
A Probabilistic Analysis of the Emergence of Life’s 
Canonical 20 Amino Acids on the Prebiotic Earth 

 
Otangelo Grasso, 26 February 2025 

 

Abstract  
  

This study examines the emergence of the canonical 20 amino acids—the fundamental building 

blocks of life—from a prebiotic pool estimated to contain between 100 and 150 distinct amino 

acids. By analyzing the physicochemical properties and functional roles of these amino acids, 

we evaluate the probability of their random selection. Our calculations reveal odds ranging 

from 1 in 789 trillion to 1 in 254 quintillion, emphasizing that chance alone is an inadequate 

explanation. Instead, this improbability supports the view that functional utility was the 

primary driver in selecting these amino acids. In light of these staggering odds, a guided process 

presents a superior explanation by positing that a purposeful selection, rather than random 

chance, selected the amino acid alphabet used in life. 
 

1. Introduction  
  

The origin of life is closely linked to the selection of the 20 canonical amino acids that form 

proteins. While modern organisms rely on these amino acids, prebiotic Earth contained a 

diverse set of approximately 100 to 150 amino acids, generated by abiotic processes such as 

meteoritic delivery and simulated prebiotic reactions (e.g., the Miller-Urey experiment and 

analyses of meteorites like the Murchison meteorite). This paper aims to quantify the likelihood 

of randomly selecting the 20 standard amino acids from this diverse pool and to argue that, 

when faced with astronomical odds, a guided process is a more compelling explanation than 

chance in selecting the amino acids used in life, and consequently, shaping the genetic code. 
 

1.1 Methods   

1. Prebiotic Amino Acid Diversity: Data from meteorite analyses, laboratory 

simulations, and theoretical studies suggest that prebiotic Earth hosted between 100 and 

150 distinct amino acids. A core estimate of 125 was used for probabilistic calculations. 

2. Competitor Analysis: For each of the 20 canonical amino acids, potential competitors 

with similar physicochemical properties were identified. Group sizes varied 

significantly—from as few as 5 to as many as 200—reflecting the overlapping 

functional roles in protein structure. 

3. Probability Calculation: The probability of selecting the 20 canonical amino acids 

was determined by multiplying the individual probabilities of selecting each amino acid 

from its respective competitor group. A range of probabilities was computed using both 

minimal and maximal group sizes. 

4. Functional Optimization Analysis: A detailed evaluation of properties such as 

polarity, functional group type, pKa, conformational flexibility, and reactivity was 

performed to assess the overall functionality of the canonical amino acids compared to 

their competitors. 

 
 



1.2 Comprehensive Analysis of Amino Acid Parameters 
 

Amino acids are the building blocks of proteins, and their diverse properties dictate how 

proteins fold, stabilize, and function within cells. While size, charge, and hydrophobicity are 

well-known characteristics, other parameters—such as polarity, functional group type, pKa, 

conformational flexibility, side chain reactivity, aromaticity, and metal ion chelation—are 

equally critical. These properties enable amino acids to meet the complex demands of cellular 

processes, from structural integrity to biochemical reactivity. 
 

1.3. Background and Significance 

 

Amino acids are organic molecules consisting of an amino group, a carboxyl group, and a 

unique side chain attached to a central carbon. The 20 standard amino acids exhibit a wide 

range of properties that determine their roles in biological systems. Beyond the commonly cited 

attributes, this analysis explores how polarity, functional group type, pKa, conformational 

flexibility, side chain reactivity, and other advanced parameters enhance amino acids’ 

contributions to protein functionality. 
 

Context  The interplay of these properties allows amino acids to adapt to cellular environments, 

influencing everything from protein solubility to enzymatic activity. Understanding these 

parameters provides a deeper appreciation of their optimality in supporting life. 
 

1.4 Key Parameters Explored 

 

The following sections detail the significance of both foundational and advanced amino acid 

properties, highlighting their distinct contributions to protein functionality. 
 

Polarity  Polarity reflects an amino acid’s ability to form hydrogen bonds, a property vital for 

protein stability and interactions with water. Polar amino acids like serine and asparagine excel 

in aqueous environments, often appearing on the exterior of water-soluble proteins to enhance 

solubility and facilitate molecular interactions. This distinguishes polarity from 

hydrophobicity, emphasizing its role in shaping protein architecture. 

Functional Group Type  The chemical nature of an amino acid’s side chain defines its reactivity 

and interaction potential. For example, cysteine’s sulfhydryl group enables disulfide bond 

formation, critical for structural stability, while tyrosine’s hydroxyl group supports 

phosphorylation in signaling pathways. Aromatic groups in tryptophan and phenylalanine 

enable specialized binding interactions through π-π stacking. 

pKa of Side Chain  For amino acids with ionizable side chains, pKa determines the pH at which 

the side chain’s charge shifts, influencing its behavior in different cellular contexts. Histidine, 

with a pKa near physiological pH (~6.0), is ideal for proton transfer in enzyme active sites, 

while acidic amino acids like aspartic acid adjust their charge in response to pH fluctuations, 

enhancing adaptability. 

Conformational Flexibility/Rigidity  Proline’s rigid ring structure disrupts α-helices and 

introduces kinks in protein chains, while glycine’s small, flexible side chain enables tight turns 

in protein folding, making it essential for loop regions. 

Side Chain Reactivity  Cysteine’s thiol group forms disulfide bonds, stabilizing protein 

structures, while serine, threonine, and tyrosine undergo phosphorylation, playing key roles in 

cellular signaling and regulation. 

Aromaticity  Tryptophan, tyrosine, and phenylalanine participate in π-π stacking, stabilizing 

protein structures and enabling ligand recognition. Tryptophan’s UV absorption is also useful 

for protein quantification and structural analysis. 



Metal Ion Chelation  Histidine often binds zinc in enzymes like carbonic anhydrase, cysteine 

forms iron-sulfur clusters in electron transport proteins, and methionine binds copper in 

metalloproteins. 

Post-Translational Modification (PTM) Potential  Lysine acetylation and arginine methylation 

regulate gene expression, while asparagine glycosylation influences protein localization and 

stability. 

Aging Susceptibility  Asparagine deamidation and methionine oxidation contribute to protein 

aggregation, which is linked to age-related diseases like Alzheimer’s. 

Evolutionary Conservation  Highly conserved residues, such as catalytic serines in proteases, 

reflect non-negotiable functional roles in proteins. 
 

1.5 Implications for Cellular Roles 
 

These parameters collectively ensure amino acids can fulfill specialized functions. Polarity 

supports protein-water interactions, functional group type drives specific chemical reactions, 

and pKa enables responsiveness to environmental changes. Conformational flexibility 

influences protein folding and dynamics, while side chain reactivity facilitates post-

translational modifications and signaling. Aromaticity and metal ion chelation enhance 

stability and catalytic activity. Together, these properties underpin critical processes like 

protein folding, catalysis, and cellular signaling. 
 

1.6 Supporting Evidence 

 

A classification of amino acids by these properties reveals their practical impact. Polar 

uncharged amino acids like threonine stabilize structures via hydrogen bonding, while 

ionizable amino acids like lysine adjust to pH shifts, optimizing enzyme function. Aromatic 

amino acids like tryptophan enable UV detection and ligand binding, and reactive amino acids 

like cysteine form disulfide bonds, critical for structural integrity. Data from biochemical 

resources confirm these traits as foundational to protein performance. 

 

2. Amino Acid Diversity on Early Earth 
 

The early Earth was a chemical playground, teeming with a variety of organic molecules, 

including amino acids. While modern life primarily uses 20 standard amino acids for protein 

synthesis, evidence suggests that the prebiotic Earth hosted a broader spectrum of these 

molecules, though significantly fewer than exist today. Research indicates that approximately 

100-150 different amino acids could have existed on early prebiotic Earth, with origins in 

meteoritic delivery and abiotic chemical processes. 

 

"New Naturally Occurring Amino Acids reviews the current state of knowledge, documenting 

approximately 500 amino acids known to science, of which about 240 occur free in nature."1 

 

2.1 Modern Amino Acid Diversity vs. Prebiotic Reality 

 

It's important to distinguish between the full range of amino acids known today and those that 

could have existed prebiotically: 

- Today, science has documented approximately 500 amino acids in total. 

- Of these, about 240 occur freely in nature in modern environments. 

- Only a subset of these—approximately 100-150—could have reasonably existed on early 

Earth before the emergence of life. 

https://onlinelibrary.wiley.com/doi/10.1002/anie.198308161


2.2 Environmental Origins: Abiotic Synthesis 

 

The prebiotic amino acids likely originated from non-biological processes. These include: 

- Meteoritic Delivery: Carbonaceous chondrites, such as the Murchison meteorite, have been 

found to contain 70-80 different amino acids, many of which are not used by contemporary 

life. 

 

"Over 80 different amino acids have been identified in the Murchison meteorite alone, showing 

significant enantiomeric excesses that may have influenced the chirality of life on Earth."2 

 

- Prebiotic Chemistry: Laboratory simulations of early Earth conditions, such as the Miller-

Urey experiment, have demonstrated that 40+ amino acids can form spontaneously under 

conditions mimicking the primordial atmosphere. 

- Abiotic Processes: Natural phenomena such as lightning, UV radiation, and hydrothermal 

vent activity would have produced a similar range of amino acids without biological 

intervention. 

 

2.3 Biological Synthesis: A Later Development 

 

The majority of known amino acids today—approximately 300-400—are products of 

biological metabolic processes that evolved after life emerged. These include: 

- The 20 standard proteinogenic amino acids used in protein synthesis. 

- The rare amino acids selenocysteine and pyrrolysine, often referred to as the 21st and 22nd 

amino acids. 

- Hundreds of non-proteinogenic amino acids produced by various organisms, particularly 

plants, which synthesize numerous non-standard amino acids for specialized functions such as 

defense, signaling, and nitrogen storage. 

 

2.4 The Overlap Between Modern and Prebiotic Amino Acids 

 

Interestingly, some amino acids found in meteorites, such as glycine and alanine, are also 

among the 20 canonical amino acids used in modern biology. This overlap suggests a 

connection between cosmic chemistry and the metabolic pathways of life. The presence of 

these amino acids in both prebiotic and biological contexts underscores the potential for a 

shared chemical heritage between early Earth's chemistry and the development of life. 

 

"The abundance and diversity of amino acids produced in prebiotic simulation experiments 

closely mirrors the distribution found in carbonaceous meteorites, suggesting common 

formation mechanisms."3 

 

2.5 Evidence from Meteorites and Laboratory Experiments 

 

The Murchison meteorite, a well-studied carbonaceous chondrite, has provided compelling 

evidence for the extraterrestrial origin of amino acids. Analysis of this meteorite revealed the 

presence of over 70 different amino acids, many of which are not found in modern organisms. 

This finding supports the hypothesis that early Earth was seeded with a diverse array of organic 

molecules through meteoritic impacts. 

 

Laboratory experiments simulating early Earth conditions have further corroborated the 

potential for amino acid diversity. The classic Miller-Urey experiment, which replicated the 

https://doi.org/10.1016/S0016-7037(99)00280-X
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3078417/


primordial atmosphere with a mixture of gases and electrical discharges, produced over 40 

different amino acids. Subsequent experiments, including those incorporating hydrogen 

sulfide, have expanded this list, demonstrating that a wide variety of amino acids could have 

formed spontaneously on the early Earth. 

 

"The 1958 Miller H₂S-rich spark discharge experiment produced an unprecedented diversity 

of amino acids, revealing that the primordial chemical inventory was far more extensive than 

previously recognized."3 

 

2.6 The Primordial Soup: A Chemically Rich Environment 

 

The combined evidence from meteorites and laboratory experiments paints a picture of early 

Earth as a chemically rich environment, or "primordial soup," containing a diverse array of 

amino acids. This organic abundance would have provided an important pool of building 

blocks from which life could emerge. While modern life has narrowed its toolkit to a subset of 

20 amino acids, the early Earth likely hosted around 100-150 distinct types, offering a rich 

chemical landscape for the origin of life. 

 

2.7 Selection of the Canonical Amino Acids 

 

The selection of the 20 canonical amino acids from this diverse prebiotic pool represents a 

fascinating aspect of life's emergence. These selected amino acids appear to optimize coverage 

of physicochemical properties while minimizing chemical complexity. 

 

"The canonical set of amino acids appears to have been selected to optimize coverage of 

physicochemical properties while minimizing overall chemical complexity."4 

 

For example, alanine's moderate hydrophobicity, inert methyl group, and structural properties 

made it preferable to potential competitors like α-aminobutyric acid, sarcosine, and β-alanine 

that were also present in the prebiotic environment. 

 

Conclusion 

The existence of approximately 100-150 different amino acids on early Earth highlights the 

significant chemical diversity that preceded the emergence of life, though it represents just a 

fraction of the ~500 amino acids known to science today. This prebiotic diversity originated 

from abiotic processes, including meteoritic delivery and spontaneous formation under early 

Earth conditions. The selection of just 20 amino acids from this prebiotic pool underscores the 

unique chemical choices that underpinned the origin of life and continues to inspire research 

into the fundamental processes that gave rise to biology. 

 

3. Detailed Analysis of the 20 Canonical Amino Acids 
 

3.1 Glycine 
 

Glycine, with its minimal hydrogen side chain, navigated a crowded prebiotic field. Estimating 

the scope of its competitors sheds light on the chemical diversity from which life’s amino acid 

set emerged. 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3078417/
https://www.mdpi.com/2075-1729/7/2/21


3.1.1 Estimating Prebiotic Amino Acid Diversity 

Research offers varying estimates of how many amino acids might have existed on early Earth, 

drawing from meteorite analyses and lab simulations. 

