
possible atom permutations leading to stable compounds (e.g., avoid strained structures, 

Fig. 3   Structures of the 14 
most stable isomers calculated 
for threonine (13) ordered by 
increasing energies from 1 to 14 
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vide supra) were calculated. Removing this constraint allows one to determine if the 
α-amino acid group could be considered relatively more stable to other subunits (e.g., 
acetals etc.…) and justify constraining its presence in the subsequent calculations. After 
inspection of these four specific cases, the structures corresponding to the natural amino 
acids ranked in the first position or a few kcal/mol higher in energy with respect to the most 
stable isomer, among the possible ones that could be generated (see column Relative Posi-
tion in Table 1 for Gly, Thr, Ser and Ala). This result might be quite surprising, especially 
when thousands of possible structures were examined (i.e., for the specific case of Threo-
nine). For this reason, we considered these results plausible proof for the enhanced stability 
of the α-amino acid moiety. Thus, the α-amino acid group was not permutated for all the 
other amino acids during the structure generation. This initial benchmark also reduces dra-
matically the number of isomers to be calculated.

The isomeric leucine and isoleucine represent a particular exception in our study. While 
isoleucine is the most stable isomer found among the structures generated from its formula, 
leucine is second in the stability ranking of its isomers despite the limited number of struc-
tures generated (see Table 1). Inspecting the most stable structure in Leu, we observed that 

Table 1   Relative energy of natural amino acids

*All structures were calculated without imposing the α amino acid moiety
a Position after elimination of unstable structures in water. Resonance isomers and tautomers are not consid-
ered
b Difference in Gibbs free energy calculated at the DFT level between the most stable compound found and 
the natural amino acid isomer.

Amino acid Absolute 
Position

Relative 
Positiona

number of isomers calculated 
with MM + , PM3

number of isomers 
refined with DFT

ΔΔG (kcal/mol)b

Asn 1 1 44 20 0
Asp 1 1 11 11 0
Cys 1 1 2 2 0
Gln 1 1 317 20 0
Glu 1 1 61 20 0
Gly* 3 1 54 20 0
Ile 1 1 4 4 0
Thr* 13 1 4051 20 0
Sec 1 1 2 2 0
Arg 6 2 1517 71  + 5.98
Leu 2 2 4 4  + 0.47
Ser* 12 2 779 20  + 2.77
Val 2 2 19 19  + 1.10
Ala* 6 3 131 20  + 3.52
Phe 3 3 4 4  + 1.61
Pro 5 5 83 20  + 4.36
His 6 6 241 20  + 4.00
Lys 10 6 31 20  + 3.89
Tyr 6 6 13 13  + 2.65
Met 7 7 108 10  + 4.27
Trp 55 30 97,406 150  + 5.42
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the most stable structure generated corresponded to isoleucine, which can be generated 
starting from leucine itself.

As shown in Table 1, the number of isomers calculated may vary from a few to a hun-
dred thousand. This discrepancy is not only related to the constraints applied to the system 
and the number of atoms present in the molecule, but also to the index of hydrogen defi-
ciency (IDH) (also called degree of unsaturation) of the amino acid. IDH gives the num-
ber of unsaturation present in the structure. All the natural amino acids have an IDH of at 
least 1, due to the presence of a carbon–oxygen double bond in their carboxylic group. If 
an additional phenyl ring is present, the IDH value is equal to 5 (i.e., 3 double bonds + 1 
ring + C = O). At high IDH values, the number of possible isomers increases dramatically 
due to all the possible combinations of rings, double and triple bonds. So, in the case of 
amino acids containing phenyl rings (Phe, Tyr and Trp), we expected many possible struc-
tures. We can estimate the number of possible isomers by looking at the elemental analysis. 
If carbon is more represented, the IDH is greater. Figure 4 shows the position of the natural 
amino acids in a ternary (CON) diagram.

Natural amino acids seem to cluster according to their elemental composition into two 
groups. As a hypothesis this could be related to the change of the environment (presence or 
absence of oxygen), but the discussion is beyond the aim of the present study.