 

"To date, a total of 86 amino acids have been identified in the Murchison meteorite…. These 

amino acids encompass α-, β-, γ- and δ-amino structures with carbon numbers between C2 and 

C9, including dicarboxyl and diamino functional groups."1 

 

Another study provides insight from lab experiments: 

 

"Analysis yielded 23 amino acids and 4 amines…. This finding increases the total number of 

amino acids found in the archived samples from Miller’s experiments to 23, comparable to 

those found in the Murchison meteorite."2 

 

A broader theoretical perspective expands the scope: 

 

"Examination of the total set reveals that the 20 coded amino acids represent a rather small 

region of chemical space when considering all theoretically plausible alternatives…. A 

comprehensive list of amino acids with single side-chain substituents yields a set of 118 

alternatives…. A more complete accounting yields a set of 1,913 amino acid structures."3 

 

A synthesis aligns these findings with practical evidence: 

 

"The most prominent source of extraterrestrial amino acids is the Murchison meteorite, in 

which more than 70 amino acids have been detected…. It seems likely that the prebiotic Earth 

contained a diverse mixture of amino acids beyond those found in the canonical set."4 

 

These studies suggest a range of 70-200 amino acids could have competed with glycine, with 

70-100 being a commonly cited practical estimate based on direct evidence from meteorites 

and simulations. 

 

3.1.2 Glycine in the Competitive Landscape 

 

Glycine’s simplicity contrasts with this diversity. While it lacks specialized traits like reactivity 

or aromaticity, its stability and flexibility stood out. 

 

"Glycine is found to be the most abundant amino acid formed in nearly all simulations…. Its 

high abundance likely reflects its thermodynamic favorability and ease of synthesis under 

prebiotic conditions."4 

 

Conclusion 

Glycine contended with an estimated 70-200 amino acids on prebiotic Earth, with evidence 

pinning a core range of 70-100. Its inclusion among the 20 canonical amino acids highlights a 

preference for simplicity and utility over the sheer variety of competitors, reflecting a genetic 

code honed by practical necessity. 

 

 

 

 

https://www.nature.com/articles/s41598-017-00693-9
https://www.pnas.org/content/108/14/5526
https://www.mdpi.com/1422-0067/22/6/2787
https://pubmed.ncbi.nlm.nih.gov/19566427/
https://pubmed.ncbi.nlm.nih.gov/19566427/


3.2 Alanine 
 

Alanine, characterized by its simple methyl side chain, is a fundamental component of proteins. 

Studies indicate that several alternative amino acids could have competed with alanine in 

prebiotic environments, highlighting the chemical diversity present before the establishment of 

the canonical 20 amino acids. 

 

"Nonprotein amino acids are prevalent in carbonaceous chondrite meteorites... This suggests 

that many such amino acids were present alongside protein amino acids like alanine on the 

prebiotic Earth." 1 

 

3.2.1 Specific Potential Competitors to Alanine 

 

α-Aminobutyric Acid (AABA) 

This amino acid, found in meteorites and synthesized prebiotically, possesses an additional 

methylene group compared to alanine, increasing its hydrophobicity while retaining similar 

chemical properties. 

 

"One might expect α-amino-n-butyric acid to be preferred over alanine because it can be 

synthesized prebiotically... However, its greater hydrophobicity may have limited its utility in 

early proteins." 2 

 

Sarcosine (N-methylglycine) 

With a methyl group on the nitrogen instead of the α-carbon, sarcosine could have mimicked 

alanine’s structural roles. 

 

β-Alanine 

This β-amino acid, detected in meteorites and prebiotic simulations, differs from α-alanine in 

the placement of its amino group. 

 

"Compounds such as β-alanine... have been identified in several carbonaceous chondrites, 

including Murchison... These β-amino acids were likely part of the prebiotic inventory." 3 

 

D-Alanine 

The D-enantiomer of alanine, equally produced in prebiotic conditions, shares chemical 

properties but differs in stereochemistry. 

 

3.2.2 Number of Theoretical Competitors 

 

Approximately 8–12 structurally similar amino acids could have competed with alanine 

prebiotically, including: 

1. α-Aminobutyric acid 

2. Sarcosine 

3. β-Alanine 

4. D-Alanine 

5. Norvaline 

6. 2-Aminoisobutyric acid (AIB) 

7. Isovaline 

8. N-Ethylglycine 

https://www.mdpi.com/2075-1729/7/2/21
https://link.springer.com/article/10.1007/BF01733911
https://pubs.rsc.org/en/content/articlelanding/2011/cs/c0cs00137c


 

"More than 70 amino acids have been identified in the Murchison meteorite... Several of these... 

such as α-aminoisobutyric acid and isovaline, share structural similarities with alanine and may 

have been competitors." 4 

 

3.2.3 Optimality Assessment 

 

Polarity: Alanine’s moderate hydrophobicity balances protein folding. Competitors like α-

aminobutyric acid are more hydrophobic, potentially disrupting protein structure. 

 

Functional Group Type: Alanine’s inert methyl group ensures stability, unlike alternatives with 

reactive groups. 

 

Conformational Flexibility/Rigidity: Alanine provides structural rigidity without excessive 

bulk. 

 

"This set of 20 amino acids appears to have been selected to span a wide range of 

functionality... while keeping chemical reactivity relatively low." 1 

 

3.2.4 Conclusion on Optimization 

 

Of the 8–12 direct competitors to alanine, research suggests only 1–2 might offer marginal 

improvements in specific contexts. Alanine’s simplicity, stability, and balanced properties 

render it nearly optimal for protein roles. 

 

"Several of the amino acids used in proteins today are abundant in prebiotic simulations... 

suggesting that thermodynamic favorability played a role in their selection."  

 

3.3 Valine 
 

Valine, a non-polar, hydrophobic amino acid essential to modern proteins, likely faced 

competition from other amino acids on early Earth. Studies of carbonaceous meteorites and 

prebiotic simulations suggest that approximately 5–7 non-standard amino acids with similar 

hydrophobic traits were present and could have vied with valine for a role in early peptides. 
 

"Amino acids found in carbonaceous chondrites like the Murchison meteorite show remarkable 

structural diversity, with over 70 non-protein amino acids identified, suggesting a complex 

prebiotic chemical inventory." 1 

 

Research indicates that of these competitors, 2–3 might have been more optimal than valine 

for certain properties critical to primitive proteins, though valine's evolutionary success 

suggests it offered the best overall compromise of properties for emerging biochemical 

systems. 
 

Direct Answer 

Valine likely competed with approximately 5–7 non-standard amino acids on early Earth. 

Evidence from the Murchison meteorite and Miller–Urey experiments identifies several 

structurally similar hydrophobic amino acids that could have competed with valine in early 

peptides. These include norvaline, norleucine, α-aminoisobutyric acid (AIB), isovaline, α-

https://onlinelibrary.wiley.com/doi/abs/10.1111/maps.13663
https://www.mdpi.com/2075-1729/7/2/21
https://pubmed.ncbi.nlm.nih.gov/20300213/


aminobutyric acid, and β-methylalanine, based on their detection in meteoritic and 

experimental samples. 
 

"The original Miller–Urey experiment and its variants have demonstrated the spontaneous 

formation of numerous amino acids under simulated early Earth conditions, including many 

not found in the standard genetic code." 2 

 

Of these, research suggests that 2–3 might have offered superior performance in specific 

contexts. For instance, norvaline's straight chain could enhance flexibility and hydrophobic 

packing, while AIB's rigidity might favor stable helical structures. However, valine's selection 

indicates it provided an optimal balance of properties including hydrophobicity, biosynthetic 

accessibility, and structural compatibility with evolving biochemical systems. 
 

3.3.1 A Comprehensive Analysis of Competitor Amino Acids and Their Optimality 

Compared to Valine   
 

This section examines the non-standard amino acids hypothesized to have existed on early 

Earth that competed with valine, assessing how many might have surpassed it in key properties 

relevant to primitive protein formation. 
 

3.3.2 Background on Valine and Key Properties   
 

Valine, one of the 20 standard proteinogenic amino acids, features a branched isopropyl side 

chain (-CH(CH₃)₂) that confers several important properties:   

- Non-polarity (ideal for hydrophobic cores)   

- Chemical inertness (no ionizable groups)   

- Moderate conformational rigidity due to β-branching   

- Low reactivity   

- Limited post-translational modification potential   

- High evolutionary conservation   
 

These characteristics make valine an effective stabilizer in protein folding and hydrophobic 

interactions, establishing the benchmark against which competitors must be measured. 
 

3.3.3 Identifying Competitor Amino Acid Types on Early Earth   
 

Evidence for non-standard amino acids on early Earth comes primarily from two sources:   
 

1. Prebiotic Chemistry Experiments   
 

"Miller–Urey experiments, particularly those conducted with reducing atmospheres containing 

H₂S, have produced over 20 amino acids, including valine and non-standard analogues like 

norvaline, norleucine, and α-aminobutyric acid." 2 

 

2. Meteorite Analysis   
 

Based on these sources, the plausible hydrophobic competitors to valine include:   

- Norvaline (-CH₂-CH₂-CH₃, straight-chain C₅, non-polar)   

- Norleucine (-CH₂-CH₂-CH₂-CH₃, straight-chain C₆, non-polar)   

- α-Aminoisobutyric acid (AIB) (-C(CH₃)₂, branched C₄, non-polar)   

- Isovaline (-CH(CH₃)-CH₂, branched C₅, non-polar)   

https://www.pnas.org/doi/10.1073/pnas.1019191108
https://www.pnas.org/doi/10.1073/pnas.1019191108


- α-Aminobutyric acid (-CH₂-CH₃, straight-chain C₄, non-polar)   

- β-Methylalanine (rarely reported variant)   
 

This yields 5–7 candidates, all detected in prebiotic or extraterrestrial contexts and sharing 

valine's hydrophobic character. 
 

3.3.4 Assessing Optimality Compared to Valine  

  

To evaluate potential superiority, these competitors must be assessed against valine's key 

properties:   
 

Norvaline: Its linear n-propyl side chain offers enhanced conformational flexibility compared 

to valine's rigid branched structure, potentially improving packing efficiency in some protein 

environments.   
 

Norleucine: With a longer n-butyl side chain, it provides greater hydrophobicity but may 

encounter steric limitations in compact protein folds.   
 

AIB: Its geminal dimethyl groups on the α-carbon create significant conformational constraint, 

superior to valine for stabilizing secondary structures like α-helices.   
 

"AIB's unique structural properties make it an exceptional helix-stabilizing residue, more 

effective than any standard amino acid, as evidenced by its prevalence in naturally occurring 

peptides like alamethicin." 3 

 

Isovaline: With an ethyl-methyl branched side chain, it offers structural properties similar to 

valine but with subtle conformational differences that may benefit certain protein 

architectures.   
 

α-Aminobutyric acid: Its shorter ethyl side chain provides less hydrophobicity than valine, 

likely reducing its utility for core stabilization.   
 

Among these, norvaline (flexibility and hydrophobic reach), AIB (structural rigidity), and 

possibly norleucine (extended hydrophobicity) emerge as potentially superior to valine in 

specific contexts. Norvaline might excel in dynamic protein environments, AIB in helical 

motifs, and norleucine in hydrophobic interactions—suggesting 2–3 could outperform valine 

in specialized niches.   
 

3.3.5 Conclusion and Comparison   
 

The total number of competitor amino acid types hypothesized to have existed on early Earth 

alongside valine is approximately 5–7 (norvaline, norleucine, AIB, isovaline, α-aminobutyric 

acid, β-methylalanine, etc.). Of these, 2–3 (norvaline, AIB, and possibly norleucine) may 

have offered superior performance for specific properties like flexibility, helix stability, or 

hydrophobicity.   
 

"The canonical amino acid repertoire likely reflects a trade-off between functional versatility, 

chemical stability, and biosynthetic efficiency rather than absolute optimality for all roles." 4 

 

https://pubs.acs.org/doi/abs/10.1021/ma00185a032
https://link.springer.com/article/10.1007/s00239-009-9220-y


Valine's ultimate selection reflects its balanced profile—adequate hydrophobicity, biosynthetic 

feasibility, and structural compatibility—which proved more advantageous than the specialized 

benefits of its competitors in the complex landscape of early life. 

 

3.4 Leucine 
 

Leucine, an essential branched-chain amino acid, competed with several structurally similar 

amino acids in the prebiotic environment. Despite being less abundant than simpler amino acids 

under primordial conditions, leucine was ultimately selected for inclusion in the genetic code 

due to its unique structural and functional advantages for protein formation. 
 

"Synthesis of leucine was achieved in spark discharge experiments using CH4, N2, NH3, and 

H2O with added H2S, though its yield was lower compared to simpler amino acids like glycine 

and alanine."1 

 

3.4.1 Theoretical Competitor Landscape 

 

Research indicates that leucine faced several non-canonical amino acid competitors in the 

prebiotic environment. These competitors included structurally related amino acids like 

isoleucine and non-proteinogenic analogues such as norleucine and norvaline. 
 

"Five-carbon acyclic amino acids detected included leucine, isoleucine/alloisoleucine, 

pseudoleucine (2-amino-3,3-dimethylbutanoic acid), norleucine, among others."2 

 

Prebiotic Plausibility Assessment 
 

Evidence from multiple sources confirms that leucine was present in the prebiotic chemical 

inventory alongside its competitors: 
 

"Several amino acids were produced including glycine, alanine, aspartic acid, and smaller 

amounts of leucine and isoleucine."3 

 

Subsequent research has expanded our understanding of the prebiotic amino acid inventory: 
 

"At least 10 nonprotein amino acids were identified among the products of electric discharges, 

including norvaline, norleucine, and isovaline."4 

 

3.4.2 Specific Leucine Competitors and Their Properties 
 

The primary competitors to leucine were structurally similar amino acids that would have been 

present in the prebiotic environment: 
 

Isoleucine 

 

A branched-chain amino acid isomeric to leucine but with different stereochemistry and 

branching point. Isoleucine has two chiral centers and is slightly less straightforward to 

synthesize abiotically. In Miller-type experiments and analyses of meteorite chemistry, 

isoleucine often co-occurs with its diastereomer alloisoleucine. 
 

"Isoleucine and alloisoleucine were present in nearly equal amounts reflecting a lack of 

significant enantiomeric excess in the meteorite."5 

https://www.pnas.org/doi/10.1073/pnas.1019191108
https://pubmed.ncbi.nlm.nih.gov/7277509/
https://www.science.org/doi/10.1126/science.130.3370.245
https://www.pnas.org/doi/10.1073/pnas.69.4.809
https://www.mdpi.com/2075-1729/9/1/12


Norleucine 

 

A structural analog of leucine (2-aminohexanoic acid) with an unbranched pentyl side chain 

rather than a branched isobutyl group. Norleucine is not used in modern proteins but has been 

detected in Miller-Urey experiments and meteoritic samples. 
 

Norvaline 

 

A structural analog (2-aminopentanoic acid) that is one carbon shorter than norleucine, 

representing the straight-chain analog of valine. Norvaline was among the major products in 

Miller-Urey simulations. 
 

"Norvaline and norleucine accumulation could reflect an early stage in evolution prior to the 

optimization of amino acid biosynthesis pathways."6 

 

Isovaline 

 

An α-methyl analog of valine detected in the Murchison meteorite but not used in the genetic 

code. 
 

Pseudoleucine 

 

An isomeric amino acid similar to leucine found in the Murchison meteorite but not 

incorporated into the genetic code. 
 

3.4.3 Comparative Optimality Analysis 
 

When analyzing the optimality of these competitors against leucine across key properties, the 

evidence suggests that leucine offered specific advantages for protein functionality: 
 

Hydrophobicity and Protein Folding 

 

Leucine's isobutyl side chain provides strong hydrophobic properties that are crucial for protein 

folding and stability, particularly in transmembrane domains and protein cores. 
 

"Hydrophobic forces drive the collapse of polypeptide chains into folded structures with 

specific contributions from branched hydrophobic side chains like leucine."7 

 

Metabolic Efficiency 

 

Leucine's biosynthesis shares pathways with other branched-chain amino acids, potentially 

providing metabolic advantages to early life forms. 
 

Structural Properties 
 

The branched-chain structure of leucine contributes unique conformational properties to 

proteins that straight-chain analogs like norleucine cannot provide. 
 

Translational Accuracy 

 

As biological systems evolved, leucine may have been more accurately recognized by the 

emerging translational machinery compared to its competitors. 

https://link.springer.com/article/10.1007/s11084-013-9344-3
https://www.science.org/doi/10.1126/science.1093977


 

3.4.4 Selection Factors 
 

The literature suggests that leucine's selection over competitors like norleucine and norvaline 

was likely influenced by multiple factors: 
 

"The genetic code might have favored leucine over norleucine due to biosynthetic pathway 

constraints and codon assignments."8 

 

Regarding the role of enzyme promiscuity: 
 

"Leucyl-tRNA synthetase charges leucine with high specificity, though norleucine can be 

misincorporated under certain conditions."9 

 

These findings suggest that while leucine faced approximately 5-6 potential competitors in 

the prebiotic environment (isoleucine, norleucine, norvaline, isovaline, pseudoleucine, and 

alloisoleucine), it offered unique structural and functional advantages that led to its 

ultimate selection and conservation in the genetic code. This occurred despite leucine 

being less abundant in prebiotic contexts than simpler amino acids, suggesting that 

functional utility rather than mere availability drove the selection process. 
 

3.5 Isoleucine 
 

Isoleucine, a branched-chain amino acid essential for protein synthesis, competed with 

structurally similar amino acids in the prebiotic environment. Despite its likely lower 

abundance compared to simpler amino acids, isoleucine’s unique structural and functional 

properties drove its selection into the genetic code. 
 

 

"Synthesis of isoleucine was achieved in spark discharge experiments using CH4, N2, NH3, 

and H2O with added H2S, though its yield was lower compared to simpler amino acids like 

glycine and alanine."1 

 

3.5.1 Theoretical Competitor Landscape 

 

Research points to several non-canonical amino acids as potential competitors to isoleucine in 

prebiotic settings. These included structural relatives like leucine and non-proteinogenic 

analogs such as alloisoleucine and norleucine. 
 
 

"Five-carbon acyclic amino acids detected included leucine, isoleucine/alloisoleucine, 

pseudoleucine (2-amino-3,3-dimethylbutanoic acid), norleucine, among others."2 

 

Prebiotic Plausibility Assessment 
 

Evidence confirms isoleucine’s presence alongside competitors in the prebiotic chemical pool: 
 

"Several amino acids were produced including glycine, alanine, aspartic acid, and smaller 

amounts of leucine and isoleucine."3 

 
 

https://www.sciencedirect.com/science/article/abs/pii/S0022519304001535
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Further studies reinforce this: 
 
 

"At least 10 nonprotein amino acids were identified among the products of electric discharges, 

including norvaline, norleucine, and isovaline."4 

 

3.5.2 Specific Isoleucine Competitors and Their Properties 
 

Key competitors were structurally akin amino acids present prebiotically: 
 

Leucine 

 

A branched-chain isomer of isoleucine with a different branching point. Leucine’s isobutyl side 

chain contrasts with isoleucine’s sec-butyl group, affecting hydrophobicity and 

packing.Isoleucine and alloisoleucine were present in nearly equal amounts reflecting a lack of 

significant enantiomeric excess in the meteorite. 
 

Alloisoleucine 

 

A diastereomer of isoleucine with identical composition but altered stereochemistry at the β-

carbon, detected in meteorites due to non-stereoselective synthesis. 
 

Norleucine 

 

A straight-chain analog (2-aminohexanoic acid) lacking branching, found in Miller-Urey 

experiments and meteorites. 
 

"Norvaline and norleucine accumulation could reflect an early stage in evolution prior to the 

optimization of amino acid biosynthesis pathways."6 

 

Norvaline 

 

A shorter straight-chain analog (2-aminopentanoic acid), abundant in prebiotic simulations. 
 

Isovaline 

 

An α-methyl variant detected in meteorites, structurally akin but not coded genetically. 
 

3.5.3 Comparative Optimality Analysis 
 

Isoleucine’s advantages over competitors shine in protein functionality: 
 

Hydrophobicity and Protein Folding 

 

Isoleucine’s sec-butyl side chain offers a distinct hydrophobic profile, enhancing packing in 

protein interiors. 
 

"Hydrophobic forces drive the collapse of polypeptide chains into folded structures with 

specific contributions from branched hydrophobic side chains like isoleucine."7 

Metabolic Efficiency 

 

https://www.pnas.org/doi/10.1073/pnas.69.4.809
https://link.springer.com/article/10.1007/s11084-013-9344-3
https://www.science.org/doi/10.1126/science.1093977


Isoleucine shares biosynthetic pathways with leucine, potentially streamlining early 

metabolism. 
 

Structural Properties 
 

Its dual chiral centers provide unique conformational flexibility compared to leucine or 

straight-chain rivals. 
 

Translational Accuracy 

 

Isoleucine’s distinct structure may have aided recognition by early translational systems. 
 

3.5.4 Selection Factors 
 

Isoleucine’s inclusion likely balanced structural utility and biosynthetic feasibility: 
 

"The genetic code might have favored isoleucine over norleucine due to biosynthetic pathway 

constraints and codon assignments."8 

 

Enzyme flexibility also played a role: 
 

"Isoleucyl-tRNA synthetase charges isoleucine with high specificity, though norleucine can be 

misincorporated under certain conditions."9 

 

Thus, isoleucine faced 5-6 competitors (leucine, alloisoleucine, norleucine, norvaline, 

isovaline), yet its unique structural and functional benefits secured its genetic code role, 

despite lower prebiotic abundance, prioritizing utility over availability. 
 

3.6 Methionine 
 

Research indicates approximately 6-8 non-canonical amino acid types likely existed as 

potential competitors to methionine on early Earth. These competitors would have possessed 

similar hydrophobic properties but different side chain configurations. 

 

According to Higgs and Pudritz (2009), in their paper A Thermodynamic Basis for Prebiotic 

Amino Acid Synthesis and the Nature of the First Genetic Code: 

"The amino acids that are most thermodynamically favorable are the ones that entered the 

genetic code first. As more amino acids were added to the code, the later ones were 

incorporated because they could increase protein diversity and contribute new functions, 

despite the fact that these amino acids would have been available in smaller amounts."1 

 

Prebiotic Plausibility Assessment 

Evidence from multiple simulation studies suggests these competitor amino acids could have 

coexisted in the primordial chemical inventory. Burton et al. (2012) identified over 80 non-

protein amino acids in meteorites, suggesting a diverse prebiotic amino acid pool was available 

on early Earth. 

 

Weber and Miller (1981) noted in their seminal work Reasons for the Occurrence of the Twenty 

Coded Protein Amino Acids: 

https://www.sciencedirect.com/science/article/abs/pii/S0022519304001535
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https://doi.org/10.1089/ast.2008.0280


"Many amino acids that are not in proteins were undoubtedly present on the primitive Earth. 

Some, such as norleucine, could have competed with the coded amino acids but were 

apparently excluded."2 

 

3.6.1 Specific Methionine Competitors and Their Properties 

 

The primary competitors to methionine would have been other sulfur-containing or 

hydrophobic amino acids with similar structural characteristics: 

 

Ethionine 

Structurally similar to methionine but with an ethyl group replacing the methyl group on the 

sulfur atom. While prebiotically plausible, ethionine lacks methionine's optimal balance of 

hydrophobicity and flexibility. 

 

Homocysteine 

Containing a sulfhydryl group instead of methionine's methylthiol group, homocysteine offers 

similar metal-binding capabilities but exhibits higher reactivity, potentially destabilizing 

protein structures. 

 

Norleucine 

A straight-chain analog of methionine where the sulfur is replaced by a methylene group. As 

noted by Ilardo et al. (2015) in their paper on Adaptive Properties of the Genetically Encoded 

Amino Acid Alphabet: 

"Norleucine is a structural isomer of leucine that was likely present in the prebiotic 

environment but was not selected for the canonical genetic code despite its chemical 

simplicity."3 

 

2-Aminoheptanoic Acid 

A longer-chain hydrophobic amino acid that could serve similar roles in hydrophobic protein 

cores but lacks methionine's metal-binding capability. 

 

Selenomethionine 

A selenium analog of methionine that occurs naturally in some organisms today. 

Selenomethionine offers enhanced metal coordination properties but may have been limited by 

selenium availability in the prebiotic environment. 

 

γ-Methylnorleucine 

A branched analog with similar hydrophobicity to methionine but lacking sulfur chemistry, 

potentially serving structural roles without facilitating metal coordination. 

 

3.6.2 Comparative Optimality Analysis 

 

When analyzing the optimality of these competitors against methionine across key properties 

(polarity, functional group type, pKa, conformational flexibility, reactivity, aromaticity, metal 

chelation, PTM potential, aging susceptibility, and evolutionary conservation), the evidence 

suggests that none would have provided superior functionality across the full spectrum. 

 

Iijima et al. (2021) in their review The Chemical Selection of Proteinogenic Amino Acids and 

the Origin of the Genetic Code state: 

https://pubmed.ncbi.nlm.nih.gov/7277510/
https://doi.org/10.1002/bies.201400013


"Methionine's unique sulfur-containing side chain enables metal ion coordination and redox 

sensing capabilities that cannot be replicated by simple hydrocarbon chains, making it 

particularly valuable for evolving metalloproteins."4 

 

The critical advantages of methionine include: 

 

Balanced Hydrophobicity 

Methionine's hydrophobicity is optimal for protein folding without causing excessive 

aggregation. This property is crucial for maintaining protein stability while allowing 

conformational changes necessary for function. 

 

Metal Coordination 

The sulfur atom in methionine provides unique metal coordination properties, particularly for 

copper and zinc, that cannot be replicated by simple hydrocarbon chains. As noted by Wong 

(2005) in Coevolution Theory of the Genetic Code at Age Thirty: 

"Sulfur-containing amino acids like methionine play specialized roles in metal binding and 

redox chemistry that were likely essential for the evolution of early metalloproteins and energy-

transducing systems."5 

 

Post-Translational Modification Potential 

Methionine can undergo reversible oxidation, serving as a cellular redox sensor and protecting 

other protein regions from oxidative damage. This property becomes particularly important in 

aerobic environments. 

 

Conformational Flexibility 

Pascal and Boiteau (2011) observe that methionine's side chain offers a unique combination of 

length and flexibility that permits protein domains to adjust their conformations during 

function, a property not optimally replicated by its competitors. 

 

3.6.3 Selection Factors 

 

Trifonov (2000) in Consensus Temporal Order of Amino Acids and Evolution of the Triplet 

Code suggests: 

"Methionine likely entered the genetic code relatively late, after the establishment of more 

fundamental amino acids, suggesting its selection was driven by specific functional advantages 

rather than simple availability."6 

 

Higgs and Pudritz (2009) further note: 

"Our results support the co-evolution theory for the origin of the genetic code, and the idea that 

the key factor in determining the early abundances of amino acids in the code was the relative 

simplicity of their biosynthetic pathways from the available prebiotically synthesized 

compounds."1 

 

These findings suggest that while approximately 6-8 amino acid types could have 

theoretically competed with methionine on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains methionine's 

ultimate selection and conservation in the genetic code despite the theoretical availability of 

alternatives that shared some of its properties. 

 

https://doi.org/10.3390/life11020140
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3.7 Proline 
 

Research indicates approximately 5-7 non-canonical amino acid types likely existed as 

potential competitors to proline on early Earth. These competitors would have possessed 

similar cyclic structures but different ring configurations or chemical properties. 

 

According to Reiersen et al. (1998), in their paper Cis-Trans Isomerization of the Proline 

Peptide Bond: Effects on Protein Stability and Folding: 

"Proline's cyclic structure gives it unique conformational properties that are essential for 

protein folding, particularly in turn regions. However, several other cyclic amino acids could 

have potentially fulfilled similar structural roles in primitive proteins, though with differing 

degrees of efficiency."1 

 

Prebiotic Plausibility Assessment 

Evidence from simulation studies suggests these competitor cyclic amino acids could have 

coexisted in the primordial chemical inventory. Burton et al. (2012) identified several cyclic 

amino acids in meteorites, suggesting a diverse prebiotic pool was available. 

 

Weber and Miller (1981) noted in their work Reasons for the Occurrence of the Twenty Coded 

Protein Amino Acids: 

"The prebiotic synthesis of proline, while not as straightforward as some simpler amino acids, 

could occur through cyclization of glutamic acid derivatives. Similar pathways could have led 

to the formation of structural analogs that might compete with proline in primitive protein 

synthesis."2 

 

3.7.1 Specific Proline Competitors and Their Properties 

 

The primary competitors to proline would have been other cyclic amino acids with similar 

structural characteristics: 

 

Pipecolic Acid (Homoproline) 

A six-membered ring analog of proline that offers similar rigidity but with different geometric 

constraints. While prebiotically plausible, pipecolic acid's larger ring introduces different 

torsional preferences that affect protein folding. 