Tryptophan was selected as a case example of a compound with high degree of unsatu-
ration. The number of total isomers for Trp becomes computable by imposing the con-
straints mentioned in the Computational Methods section above and the α-amino acid 
group. After excluding easily hydrolysable species, the natural compound is the 30th most 
stable isomer, almost 5  kcal/mol higher in energy from the most stable. This result is 
extremely interesting, considering that almost 100′000 possible isomers were calculated. 
By checking the structures of more stable isomers of Trp, we noticed that some of the 
compounds possess a sp2 carbon directly linked to α-amino acid residue. we think that 
the metabolic synthesis of Trp and its relative stability to other compounds might play 

Fig. 4   Ternary diagram repre-
senting the elemental composi-
tion of the main amino acids in 
terms of weight percentage of C, 
O and N. The increasing percent-
age of hydrogen is represented 
by the blue-to-orange gradient of 
the scatter
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an important role in prebiotic chemistry. It is interesting to notice that Trp was one of 
the latest amino acids incorporated into the genetic code. While different contradicting 
theories were developed to rationalise this peculiar event, its late occurrence has drawn 
unanimous consensus (Davis 2002; Trifonov 2004; Wong 2005; José et  al. 2009, 2011; 
Palacios-Pérez and José 2019). Albeit a direct correlation between these hypotheses and 
our energetic results cannot be unequivocally drawn, it is striking that while for the major-
ity of cases the α-amino acid form is the most stable among their isomers, Trp stands out 
being in the 55th absolute position (although starting from 97,406 structures).

For the isomer calculation of the other two amino acids containing phenyl rings (Phe 
and Tyr), the presence of the phenyl ring was constrained in the step of isomer generation. 
This decision was taken both to avoid the formation of a high number of polyenic struc-
tures as in Trp, and due to the well-known stability of the phenyl group.

Finally, proline, containing a secondary amine group, was an exception in the way we 
constrained the α-amino acid subunit. For this molecule, the CON skeleton of α-amino 
acid was imposed, but without fixing the position and number of hydrogens linked to the C 
and N. Again, the natural amino acid position is at the top, even if competitors (see Fig. 5) 
are plausible compounds which do not possess a free COOH group.

Conclusions

The approach presented in this work could give some clues on the stability of natural 
amino acids. Extensive calculations like those proposed here are accessible nowadays via 
available supercomputers and batch scripting. As a summary, some interesting findings can 
be listed even if they are not conclusive proof. First of all, in the examples calculated, the 
α-amino acid moiety is the most stable. This could be rather surprising, considering that 
no solvation energy was calculated, a factor which might further increase the amino-acid 
stabilisation. Furthermore, in most examples, the natural amino acid is the most stable iso-
mer after the removal of hydrolysable compounds. As a matter of fact, the relative energy 
of the natural amino acid is less than 5–6 kcal/mol higher with respect to the most stable 
computed isomer. This suggests that, while liquid water or the presence of nucleophiles 

Fig. 5   Structures of the 5 most 
stable isomers calculated for pro-
line (19) ordered by increasing 
energies from 15 to 19 
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could play a role in the selection of plausible prebiotic compounds, the natural amino acid 
structure ranks among the most stable ones generated by our approach.

The stability of natural amino acid has been assessed also for tryptophan, where a 
large number of isomers was calculated. These findings support the idea that metabolism 
can increase the overall free energy efficiency and use natural amino acids because they 
are more stable with respect to other isomers possessing the same structural formula. In 
a future work, if we presume a totally random combination of atoms, another approach 
could be related to the selection of elemental composition and number of atoms (molecule 
complexity). In fact, by checking amino acids found in extraterrestrial bodies or prebiotic 
experiments, often the most representative amino acids are the simplest. This obviously 
opens a discussion on which amino acids formed first, depending on their complexity or 
elemental composition, but this topic will not be discussed here.

In conclusion, computational evaluation of thermodynamical stability can be used in 
prebiotic chemistry for screening possible intermediates and structural isomers. This 
approach is ideal for the study of prebiotic chemical reactions networks.
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