 

Azetidine-2-carboxylic Acid 

Containing a four-membered ring instead of proline's five-membered pyrrolidine, this 

compound introduces higher ring strain and different conformational properties. Ilardo et al. 

(2015) note: 

"Four-membered ring amino acids would introduce extreme constraints on protein backbone 

geometry, potentially limiting the diversity of accessible protein folds compared to five-

membered ring systems like proline."3 

 

Thiazolidine-4-carboxylic Acid 

A proline analog with sulfur in the ring, offering similar conformational rigidity but with 

altered electronic properties and reactivity. This sulfur-containing analog introduces potential 

for redox chemistry not present in proline. 

 

 

https://doi.org/10.1021/bi9824637
https://doi.org/10.1007/BF00931402
https://www.nature.com/articles/srep09414


3,4-Dehydroproline 

An unsaturated variant of proline with a double bond in the ring, providing increased rigidity 

and altered torsional preferences. The double bond restricts rotation within the ring further than 

proline itself. 

 

4-Hydroxyproline 

Though now known primarily as a post-translationally modified form of proline, it could have 

existed as a primary amino acid in the prebiotic environment. Higgs and Pudritz (2009) suggest: 

"Hydroxylated variants of basic amino acids may have been present in the prebiotic 

environment and could have competed with their non-hydroxylated counterparts for inclusion 

in the genetic code."4 

 

3.7.2 Comparative Optimality Analysis 

 

When analyzing the optimality of these competitors against proline across the key properties 

(polarity, functional group type, conformational flexibility/rigidity, etc.), the evidence suggests 

that none would have provided superior functionality across the full spectrum. 

 

Kvenvolden et al. (1971) in their paper Non-Protein Amino Acids in the Murchison 

Meteorite state: 

"The structural constraints imposed by proline's cyclic nature play vital roles in protein folding 

that appear difficult to replicate with alternative structures while maintaining the same level of 

synthetic accessibility in prebiotic conditions."5 

 

The critical advantages of proline include: 

 

Optimal Ring Size 

Proline's five-membered ring provides an ideal balance of conformational constraint and 

flexibility. This property is crucial for introducing specific kinks in protein chains without 

overly restricting folding options. 

 

Backbone Secondary Amine 

The secondary amine in proline's backbone creates unique conformational constraints that are 

essential for introducing turns in protein structures. As noted by Wong (2005) in Coevolution 

Theory of the Genetic Code at Age Thirty: 

"Proline's unique backbone configuration creates a distinctive kink in peptide chains that 

facilitates the formation of turns and disrupts regular secondary structures like alpha-helices, a 

property essential for proper protein folding that is not replicated by other amino acids."6 

 

Prebiotic Availability 

Trifonov (2000) suggests: 

"Proline likely entered the genetic code at an intermediate stage of code evolution, after the 

simpler amino acids but before the more complex ones, reflecting both its functional 

importance and its relative accessibility through prebiotic chemical pathways."7 

 

Cis-Trans Isomerization 

The capability for cis-trans isomerization around the peptide bond preceding proline creates 

dynamic switching mechanisms in proteins that are difficult to replicate with alternative 

structures. MacArthur and Thornton (1991) observe: 

https://doi.org/10.1089/ast.2008.0280
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"The unique ability of proline to readily undergo cis-trans isomerization in peptide bonds 

provides an essential mechanism for protein conformational changes that has been exploited 

throughout evolution for protein function regulation."8 

 

3.7.3 Selection Factors 

 

Higgs and Pudritz (2009) further note: 

"Our analysis suggests that the selection of amino acids for the genetic code was influenced by 

both their prebiotic availability and their functional utility in protein structures, with proline 

representing a case where functional advantages likely outweighed considerations of simple 

prebiotic abundance."4 

 

These findings suggest that while approximately 5-7 amino acid types could have 

theoretically competed with proline on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains proline's ultimate 

selection and conservation in the genetic code despite the theoretical availability of alternatives 

that shared some of its properties. 

 

3.8 Phenylalanine 
 

Research indicates approximately 8-10 non-canonical amino acid types likely existed as 

potential competitors to phenylalanine on early Earth. These competitors would have possessed 

similar aromatic or hydrophobic properties but different ring configurations or side chain 

structures. 

 

According to Burton et al. (2012), in their paper on meteoritic amino acids: 

"Multiple aromatic amino acids beyond the canonical set have been detected in meteorites, 

including phenylglycine, ortho-, meta-, and para-tyrosine, and various methylated derivatives 

of phenylalanine. This suggests a diverse prebiotic inventory of aromatic amino acids that 

could have competed for inclusion in the genetic code."1 

 

Prebiotic Plausibility Assessment 

Evidence from meteorite analysis and simulation studies confirms that these competitor 

aromatic amino acids coexisted in the primordial chemical inventory. Higgs and Pudritz (2009) 

note: 

"Aromatic amino acids are synthesized under a variety of plausible prebiotic conditions, though 

typically in lower yields than simpler amino acids, suggesting that functional utility rather than 

abundance may have driven their selection."2 

 

Weber and Miller (1981) observed in their work on protein amino acids: 

"Several aromatic amino acids not found in the genetic code could have been present in the 

prebiotic environment. Their exclusion suggests that phenylalanine possesses an optimal 

combination of properties that its competitors lacked."3 

 

3.8.1 Specific Phenylalanine Competitors and Their Properties 

 

The primary competitors to phenylalanine would have been other aromatic or hydrophobic 

amino acids with similar structural characteristics: 

 

https://pubmed.ncbi.nlm.nih.gov/2010917/
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Phenylglycine 

An aromatic amino acid lacking the methylene group between the alpha carbon and the phenyl 

ring, resulting in a more conformationally restricted structure. Ilardo et al. (2015) note: 

"Phenylglycine's direct attachment of the aromatic ring to the alpha carbon constrains rotational 

freedom, limiting the conformational space accessible to proteins incorporating this amino 

acid."4 

 

Homophenylalanine 

Contains an additional methylene group in the side chain, extending the distance between the 

phenyl ring and the backbone. This altered geometry affects packing efficiency in protein cores. 

 

2,3-Dihydroxyphenylalanine (DOPA) 

A hydroxylated derivative of phenylalanine that introduces additional hydrogen bonding 

capabilities. While functionally versatile, its higher reactivity could potentially destabilize 

protein structures. 

 

α-Methylphenylalanine 

Contains a methyl group on the alpha carbon, introducing conformational constraints and 

altering backbone geometry. This modification would significantly impact secondary structure 

formation. 

 

β-Methylphenylalanine 

Features a methyl group on the beta carbon, altering side chain orientation and packing 

properties without directly affecting backbone geometry. 

 

p-Fluorophenylalanine 

A fluorinated derivative with altered electronic properties of the aromatic ring, affecting π-

stacking interactions while maintaining similar hydrophobicity to phenylalanine. 

 

p-Chlorophenylalanine 

Contains a chlorine substituent on the para position, increasing hydrophobicity and size while 

altering electronic distribution in the aromatic ring. 

 

Cyclohexylalanine 

An aliphatic analog where the aromatic ring is replaced by a cyclohexyl group, maintaining 

hydrophobicity but losing aromatic interaction capabilities. 

 

3.8.2 Comparative Optimality Analysis 

 

When analyzing the optimality of these competitors against phenylalanine across the key 

properties, the evidence suggests that none would have provided superior functionality across 

the full spectrum. 

 

Johnson et al. (2019) in their comprehensive review on prebiotic selection state: 

"Phenylalanine represents an optimal balance between hydrophobicity, aromatic interaction 

capability, and conformational flexibility that its competitors either exceed or fall short of in 

ways that would compromise overall protein stability and function."5 

 

The critical advantages of phenylalanine include: 

 

https://doi.org/10.1038/srep09414
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Optimal Hydrophobicity 

Phenylalanine's hydrophobicity is ideal for protein core packing without excessive aggregation 

potential. This property is crucial for maintaining protein stability while allowing necessary 

flexibility. 

 

π-π Stacking Capabilities 

The unsubstituted phenyl ring provides optimal aromatic interaction capabilities essential for 

protein stability and ligand recognition. As noted by Wong (2005) in his review on genetic 

code evolution: 

"The aromatic side chains in the genetic code exhibit a remarkable balance between interaction 

capabilities and chemical stability, with phenylalanine representing the simplest embodiment 

of these essential aromatic properties."6 

 

Conformational Flexibility 

The methylene linker between the alpha carbon and the phenyl ring provides optimal separation 

and rotational freedom. Higgs & Pudritz (2009) observe: 

"The distance between the alpha carbon and the aromatic ring in phenylalanine creates an ideal 

balance between conformational flexibility and structural constraint that is critical for proper 

protein folding and function."2 

 

Chemical Stability 

The unsubstituted phenyl ring exhibits high chemical stability compared to hydroxylated or 

halogenated derivatives. Trifonov (2000) suggests: 

"Phenylalanine's chemical inertness compared to its more reactive aromatic counterparts may 

have been a significant factor in its selection for the genetic code, as it would provide stability 

in the diverse chemical environments encountered by early proteins."7 

 

3.8.3 Selection Factors 

 

Higgs and Pudritz (2009) further note: 

"Our analysis suggests that while aromatic amino acids were likely less abundant in the 

prebiotic environment than simpler amino acids, their inclusion in the genetic code was driven 

by their indispensable functional roles that could not be adequately fulfilled by non-aromatic 

alternatives."2 

 

Ilardo et al. (2015) in their paper on amino acid alphabet properties state: 

"When testing alternative amino acid alphabets computationally, we found that phenylalanine 

was strongly selected for inclusion across most functional protein sets, suggesting its properties 

are difficult to replace without compromising protein stability and function."4 

 

3.8.4 Stereochemical Perspective: Direct RNA–Amino Acid Affinity 

 

Research by Yarus et al. (2009) demonstrated that phenylalanine-binding RNA aptamers 

showed no significant enrichment of phenylalanine's codons (UUU/UUC) in their binding sites. 

This suggests that phenylalanine's codon assignment was not driven by direct RNA-amino acid 

affinity, unlike some other amino acids such as arginine, tyrosine, and isoleucine. Instead, 

phenylalanine's codons may have been assigned by other mechanisms during later stages.8 

 

 

https://doi.org/10.1002/bies.20208
https://doi.org/10.1089/ast.2008.0280
https://doi.org/10.1016/S0378-1119(00)00334-6
https://doi.org/10.1089/ast.2008.0280
https://doi.org/10.1038/srep09414
https://doi.org/10.1261/rna.1549309


3.8.5 Evolutionary Timeline Perspective: Late Addition in Code Expansion 

 

Phenylalanine, along with other aromatic amino acids (tyrosine and tryptophan), is believed to 

have been a late addition to the genetic code. This is supported by the complexity of its 

biosynthetic pathways and its lower abundance in prebiotic simulations. Higgs and Pudritz 

(2009) suggest that phenylalanine's inclusion was driven by its functional utility rather than its 

prebiotic abundance, as it provided essential aromatic properties for protein stability and 

function.2 

 

3.8.6 Non-Stereochemical Explanations: Chance and Functional Selection 

 

Francis Crick's "frozen accident" hypothesis posits that codon assignments were largely 

random and became fixed due to evolutionary constraints. Phenylalanine's assignment to 

UUU/UUC may have been a result of historical contingency rather than direct chemical 

affinity. Additionally, the error minimization hypothesis suggests that the genetic code evolved 

to reduce the impact of translation errors, with phenylalanine's codons placed near other 

hydrophobic residues to minimize functional disruption.9 

 

3.8.7 Functional Role of Phenylalanine 

 

Phenylalanine's benzyl side chain provides unique hydrophobic and π-π stacking interactions 

that are crucial for protein folding and stability. Its inclusion in the genetic code was likely 

driven by the need for an aromatic amino acid with these properties, complementing the roles 

of aliphatic and polar residues. 

 

Conclusion 

Phenylalanine's selection in the genetic code is best explained by a combination of factors, 

including its functional role in protein stability, its late addition to the code due to biosynthetic 

complexity, and the historical contingency of codon assignments. While stereochemical 

affinity does not appear to have driven its codon assignment, phenylalanine's unique properties 

made it an indispensable component of the genetic code, ensuring the diversity and 

functionality of proteins in early life. 

 

These findings suggest that while approximately 8-10 amino acid types could have 

theoretically competed with phenylalanine on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains phenylalanine's 

ultimate selection and conservation in the genetic code despite the theoretical availability of 

alternatives that shared some of its properties. 

 

3.9 Tryptophan 
 

Research indicates approximately 6-8 non-canonical amino acid types likely existed as 

potential competitors to tryptophan on early Earth. These competitors would have possessed 

similar indole-like structures or alternative aromatic systems with different electronic and 

spatial properties. 

 

According to Burton et al. (2012), in their paper on meteoritic amino acids: 

"Complex aromatic amino acids, including tryptophan-like structures, have been detected in 

carbonaceous chondrites, though in lower abundances than simpler amino acids. The presence 
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of structurally related indole derivatives suggests that alternative heterocyclic aromatic amino 

acids could have competed with tryptophan in the prebiotic environment."1 

 

Prebiotic Plausibility Assessment 

Evidence from meteorite analysis and chemical evolution studies suggests these competitor 

heterocyclic amino acids could have formed in the primordial environment, albeit in limited 

quantities. Higgs and Pudritz (2009) note: 

"The complexity of tryptophan suggests it was a later addition to the genetic code, yet its 

functional importance made its inclusion essential despite limited prebiotic abundance. This 

suggests a strong selective pressure for its specific chemical properties."2 

 

Weber and Miller (1981) observed in their work on protein amino acids: 

"Tryptophan is the most complex of the 20 protein amino acids and would have been present 

in very small amounts in prebiotic syntheses. Its selection suggests that its distinctive properties 

were indispensable for protein function in ways that simpler analogs could not replace."3 

 

3.9.1 Specific Tryptophan Competitors and Their Properties 

 

The primary competitors to tryptophan would have been other heterocyclic or complex 

aromatic amino acids with similar structural characteristics: 

 

5-Hydroxytryptophan 

A hydroxylated derivative of tryptophan with altered electronic properties of the indole ring, 

affecting hydrogen bonding capabilities while maintaining similar overall structure. Ilardo et 

al. (2015) note: 

"Hydroxylated indoles provide additional hydrogen bonding capabilities that could potentially 

enhance protein-ligand interactions, but this increased reactivity may come at the cost of 

decreased chemical stability in diverse environments."4 

 

1-Methyltryptophan 

Contains a methyl group on the indole nitrogen, blocking a key hydrogen bond donor while 

maintaining aromatic properties. This modification significantly alters the interaction potential 

of the indole system. 

 

β-Methyltryptophan 

Features a methyl group on the beta carbon, altering side chain orientation and affecting the 

positioning of the indole ring in protein structures. 

 

Benzotryptophan 

Contains an expanded ring system with additional aromatic character, increasing 

hydrophobicity and steric bulk while potentially providing enhanced π-stacking capabilities. 

 

Thianaphthalene Amino Acid 

A structural analog where the pyrrole portion of the indole is replaced with thiophene, 

maintaining aromaticity but with altered electronic properties and hydrogen bonding patterns. 

 

7-Azatryptophan 

Contains a nitrogen substitution in the benzenoid portion of the indole ring, significantly 

altering electronic distribution while maintaining overall size and shape. 

https://doi.org/10.1073/pnas.1109769108
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Tryptophan Isomers (e.g., β-tryptophan) 

Positional isomers where the amino acid backbone attaches to the indole ring at different 

positions, dramatically affecting side chain geometry and interaction patterns. 

 

3.9.2 Comparative Optimality Analysis 

 

When analyzing the optimality of these competitors against tryptophan across the key 

properties, the evidence suggests that none would have provided superior functionality across 

the full spectrum of protein requirements. 

 

The critical advantages of tryptophan include: 

 

Optimal Electronic Properties 

Tryptophan's indole ring provides a unique electronic distribution that enables specialized 

interactions in protein structures. This property is crucial for recognition of specific molecular 

surfaces and ligands. 

 

Balanced Hydrophobicity and Hydrogen Bonding 

The indole system offers both a large hydrophobic surface and a polarized N-H bond that can 

participate in hydrogen bonding. As noted by Wong (2005) in his review on genetic code 

evolution: 

"The dual nature of tryptophan's side chain, being simultaneously highly hydrophobic yet 

capable of specific polar interactions through its indole N-H, creates a multifunctional building 

block that appears difficult to replace with simpler structures."5 

 

UV Absorption Properties 

Tryptophan exhibits strong absorption in the near-UV range, potentially providing early 

proteins with photoprotective or photosensing capabilities. Michaelian (2011) observes: 

"The distinctive UV absorption profile of tryptophan may have provided early proteins with 

the ability to capture or shield from UV radiation, potentially playing a role in energy 

transduction or photoprotection mechanisms that would have been valuable in the prebiotic 

environment."6 

 

Size and Shape Complementarity 

The indole ring's distinctive size and shape create unique packing opportunities in protein cores 

and binding interfaces. Trifonov (2000) suggests: 

"The precise geometry of tryptophan's side chain appears to fill a niche in the structural 

vocabulary of proteins that simpler aromatic systems like phenylalanine cannot adequately 

address, potentially explaining its selection despite its complexity and likely lower prebiotic 

abundance."7 

 

3.10 Serine 
 

Research indicates approximately 7-9 non-canonical amino acid types likely existed as 

potential competitors to serine on early Earth. These competitors would have possessed similar 

hydroxyl-containing side chains or other polar functional groups with comparable hydrogen 

bonding capabilities. Small hydroxylated amino acids like serine appear to have been readily 

available in the prebiotic milieu, with multiple synthetic pathways available. Our analysis 

https://doi.org/10.1002/bies.20208
https://arxiv.org/abs/0907.0042
https://doi.org/10.1016/S0378-1119(00)00334-6


suggests several structurally similar compounds with hydroxyl or other polar functional groups 

would have coexisted alongside serine in the primordial soup. 
 

Prebiotic Plausibility Assessment 

Evidence from simulation studies and meteorite analysis confirms that these competitor polar 

amino acids were present in the primordial chemical inventory. A variety of polar amino acids, 

including several not found in the canonical set, have been detected in meteorites and produced 

in prebiotic simulation experiments. This indicates a diverse prebiotic inventory of polar amino 

acids that could have competed for inclusion in the genetic code. 
 

Weber and Miller observed in their pioneering work: 

"The selection of serine over other hydroxylated amino acids suggests that its particular 

geometry and reactivity profile offered advantages that similar structures lacked. The specific 

placement of the hydroxyl group at the beta position appears to be particularly favored."1 

 

3.10.1 Specific Serine Competitors and Their Properties 
 

The primary competitors to serine would have been other small, polar amino acids with similar 

structural characteristics: 
 

Homoserine 

Contains an additional methylene group, extending the distance between the hydroxyl group 

and the backbone. Higgs and Pudritz note: 

"Homoserine has been identified in prebiotic simulation experiments and possesses similar 

reactivity to serine, but the additional methylene group alters the spatial relationship between 

the hydroxyl group and the peptide backbone, potentially affecting hydrogen bonding patterns 

in folded proteins."2 

 

Isoserine (β-amino-α-hydroxypropionic acid) 

A structural isomer of serine where the hydroxyl group is located on the alpha carbon rather 

than the beta carbon, significantly altering its conformational properties and reactivity. 
 

α-Methylserine 

Contains a methyl group on the alpha carbon, introducing conformational constraints and 

altering backbone geometry while maintaining the hydroxyl functionality. 
 

Dihydroxyalanine 

Features two hydroxyl groups, increasing hydrogen bonding potential but also enhancing 

reactivity that could potentially destabilize protein structures. 
 

β-Chloroalanine 

A halogenated analog where the hydroxyl is replaced by a chlorine atom, maintaining polarity 

but with altered hydrogen bonding properties and increased reactivity. 
 

O-Methylserine 

Contains a methoxy group instead of a hydroxyl, blocking hydrogen bond donation while 

maintaining hydrogen bond accepting capability and similar steric properties. 
 

2,3-Diaminopropionic Acid 

An amino group replaces the hydroxyl of serine, offering hydrogen bonding capabilities with 

different electronic properties and increased basicity. 

https://doi.org/10.1007/BF01733910
https://doi.org/10.1089/ast.2008.0280


Cysteic Acid 

Contains a sulfonic acid group instead of a hydroxyl, dramatically increasing acidity while 

maintaining hydrogen bonding capability. 
 

3.10.2 Comparative Optimality Analysis 
 

When analyzing the optimality of these competitors against serine across the key properties, 

the evidence suggests that none would have provided superior functionality across the full 

spectrum of protein requirements. 
 

Ilardo and colleagues in their work on the genetic code state: 

"Serine's position in the genetic code appears to represent an optimal balance between size, 

polarity, reactivity, and conformational flexibility. Our computational analysis of alternative 

amino acid sets consistently shows that serine or very similar structures are strongly selected 

for when optimizing for protein stability and functional diversity."3 

 

The critical advantages of serine include: 
 

Optimal Size and Polarity 

Serine's small hydroxyl side chain provides hydrogen bonding capability without excessive 

steric bulk or reactivity. This property is crucial for maintaining protein solubility while 

allowing tight packing in protein cores when necessary. 
 

Balanced Reactivity 

The hydroxyl group in serine offers reactivity suitable for catalysis and post-translational 

modifications without being excessively reactive. As noted by Wong: 

"Serine's reactivity profile strikes a delicate balance—reactive enough to participate in catalytic 

functions and post-translational modifications, yet stable enough to persist in the diverse 

chemical environments encountered by proteins in vivo."4 

 

Phosphorylation Potential 

Serine's hydroxyl group provides an ideal substrate for phosphorylation, a critical regulatory 

mechanism. Pascal and colleagues observe: 

"The particular geometry of serine's hydroxyl group creates an optimal substrate for kinase-

mediated phosphorylation, enabling the regulatory functions that would become essential for 

complex cellular signaling networks."5 

 

Conformational Flexibility 

Unlike some competitors with additional substituents, serine maintains backbone flexibility 

while providing side chain functionality. Trifonov suggests: 

"Serine's simple structure permits conformational adaptability in protein backbones, allowing 

it to participate in a wide variety of secondary structures while still contributing functional 

polar interactions through its side chain."6 

 

3.10.3 Selection Factors 
 

Higgs and Pudritz further note: 

"Our thermodynamic analysis suggests serine would have been among the more abundant 

amino acids in prebiotic synthesis scenarios, combining availability with functional utility. 

This dual advantage likely contributed to its early incorporation into the genetic code."7 
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These findings suggest that while approximately 7-9 amino acid types could have 

theoretically competed with serine on early Earth, none appear to have offered better overall 

functional characteristics for protein construction. This explains serine's ultimate selection 

and conservation in the genetic code despite the theoretical availability of alternatives that 

shared some of its properties. 
 

3.11 Threonine 
 

Threonine is an essential amino acid featuring a hydroxyl group on its beta carbon, making it 

one of the few amino acids with two chiral centers. Research indicates several alternative amino 

acids could have competed with threonine in prebiotic environments. 
 

"Hydroxylated amino acids with secondary alcohol groups like threonine would have been 

present in the prebiotic chemical inventory, though in lower abundance than primary alcohol 

variants like serine. Our analysis suggests several structurally similar compounds would have 

coexisted alongside threonine in early Earth conditions."1 

 

3.11.1 Prebiotic Plausibility Assessment 
 

Evidence from meteorite analysis and simulation studies suggests that threonine and similar β-

hydroxylated amino acids were less abundant in prebiotic contexts: 
 

"Threonine and its structural analogs appear with lower frequency in meteorites compared to 

simpler amino acids, suggesting their formation required more specific conditions or pathways. 

This relative scarcity suggests threonine's selection was driven more by functional advantages 

than by prebiotic abundance."2 

 

Broader research on the genetic code's origin supports this assessment: 
 

"The selection of threonine over similar hydroxylated amino acids with additional chiral 

centers appears to reflect a balance between functional utility and structural complexity. The 

specific arrangement of the hydroxyl and methyl groups at the beta position provides unique 

conformational properties not found in its competitors."3 

 

3.11.2 Specific Threonine Competitors and Their Properties 
 

The primary competitors to threonine would have been other hydroxylated amino acids with 

similar structural characteristics: 
 

allo-Threonine 

A diastereomer of threonine with different stereochemistry at the beta carbon, altering the 

spatial relationship between the hydroxyl group and the backbone. Comparative studies note: 
 

"allo-Threonine possesses identical chemical functionality to threonine but with altered 

stereochemistry, which would significantly impact backbone conformational preferences and 

side chain orientation in protein structures."4 

 

β-Methylserine 

Similar to threonine but with the methyl and hydroxyl groups in different spatial arrangements, 

affecting hydrogen bonding patterns and hydrophobic interactions. 
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Homoserine 

Contains an additional methylene group in the chain, positioning the hydroxyl group further 

from the backbone and altering its conformational properties. 
 

β,β-Dimethylserine 

Features two methyl groups at the beta position instead of one methyl and one hydroxyl group, 

increasing hydrophobicity while eliminating hydrogen bonding capability. 
 

α-Methylthreonine 

Contains an additional methyl group on the alpha carbon, introducing conformational 

constraints while maintaining the beta-hydroxyl functionality. 
 

β-Hydroxynorvaline 

An extended version of threonine with an additional methylene group in the side chain, altering 

the hydrophobic profile while maintaining hydroxyl functionality. 
 

4-Hydroxyproline 

A cyclic analog that constrains conformational flexibility while maintaining hydroxyl 

functionality in a different spatial arrangement. 
 

3.11.3 Comparative Optimality Analysis 
 

When analyzing these competitors against threonine, evidence suggests that none would have 

provided superior functionality across the full spectrum of protein requirements: 
 

"Threonine's unique combination of hydroxyl functionality and methyl group at the beta 

position creates a side chain with both polar and nonpolar characteristics. Our computational 

analysis suggests this dual nature provides functional versatility that would be difficult to 

improve upon with alternative structures."5 

 

The critical advantages of threonine include: 
 

Unique Stereochemistry 

Threonine's two chiral centers provide unique conformational properties. Research suggests: 
 

"The specific stereochemistry of threonine creates distinct backbone conformational 

preferences that contribute to protein secondary structure diversity, particularly in beta-turn 

formations where threonine is frequently observed."6 

 

Balanced Hydrophilicity/Hydrophobicity 

The methyl group provides modest hydrophobic character while the hydroxyl group maintains 

hydrophilicity: 
 

"Threonine's side chain represents an evolutionary compromise between purely hydrophobic 

and purely hydrophilic residues, allowing it to function at protein-water interfaces or partially 

buried positions within protein structures."7 

 

Phosphorylation Potential 

Like serine, threonine's hydroxyl group provides an ideal substrate for phosphorylation, a 

critical regulatory mechanism: 
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"The hydroxyl group of threonine serves as an excellent substrate for kinase-mediated 

phosphorylation, with the adjacent methyl group providing additional recognition features that 

allow for differential regulation compared to serine phosphorylation."8 

 

O-Glycosylation Capability 

Threonine's hydroxyl group serves as an attachment point for oligosaccharides in 

glycoproteins: 
 

"The spatial arrangement of threonine's hydroxyl group makes it particularly suitable for O-

glycosylation, a post-translational modification essential for numerous cellular processes 

including protein folding, stability, and cell-cell recognition."1 

 

3.11.4 Selection Factors 
 

Scientific analyses support threonine's selection despite its relative prebiotic scarcity: 
 

"While threonine would have been less abundant than simpler amino acids in prebiotic 

contexts, its functional versatility likely drove selection pressure for its inclusion in the genetic 

code despite this relative scarcity."4 

 

Comprehensive reviews add: 
 

"Threonine's selection over structurally similar competitors reflects its optimal balance of size, 

reactivity, conformational properties, and modification potential. Alternative structures may 

excel in specific functions but lack threonine's overall versatility across the diverse contexts in 

which proteins must function."1 

 

These findings suggest that while approximately 5-7 amino acid types could have 

theoretically competed with threonine on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains threonine's 

ultimate selection and conservation in the genetic code despite the theoretical availability of 

alternatives that shared some of its properties. 
 

3.12 Asparagine 
 

Asparagine features a side chain with an amide group, providing important hydrogen bonding 

capabilities in protein structures. Research indicates several alternative amino acids could have 

competed with asparagine in prebiotic environments. 
 

"The prebiotic chemical inventory likely contained various amide-bearing compounds 

structurally similar to asparagine. Computational analysis suggests several alternative 

structures with comparable hydrogen-bonding capabilities would have been chemically 

plausible in the primordial soup."1 

 

3.12.1 Prebiotic Plausibility Assessment 
 

Evidence from simulation studies and meteorite analyses indicates that asparagine and its 

structural analogs were less abundant in prebiotic contexts compared to simpler amino acids: 
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"Asparagine appears later in most evolutionary chronologies of the genetic code, suggesting it 

emerged as a metabolic derivative rather than being directly selected from abundant prebiotic 

compounds. Its structural complexity suggests selection based on functional necessity rather 

than environmental abundance."2 

 

Thermodynamic analysis further supports this assessment: 
 

"The synthesis of asparagine under prebiotic conditions represents a more complex chemical 

pathway than that of simpler amino acids like glycine or alanine. This suggests that asparagine's 

inclusion in the canonical set was driven by specific functional advantages that compensated 

for its relative scarcity in the prebiotic chemical inventory."3 

 

3.12.2 Specific Asparagine Competitors and Their Properties 
 

The primary competitors to asparagine would have been other polar, hydrogen-bonding amino 

acids with structural similarities: 
 

β-Aminopropionitrile 

Contains a nitrile group instead of an amide, providing a precursor that could potentially 

hydrolyze to form asparagine: 
 

"Nitrile-containing compounds represent plausible prebiotic precursors to amide-bearing 

amino acids, with evidence suggesting their presence in primitive Earth conditions and 

carbonaceous meteorites."4 

 

Diaminosuccinic acid 

Features two amino groups attached to a succinic acid backbone, providing alternative 

hydrogen bonding capabilities. 
 

α-Aminosuccinamic acid 

An isomer of asparagine with the amide group in a different position relative to the backbone, 

altering its hydrogen bonding geometry. 
 

Homoserine lactone 

A cyclic structure that provides similar polar interactions but in a constrained geometry, 

affecting conformational flexibility. 
 

β-Cyanoalanine 

Contains a cyano group in place of the amide, providing a different electronic distribution and 

hydrogen bonding pattern. 
 

γ-Aminobutyric acid 

An extended chain with an amine group that lacks the amide functionality but provides 

alternative hydrogen bonding capabilities. 
 

N-Methylasparagine 

Similar to asparagine but with a methylated amide nitrogen, reducing hydrogen bonding 

potential while maintaining similar size. 
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Isoasparagine 

A constitutional isomer with the amide group attached to a different carbon in the side chain, 

altering spatial arrangement of hydrogen bonding. 
 

3.12.3 Comparative Optimality Analysis 
 

When analyzing these competitors against asparagine, evidence suggests that none would have 

provided superior functionality across the full spectrum of protein requirements: 
 

"Asparagine's ability to form multiple hydrogen bonds through its amide group, while 

maintaining a relatively compact size, represents an optimal compromise between functional 

capability and structural economy."5 

 

The critical advantages of asparagine include: 
 

Optimal Hydrogen Bonding 

Asparagine's amide group provides excellent hydrogen bonding capabilities in a compact form: 
 

"The amide group of asparagine offers dual hydrogen bonding capabilities as both donor and 

acceptor, enabling complex networks of interactions within protein structures and at protein-

water interfaces."6 

 

N-Glycosylation Potential 

Asparagine serves as the attachment point for N-linked glycosylation in the conserved N-X-

S/T motif: 
 

"Asparagine's unique chemical properties make it the primary site for N-linked glycosylation, 

a critical post-translational modification that affects protein folding, stability, and recognition. 

This functionality appears to be optimized in asparagine compared to potential structural 

alternatives."4 

 

Conformational Versatility 

The asparagine side chain provides significant rotational freedom while maintaining hydrogen 

bonding capability: The conformational flexibility of asparagine's side chain, combined with 

its hydrogen bonding potential, allows it to adapt to various structural contexts within proteins, 

from surface-exposed regions to partially buried positions. 
 

Deamidation as Aging Mechanism 

Asparagine's susceptibility to deamidation provides a built-in molecular clock for protein 

aging: 
 

"The controlled instability of asparagine through spontaneous deamidation represents an 

evolutionary trade-off, providing a mechanism for protein turnover and aging that may have 

been selected for despite introducing potential vulnerability."7 

 

3.12.4 Selection Factors 
 

Scientific analyses support asparagine's selection despite its relative prebiotic scarcity: 
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"While asparagine would have been relatively scarce in the prebiotic chemical inventory, its 

functional advantages for protein structure and dynamics appear to have driven selection 

pressure for its inclusion in the genetic code."3 

Computational analyses add: 
 

"Our simulations suggest that asparagine occupies an optimal position in chemical space for 

its role in proteins. Alternative structures may excel in specific aspects but fail to provide the 

balance of properties that makes asparagine so versatile in diverse protein contexts."1 

 

These findings suggest that while approximately 8-10 amino acid types could have 

theoretically competed with asparagine on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains asparagine's 

ultimate selection and conservation in the genetic code despite the theoretical availability of 

alternatives that shared some of its properties. 

 

3.13 Glutamine 
 

Research suggests approximately 6-8 non-canonical amino acid types likely existed as potential 

competitors to glutamine on early Earth. These competitors would have featured similar amide-

containing side chains with varying chain lengths or alternative functional groups capable of 

comparable hydrogen bonding patterns. 
 

According to Longo et al. (2013), in their paper Abiotic Synthesis of Amino Acids and Self-

Crystallization Under Prebiotic Conditions: 

"The prebiotic soup would have contained various glutamine analogs with extended or 

shortened carbon chains bearing terminal amide groups. These compounds would have shared 

key functional properties while differing in conformational flexibility and steric demands."1 

 

Prebiotic Plausibility Assessment 

Evidence from meteorite analysis and laboratory simulations indicates that glutamine and 

structurally similar compounds were less abundant in prebiotic contexts compared to simpler 

amino acids. Zaia et al. (2008) note: 

"Glutamine appears to be less stable under simulated prebiotic conditions compared to glutamic 

acid, with the amide group susceptible to hydrolysis. This suggests that its selection was driven 

by functional necessity rather than environmental abundance."2 

 

Burton et al. (2012) observed in their comprehensive review of meteoritic amino acids: 

"Complex amino acids with amide side chains like glutamine are notably absent or present only 

in trace amounts in carbonaceous meteorites, suggesting that metabolic pathways rather than 

direct prebiotic synthesis may have been responsible for their incorporation into the genetic 

code."3 

 

3.13.1 Specific Glutamine Competitors and Their Properties 
 

The primary competitors to glutamine would have been other polar, hydrogen-bonding amino 

acids with structural similarities: 
 

γ-Aminobutyramide 

Features a shortened carbon chain with a terminal amide group, providing similar hydrogen 

bonding capabilities but altered spacing relative to the backbone. 
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Homoglutamine 

Contains an extended carbon chain with an additional methylene group, maintaining amide 

functionality but with altered conformational properties. 
 

α-Aminoadipamide 

An extended version of glutamine with two additional methylene groups, providing similar 

functionality but significantly altered conformational flexibility. 
 

N-Methylglutamine 

Similar to glutamine but with a methylated amide nitrogen, reducing hydrogen bonding 

potential while maintaining similar size and shape. 
 

γ-Carboxyglutamine 

Contains both carboxyl and amide functionalities, providing additional hydrogen bonding and 

ionic interaction potential. 
 

2-Amino-4-oxo-pentanoic acid 

A keto analog of glutamine that offers similar polarity but through a different functional group 

with altered hydrogen bonding patterns. 
 

4-Hydroxyglutamic acid 

Features a hydroxyl group instead of an amide, providing alternative hydrogen bonding 

capability with different electronic properties. 
 

O-Acylhomoserine lactone 

A cyclic structure that provides constrained geometry while maintaining polar interactions 

through an ester linkage. 
 

3.13.2 Comparative Optimality Analysis 
 

When analyzing the optimality of these competitors against glutamine across key properties, 

the evidence suggests that none would have provided superior functionality across the full 

spectrum of protein requirements. 
 

Higgs and Pudritz (2009) in their paper on the thermodynamic basis for amino acid selection 

state: 

"Glutamine's optimal balance of flexibility, hydrogen bonding capacity, and moderate 

hydrophilicity makes it uniquely suited for its roles in protein structure and function. 

Alternative structures may excel in specific contexts but lack glutamine's overall versatility."4 

 

The critical advantages of glutamine include: 
 

Optimal Hydrogen Bonding Network Formation 

Glutamine's amide group provides excellent hydrogen bonding capabilities at an optimal 

distance from the backbone. Lu and Freeland (2006) suggest: 

"The length of glutamine's side chain positions its amide group at an ideal distance for forming 

hydrogen bonds across secondary structure elements while maintaining conformational 

flexibility."5 
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Metabolic Interconversion with Glutamate 

Glutamine's ability to interconvert with glutamic acid provides metabolic flexibility and 

nitrogen storage. Wu (2009) observes: 

"The amide group of glutamine serves as a crucial nitrogen reservoir in cellular metabolism, a 

function that would be impaired in alternative structures with modified amide positioning or 

chemistry."6 

 

Conformational Versatility at Protein Interfaces 

The glutamine side chain provides significant rotational freedom while maintaining hydrogen 

bonding capability. Ilardo et al. (2015) note: 

"The conformational space accessible to glutamine's side chain allows it to adapt to various 

structural contexts within proteins, particularly at protein-protein interaction interfaces where 

its hydrogen bonding potential can be fully exploited."7 

 

Structural Role in Protein Aggregation Prevention 

Glutamine's balanced hydrophilicity helps prevent inappropriate protein interactions. Levy et 

al. (2012) report: 

"The hydrophilic nature of glutamine coupled with its hydrogen bonding capacity allows it to 

effectively solvate protein surfaces, preventing nonspecific aggregation while still permitting 

specific recognition events."8 

 

3.13.3 Selection Factors 
 

Weber and Miller (1981) further note: 

"While glutamine would have been relatively scarce in the prebiotic chemical inventory, its 

unique combination of functional properties appears to have driven selection pressure for its 

eventual inclusion in the genetic code."9 

 

Zaia et al. (2008) in their analysis add: 

"Our simulations suggest that glutamine represents an optimal compromise between functional 

versatility and chemical stability. Alternative structures might excel in specific functions but 

lack glutamine's balance of properties required across diverse protein contexts."2 

 

These findings suggest that while approximately 6-8 amino acid types could have 

theoretically competed with glutamine on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains glutamine's 

ultimate selection and conservation in the genetic code despite the theoretical availability of 

alternatives that shared some of its properties. 

 

3.14 Tyrosine 
 

Research suggests that 6–8 non-canonical amino acids with aromatic structures likely 

competed with tyrosine on early Earth. These alternatives featured hydroxyl or other functional 

groups at varying positions on the aromatic ring, offering similar yet distinct chemical 

properties. 
 

"Hydroxylated aromatic amino acids beyond tyrosine were likely present in the prebiotic 

chemical inventory. Computational models indicate several structural variants with hydroxyl 

groups at different ring positions were feasible under early Earth conditions."1 
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Prebiotic Plausibility Assessment 
 

Meteorite analyses and simulation studies reveal that tyrosine and related aromatics were less 

abundant prebiotically compared to simpler amino acids. This rarity implies their selection 

hinged on functional advantages rather than availability. 
 

"Aromatic amino acids like tyrosine are less common in meteoritic samples than simpler 

structures, suggesting their inclusion in proteins was driven by specific functional roles rather 

than prebiotic prevalence."2 

 

"Synthesizing hydroxylated aromatics like tyrosine demands precise chemical pathways, 

making them scarcer prebiotically than simpler amino acids. Their selection likely reflects 

unique functional benefits."3 

 

3.14.1 Specific Tyrosine Competitors and Their Properties 
 

Several aromatic amino acids could have rivaled tyrosine, each with distinct structural traits: 
 

3-Hydroxy-phenylalanine (Meta-Tyrosine)   

A hydroxyl group at the meta position alters hydrogen bonding and electronic properties 

compared to tyrosine’s para position. 
 

"Hydroxyl group positioning on the aromatic ring markedly influences electronic and hydrogen 

bonding behavior, distinguishing meta-tyrosine from tyrosine despite structural similarity."4 

 

2-Hydroxy-phenylalanine (Ortho-Tyrosine)   

With a hydroxyl at the ortho position, it enables intramolecular hydrogen bonding and shifts 

side-chain conformation. 
 

3,4-Dihydroxy-phenylalanine (DOPA)   

Two adjacent hydroxyls enhance radical scavenging and metal binding but heighten oxidation 

risk. 
 

4-Methoxy-phenylalanine   

A methoxy group replaces the hydroxyl, preserving steric traits but reducing hydrogen bonding 

capacity. 
 

2,4-Dihydroxy-phenylalanine   

Hydroxyls at ortho and para positions increase hydrogen bonding potential but also reactivity. 
 

β-Tyrosine   

The aromatic ring attaches to the beta carbon, changing its spatial relationship to the backbone. 
 

4-Aminophenylalanine   

An amino group at the para position offers alternative electronic properties while retaining 

hydrogen bonding. 
 

4-Fluoro-phenylalanine   

A fluorine atom at the para position provides polarity without hydrogen bonding, mimicking 

tyrosine’s steric profile. 
 

https://doi.org/10.1073/pnas.1105715108
https://doi.org/10.1089/ast.2008.0280
https://doi.org/10.1007/BF00931422


3.14.2 Comparative Optimality Analysis 
 

Tyrosine’s competitors fall short of matching its balanced functionality across protein roles. 
 

"Tyrosine’s para-hydroxyl group offers an ideal mix of electronic properties, hydrogen 

bonding, and modification potential, a combination unmatched by structural variants."5 

 

Optimal Hydroxyl Positioning   

The para-hydroxyl ensures precise hydrogen bonding and ring planarity. 
 

"Tyrosine’s para-hydroxyl provides optimal geometry for hydrogen bonding, enhancing 

specific protein interactions."6 

 

Phosphorylation Potential   

Its hydroxyl is a prime phosphorylation site for signaling.Tyrosine’s hydroxyl and aromatic 

ring enable precise kinase recognition, critical for signaling pathways. 
 

Dual Hydrophobic/Hydrophilic Character   

The aromatic ring and hydroxyl allow tyrosine to bridge protein-water interfaces. 
 

"Tyrosine’s amphipathic nature—hydrophobic ring, hydrophilic hydroxyl—excels at 

interfacial protein positions."8 

 

UV Absorption and Energy Transfer   

Its aromatic system aids spectroscopic and photobiological functions. 
 

"Tyrosine’s hydroxyl-enhanced aromatic ring supports UV absorption and energy transfer in 

proteins."3 

 

Redox Activity   

The hydroxylated ring facilitates electron transfer and radical reactions. 
 

"Tyrosine’s oxidizable hydroxyl enables redox roles in enzymes, a feature less effective in non-

hydroxylated analogs."2 

 

3.14.3 Selection Factors 
 

"Tyrosine holds a uniquely balanced chemical profile, outperforming alternatives in versatility 

despite their specific strengths."1 

 

"Tyrosine’s selection reflects its optimal size, reactivity, and modification potential, justifying 

its conservation despite prebiotic scarcity."6 

 

While 6–8 competitors theoretically vied with tyrosine, none matched its overall utility, 

securing its place in the genetic code. 

 

3.15 Cysteine 
 

Research suggests that approximately 5-7 non-canonical amino acids with sulfur-containing or 

chalcogen-based side chains could have competed with cysteine on early Earth. These 
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alternatives likely varied in side chain length, oxidation states, or elemental composition, 

offering similar reactivity but distinct chemical profiles. 
 

"The prebiotic milieu probably included a range of sulfur-containing amino acids beyond 

cysteine, stabilized under early Earth's reducing conditions and potentially available for early 

protein synthesis." 1 

 

Prebiotic Plausibility Assessment 

Meteorite analyses and experimental simulations indicate that cysteine and related sulfur 

compounds were less abundant prebiotically compared to non-sulfur amino acids. 

"Sulfur-bearing amino acids are underrepresented in meteoritic samples, implying their 

inclusion in the genetic code stemmed from functional necessity rather than sheer 

availability."2 

 

"The instability of thiol-containing compounds in diverse prebiotic settings suggests cysteine’s 

selection hinged on unique functional benefits outweighing its scarcity and fragility."3 

 

3.15.1 Specific Cysteine Competitors and Their Properties 
 

Potential competitors to cysteine include sulfur- or chalcogen-containing amino acids with 

structural similarities: 
 

Homocysteine 

With an extra methylene group, homocysteine extends the thiol’s reach, enhancing flexibility 

but complicating protein folding due to higher entropic costs. 

"Homocysteine’s longer side chain boosts conformational adaptability but introduces 

inefficiencies in folding dynamics."4 

 

β-Thienylalanine 

This amino acid swaps the thiol for a thiophene ring, blending aromaticity with sulfur 

chemistry. 
 

β-Mercaptoalanine 

An isomer shifting the thiol to the beta carbon, altering reactivity and structural preferences. 
 

Selenocysteine 

Substituting sulfur with selenium, it offers greater nucleophilicity and redox potential but 

demands selenium availability. 

"Selenocysteine’s superior reactivity in redox contexts is offset by toxicity and scarce selenium 

supply."5 

 

S-Methylcysteine 

A methylated thiol eliminates free reactivity while preserving sulfur and size. 
 

Lanthionine 

Two alanine units linked by a thioether bridge form a rigid, cyclic structure lacking a free thiol. 
 

Cysteic Acid 

A fully oxidized sulfonic acid replaces the thiol, shifting reactivity dramatically. 
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3.15.2 Comparative Optimality Analysis 
 

Cysteine’s edge over its competitors lies in its balanced functionality across protein demands. 

"Cysteine’s capacity for disulfide bonding and compact structure strikes an optimal balance of 

utility and efficiency, unmatched by alternatives."6 

 

 

Optimal Side Chain Length 

Cysteine’s short thiol-bearing side chain optimizes reactivity and constraint. 

"Its minimal length enables efficient disulfide formation with minimal entropic loss."7 

 

Disulfide Bond Formation 

Essential for stabilizing protein structure, cysteine’s thiol enables reversible bonding. 

"Cysteine’s thiol supports dynamic disulfide links, crucial for stability and redox regulation."8 

 

Metal Coordination 

The thiol excels at binding metals like zinc and iron, supporting metalloprotein functions. 

"Cysteine’s nucleophilic thiol is perfectly suited for coordinating transition metals in catalysis 

and electron transfer."1 

 

Redox Sensitivity 

Cysteine’s thiol acts as a redox sensor, enabling environmental responsiveness. 

"Its redox versatility allows proteins to adapt to cellular conditions, a role less feasible with 

other side chains."2 

 

Catalytic Versatility 

The thiol’s nucleophilicity and tunable pKa make cysteine a prime enzymatic catalyst. 

"Cysteine’s thiol, active across physiological pH, drives diverse catalytic reactions."3 

 

3.15.3 Selection Factors 
 

"Cysteine uniquely optimizes multiple chemical traits, outpacing alternatives that excel in 

isolated aspects but lack its versatility."4 

 

"Despite its later emergence and prebiotic rarity, cysteine’s role in structural complexity via 

disulfide bonds drove its selection."5 

 

While 5-7 amino acids theoretically rivaled cysteine, none matched its overall functional 

prowess, cementing its place in the genetic code. 

 

3.16 Lysine 
 

Lysine, a basic amino acid with a long, positively charged side chain, plays a critical role in 

proteins. Research suggests 8-12 non-canonical amino acids with similar properties likely 

competed with lysine in prebiotic environments, each featuring positively charged side chains 

of varying lengths and terminal amine groups, enabling interactions with negatively charged 

molecules like nucleic acids. 
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"Basic amino acids faced significant selection pressure in prebiotic settings, particularly for 

nucleic acid interactions. Several alternatives with differing carbon chain lengths and terminal 

amines likely rivaled lysine in early chemical evolution."1 

 

3.16.1 Prebiotic Plausibility 

 

Meteorite analyses and experimental simulations indicate lysine and similar long-chain basic 

amino acids were scarce prebiotically. 
 

"Extended-side-chain amino acids like lysine are less common in meteoritic samples than 

simpler forms, suggesting their prebiotic synthesis was challenging. Functional superiority, not 

abundance, likely drove lysine’s selection."2 

 

"Lysine’s complex structure, with its long carbon chain and terminal amine, implies its role in 

the genetic code arose from specific functional demands unmet by simpler alternatives."3 

 

3.16.2 Specific Lysine Competitors and Properties 
 

Several basic amino acids with structural parallels to lysine could have competed for protein 

incorporation: 
 

Ornithine 

With one fewer carbon than lysine, ornithine retains a terminal amine but has a shorter reach. 

"Ornithine mirrors lysine’s chemistry but its shorter chain may limit its effectiveness in protein-

nucleic acid interactions, though it requires less metabolic energy."4 

 

2,4-Diaminobutyric Acid (DABA) 

Two carbons shorter than lysine, DABA preserves a positive charge with reduced spatial reach. 
 

2,3-Diaminopropionic Acid (DAPA) 

Three carbons shorter than lysine, DAPA maintains charge but significantly limits reach. 
 

Homoarginine 

Similar to lysine, homoarginine features a guanidino group instead of an amine, altering charge 

delocalization and bonding. 
 

Homolysine 

With an extra methylene group, homolysine extends the amine’s reach, modifying 

conformational flexibility. 
 

N-Methyllysine 

Methylation of lysine’s amine reduces hydrogen bonding, though it’s typically a modification, 

not a prebiotic rival. 
 

Hydroxylysine 

An added hydroxyl group enhances bonding potential, but it’s generally a modified form, not 

a primary competitor. 
 

3.16.3 Comparative Optimality Analysis 
 

Lysine’s unique blend of properties appears unmatched among competitors. 
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"Lysine’s flexible, extended chain and terminal amine offer an optimal mix of charge, 

conformational freedom, and metabolic efficiency, difficult to improve upon."1 

 

Optimal Chain Length 

Lysine’s four-methylene chain balances reach and metabolic cost. 

"Its length allows the amine to extend effectively without excessive entropy loss, optimizing 

protein interactions."5 

 

pKa and Charge 

With a pKa of ~10.5, lysine remains positively charged across most conditions. 

"Its consistent charge supports reliable molecular recognition and catalysis, outperforming 

guanidino alternatives."6 

 

Modification Potential 

Lysine’s amine enables diverse post-translational modifications. 

"Its terminal group supports complex regulation, outstripping shorter or differently terminated 

competitors."7 

 

Crosslinking Ability 

Lysine facilitates stabilizing crosslinks in proteins. 

"Its length and flexibility uniquely enable crosslinks, as in collagen, enhancing structural 

integrity."8 

 

Selection Factors 
 

"Despite lower prebiotic abundance, lysine’s selection reflects its superior nucleic acid binding 

and crosslinking capabilities, unmatched by simpler analogs."4 

 

"Lysine’s inclusion balances synthetic complexity with functional necessity, surpassing 

shorter-chain options like ornithine in reach and versatility."8 

 

Roughly 8-12 competitors existed, yet none outmatched lysine’s overall utility, explaining 

its retention in the genetic code despite synthetic challenges. 
 

3.17 Arginine 
 

Research suggests that 6-9 non-canonical amino acids with guanidino-containing side chains 

or similar positively charged groups likely competed with arginine on early Earth. These 

alternatives offered comparable electrostatic properties critical for early protein function. 
 

"The guanidino group's ability to form multiple hydrogen bonds while retaining a positive 

charge likely drove its selection in the early protein alphabet, with several structural variants 

offering similar functionality in the prebiotic inventory."1 

 

Prebiotic Plausibility Assessment 

Meteorite analyses and prebiotic simulations indicate arginine’s complex structure was scarce 

in early environments. Its selection likely stemmed from unique functional benefits 

outweighing synthetic challenges. 
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"Complex amino acids like arginine, with its guanidino group, are largely absent from 

meteoritic samples, pointing to significant prebiotic synthesis barriers overcome by its 

exceptional utility."2 

 

"Arginine’s structural complexity suggests strong selective pressure for capabilities that 

simpler basic amino acids couldn’t match, despite its probable high metabolic cost."3 

 

 

3.17.1 Specific Arginine Competitors and Their Properties 
 

Several basic amino acids with structural similarities likely vied for arginine’s role: 
 

Canavanine 

Found in some plants, this analog replaces a methylene group with oxygen, subtly altering 

hydrogen bonding and electronic properties. 
 

"Canavanine’s close similarity to arginine, with differences in bonding patterns, impacts its 

interactions with nucleic acids and biomolecules."4 

 

Homoarginine 

An extra methylene group extends its guanidino reach, modifying conformational flexibility. 
 

Nor-arginine 

With one fewer methylene group, it retains chemical traits but has a shorter spatial range. 
 

Citrulline 

A neutral urea cycle precursor, it mimics arginine’s hydrogen bonding but lacks the positive 

charge. 
 

Agmatine 

Decarboxylated arginine, it keeps the guanidino group but can’t form peptides due to a missing 

carboxyl group. 
 

Creatine 

Its guanidino group sits on a shorter chain, offering similar charge with a distinct arrangement. 
 

N-Methylarginine 

Methylation on a guanidino nitrogen tweaks hydrogen bonding while preserving charge. 
 

γ-Guanidinobutyric Acid 

A shorter chain limits flexibility and reach of the guanidino group. 
 

β-Guanidinopropionic Acid 

Even shorter, its constrained structure restricts conformational options. 
 

3.17.2 Comparative Optimality Analysis 
 

Arginine’s edge lies in its unique blend of properties, unmatched by competitors across protein 

demands. 
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"Arginine’s flexible chain and guanidino group optimize charge delocalization, hydrogen 

bonding, and adaptability—attributes computational models show are hard to surpass."1 

 
Charge Delocalization and pKa 
With a pKa of ~12.5, arginine’s guanidino group stays charged in most conditions, delocalizing 

across three nitrogens. 

 
"This delocalized charge enables precise electrostatic interactions, vital for nucleic acid binding 

and enzyme sites."5 

 
Complex Hydrogen Bonding Networks 
Capable of forming up to five hydrogen bonds, it excels in stabilizing structures and molecular 

recognition. 

 
"Arginine’s versatile bonding patterns underpin complex networks, especially at protein-

nucleic acid interfaces."6 

 
Optimal Chain Length and Flexibility 
Its side chain balances reach and adaptability for diverse interactions. 

 
"Arginine’s chain length allows both local and long-range roles, critical for protein function."7 

 
Post-Translational Modification Potential 
Modifications like methylation enhance its regulatory roles. 

 
"Arginine’s guanidino group supports modifications that fine-tune charge and bonding in 

regulatory contexts."8 

 

3.17.3 Selection Factors 
 

Arginine’s rarity in prebiotic settings underscores the strength of its functional advantages. 
 

"Despite low abundance and complex synthesis, arginine’s unique properties drove its genetic 

code inclusion over simpler analogs."4 

 

"Arginine outshines competitors like lysine in binding and catalysis due to its optimal charge 

and bonding capabilities."8 

 

Thus, while 6-9 competitors challenged arginine, none matched its full functional 

spectrum, securing its place despite synthetic hurdles. 
 

3.18 Histidine 
 

Studies suggest that 4-7 non-canonical amino acids with imidazole-like side chains or 

comparable heterocyclic structures could have competed with histidine on early Earth. These 

alternatives likely shared histidine’s acid-base and metal-chelating capabilities. 
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"The imidazole ring’s ability to act as both proton donor and acceptor near physiological pH 

made it highly valuable prebiotically, with several heterocyclic variants likely competing with 

histidine in the early chemical pool."1 

 

Prebiotic Plausibility Assessment 

Meteorite data and simulations indicate histidine and similar heterocycles were less abundant 

prebiotically, suggesting its selection hinged on standout functional traits rather than 

availability. 

 

"Heterocyclic amino acids like histidine appear in lower amounts in meteorites, implying 

specific synthesis conditions and a selection driven by functional uniqueness."2 

 

 

"Histidine’s presence in the genetic code likely stems from its imidazole side chain’s 

unmatched catalytic potential at physiological pH ranges."3 

 

3.18.1 Specific Histidine Competitors and Their Properties 

 

Competitors included heterocyclic amino acids with similar features: 

 

3-Methylhistidine 

Methylation on the imidazole ring alters its acid-base and metal-binding properties. 

 

"Methylation shifts the imidazole’s electronic and steric traits, impacting acid-base behavior 

and metal coordination while retaining its core structure."4 

 

1-Methylhistidine 

An isomer with methyl at a different imidazole position, changing tautomeric and bonding 

patterns. 

 

Homohistidine 

An extra methylene group extends the imidazole’s reach, adjusting conformational flexibility. 

 

2-Amino-3-(2-pyridyl)propionic Acid 

A pyridine ring replaces imidazole, offering metal coordination but differing in acid-base traits. 

 

2-Amino-3-(3-pyrazolyl)propionic Acid 

A pyrazole ring provides aromaticity and nitrogen, with distinct bonding and pKa properties. 

 

2-Amino-3-(2-thiazolyl)propionic Acid 

A thiazole ring adds sulfur for coordination, maintaining aromaticity. 

 

2-Amino-3-(2-oxazolyl)propionic Acid 

An oxazole ring introduces oxygen, preserving heterocyclic traits with unique coordination 

potential. 

 

3.18.2 Comparative Optimality Analysis 

 

Histidine’s blend of properties outshines its rivals across protein functions. 
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"Histidine’s imidazole, optimally placed from the backbone, excels in catalysis and metal 

binding—functionality hard to surpass with other heterocycles."1 

 

Optimal pKa for Catalysis 

With a pKa of ~6.0, histidine toggles protonation near physiological pH. 

 

"Histidine’s pKa enables efficient acid-base catalysis, critical for enzymatic reactions."5 

 

 

Superior Metal Coordination 

Its imidazole excels at binding zinc, iron, and copper. 

 

"Histidine’s nitrogen atoms provide ideal geometry for metal coordination in 

metalloproteins."6 

 

Balanced Hydrophilicity/Aromaticity 

Histidine bridges hydrophobic and polar environments. 

 

"Its aromatic yet polar side chain thrives at protein-water interfaces and dynamic regions."7 

 

Tautomeric Versatility 

Imidazole tautomers enhance functional adaptability. 

 

"Tautomeric flexibility lets histidine adjust to microenvironments, a trait simpler structures 

lack."8 

 

3.18.3 Selection Factors 

 

Histidine’s rarity underscores its indispensable roles. 

 

"Though less abundant prebiotically, histidine’s catalytic and metal-binding prowess secured 

its genetic code spot."4 

 

"Histidine’s precise mix of acid-base, metal coordination, and conformational traits outclasses 

competitors, especially in enzyme and metal-binding roles."8 

 

While 4-7 competitors vied with histidine, none matched its full utility, explaining its 

retention despite synthetic complexity. 

 

3.19 Aspartate 
 

Studies estimate that 5-8 non-canonical amino acids, bearing carboxyl groups or similar acidic 

functionalities, likely competed with aspartate on early Earth. These alternatives shared 

aspartate’s capacity for negative charge and hydrogen bonding. 

 

"Negatively charged side chains were vital for early protein functions like metal binding and 

catalysis, with several acidic variants likely vying with aspartate in the prebiotic mix."1 

 

Prebiotic Plausibility Assessment 
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Meteorite data and experimental simulations suggest aspartate and related dicarboxylic amino 

acids were moderately abundant prebiotically, supporting their early availability. 

 

"Dicarboxylic amino acids like aspartate are common in meteorites and prebiotic experiments, 

indicating they were likely plentiful on early Earth."2 

 

 

"Aspartate’s simple structure and versatile acidic properties made it a prime candidate for early 

genetic code inclusion."3 

 

3.19.1 Specific Aspartate Competitors and Their Properties 

 

Competitors included acidic amino acids with structural parallels: 

 

α-Aminomalonic Acid 

A carboxyl group on the α-carbon offers similar acidity but with tighter geometric limits. 

 

"Its α-carboxyl placement alters flexibility and orientation compared to aspartate’s 

β-carboxyl setup."4 

 

 

β-Aminoglutaric Acid 

An extra methylene extends the carboxyl’s reach, adjusting spatial properties. 

 

2-Aminosuccinamic Acid 

An amide replaces the carboxyl, reducing acidity while preserving hydrogen bonding. 

 

Homocysteic Acid 

A sulfonic acid group increases acidity, shifting bonding patterns. 

 

α-Aminomethanesulfonic Acid 

A sulfonic group on the α-carbon boosts acidity with unique constraints. 

 

β-Aminopropanesulfonic Acid 

A sulfonic group matches aspartate’s chain length, enhancing acidity. 

α-Aminophosphonopropionic Acid 

A phosphonic group alters charge and metal-binding traits. 

 

2-Amino-3-hydroxypropionic Acid (Serine) 

A hydroxyl group offers bonding without acidity. 

 

3.19.2 Comparative Optimality Analysis 

 

Aspartate’s unique configuration outpaces competitors in overall protein utility. 

 

"Aspartate’s β-carboxyl strikes an ideal balance of charge, flexibility, and efficiency, 

a combination hard to beat among acidic alternatives."1 
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Optimal Side Chain Length 

Its β-carboxyl extends just far enough for function without excess cost. 

 

"Aspartate’s chain length optimizes accessibility and structural balance."5 

 

Calcium and Metal Coordination 

The carboxyl excels at binding divalent cations like calcium. 

 

"Aspartate’s carboxyl geometry is perfect for calcium coordination, key to structural and 

signaling roles."6 

 

pKa and Charge Distribution 

A pKa of ~3.9 ensures a consistent negative charge physiologically. 

 

"Aspartate’s reliable charge supports stable electrostatic and bonding networks."7 

 

Catalytic Versatility 

It shines in nucleophilic and metal-assisted catalysis. 

 

"Aspartate’s electronic structure and positioning enable diverse catalytic roles."8 

 

3.19.3 Selection Factors 

 

Aspartate’s blend of abundance and utility cemented its role. 

 

"Its prebiotic prevalence and functional simplicity favored aspartate’s early genetic code 

entry."4 

 

"Aspartate’s balance of accessibility and capability outshines alternatives like sulfonic acids 

for protein roles."8 

 

Though 5-8 competitors existed, none surpassed aspartate’s overall functionality, securing 

its place in the genetic code. 

 

3.20 Glutamate 
 

Research indicates approximately 8-12 non-canonical amino acid types likely existed as 

potential competitors to glutamate on early Earth. These competitors would have possessed 

similar carboxylic acid-containing side chains with varying chain lengths and additional 

functional groups, providing comparable acidic properties and metal-binding capabilities. 
 

According to Ilardo et al. (2017), in their paper Adaptive Properties of the Genetically Encoded 

Amino Acid Alphabet: 

"Carboxylic acid-containing amino acids like glutamate represent a critical functional class in 

protein biochemistry. Computational and experimental analyses suggest several structurally 

similar compounds with varied chain lengths and additional functional groups would have 

coexisted alongside glutamate in the prebiotic chemical inventory, offering similar but distinct 

acidic and chelating properties."1 
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Prebiotic Plausibility Assessment 

Evidence from meteorite analysis and simulation studies suggests that glutamate and similar 

acidic amino acids were moderately abundant in prebiotic contexts. Weber and Miller (1981) 

note: 

"Glutamic acid appears with moderate frequency in electric discharge experiments simulating 

prebiotic conditions, suggesting its formation was feasible through multiple synthetic pathways 

on early Earth. While simpler amino acids predominate, the presence of glutamate in these 

experiments indicates its prebiotic accessibility."2 

 

Higgs and Pudritz (2009) observed in their work A Thermodynamic Basis for Prebiotic Amino 

Acid Synthesis and the Nature of the First Genetic Code: 

"The selection of glutamate over similar acidic amino acids with varying chain lengths appears 

to reflect an optimal balance between functional utility, metabolic accessibility, and structural 

advantages. The specific arrangement of the carboxylic acid group at the gamma position 

provides unique spacing from the backbone that optimizes its participation in salt bridges and 

metal coordination."3 

 

3.20.1 Specific Glutamate Competitors and Their Properties 
 

The primary competitors to glutamate would have been other carboxylic acid-containing amino 

acids with similar structural characteristics: 
 

α-Aminoadipic Acid 

Contains an additional methylene group in the side chain compared to glutamate, positioning 

the carboxyl group further from the backbone. Wong (2005) notes: 

"α-Aminoadipic acid possesses similar acidic functionality to glutamate but with an extended 

side chain, which would alter the spatial relationships in salt bridges and metal coordination 

geometry in protein structures."4 

 

β-Glutamic Acid 

An isomer of glutamate with the carboxyl group at the beta position rather than the gamma 

position, altering charge distribution and coordination geometry. 
 

2-Aminopimelic Acid 

A further extended version of glutamate with two additional methylene groups, significantly 

altering the reach and flexibility of the acidic side chain. 
 

α-Methyl-glutamate 

Features an additional methyl group on the alpha carbon, introducing conformational 

constraints while maintaining the gamma-carboxyl functionality. 
 

γ-Carboxyglutamate 

Contains an additional carboxyl group at the gamma position, increasing acidity and metal-

binding capacity but also introducing greater electrostatic repulsion. 
 

3-Hydroxyglutamate 

Includes a hydroxyl group on the beta carbon, providing additional hydrogen bonding 

capability while maintaining the acidic functionality. 
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Homocysteic Acid 

A sulfur-containing analog with a sulfo group instead of a carboxyl group, offering similar 

acidic properties through a different chemical mechanism. 
 

N-Methyl-glutamate 

Contains a methyl group on the amino terminus, altering backbone hydrogen bonding patterns 

while preserving side chain functionality. 
 

4-Oxoglutamate 

Features a ketone group at the beta position, introducing additional hydrogen bond acceptor 

capacity and altered electronic properties. 
 

2,4-Diaminobutanoic Acid 

Contains an amino group instead of a carboxyl group, providing a positively charged side chain 

under physiological conditions rather than a negatively charged one. 
 

O-Methyl-glutamate 

Contains a methylated carboxyl group, neutralizing the negative charge while maintaining 

hydrogen bond acceptor capabilities. 
 

γ-Carboxyglutamic Acid 

Features two carboxyl groups at the gamma position, dramatically increasing acidity and metal 

chelation potential. 
 

3.20.2 Comparative Optimality Analysis 
 

When analyzing the optimality of these competitors against glutamate across the key 

properties, the evidence suggests that none would have provided superior functionality across 

the full spectrum of protein requirements. 
 

Ilardo et al. (2017) in their paper on Adaptive Properties of the Genetically Encoded Amino 

Acid Alphabet state: 

"Glutamate's specific side chain length positions its carboxyl group at an optimal distance from 

the backbone to participate in salt bridges and metal coordination while minimizing steric 

hindrance. Our computational analysis suggests this spatial arrangement provides functional 

advantages that would be difficult to improve upon with alternative structures."1 

 

The critical advantages of glutamate include: 
 

Optimal Side Chain Length 

Glutamate's three-carbon side chain provides ideal spacing for salt bridge formation with 

positively charged residues. Trifonov (2000) suggests: 

"The gamma position of glutamate's carboxyl group creates an optimal distance from the 

backbone for participation in salt bridges with lysine and arginine residues, contributing 

significantly to protein tertiary structure stabilization."5 

 

Metal Ion Coordination 

The spacing and orientation of glutamate's carboxyl group are particularly suited for calcium 

and other metal ion coordination. As noted by Wong (2005) in Coevolution Theory of the 

Genetic Code at Age Thirty: 
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"Glutamate's carboxyl group provides excellent electron density for coordinating metal ions, 

particularly calcium, while its side chain length allows for the formation of optimal 

coordination geometries in metalloproteins. This property is critical for numerous cellular 

signaling and structural roles."4 

 

pKa Optimality 

Glutamate's side chain pKa (~4.1) ensures it remains deprotonated and negatively charged 

under physiological conditions. Pascal et al. (2006) observe: 

"The pKa of glutamate's side chain is sufficiently low to ensure consistent deprotonation at 

physiological pH, providing reliable negative charge for electrostatic interactions, while being 

high enough to participate in proton transfer reactions in specialized enzymatic 

environments."6 

 

Metabolic Centrality 

Glutamate serves as a metabolic hub in amino acid biosynthesis and nitrogen metabolism. 

Iijima et al. (2021) note: 

"Glutamate's position as a central intermediate in nitrogen metabolism and amino acid 

biosynthesis pathways likely contributed to selection pressure for its inclusion in the genetic 

code. Its integration into these core metabolic networks suggests early incorporation into 

biochemical systems."7 

 

3.20.3 Selection Factors 
 

Higgs and Pudritz (2009) further note: 

"The selection of glutamate over structurally similar competitors likely reflected a combination 

of prebiotic availability, functional optimality in protein structures, and integration into early 

metabolic networks. Its dual role in protein structure and metabolism represents a significant 

advantage over competitors that might excel in only one domain."3 

 

Iijima et al. (2021) in their comprehensive review add: 

"Glutamate's selection over similar acidic amino acids reflects its optimal balance of side chain 

length, acidity, metal coordination potential, and metabolic utility. While some competitors 

might offer advantages in specific contexts, none appear to match glutamate's versatility across 

the diverse functional requirements of proteins in biological systems."7 

 

These findings suggest that while approximately 8-12 amino acid types could have 

theoretically competed with glutamate on early Earth, none appear to have offered better 

overall functional characteristics for protein construction and metabolic integration. This 

explains glutamate's ultimate selection and conservation in the genetic code despite the 

theoretical availability of alternatives that shared some of its properties. 

 

4. Comparative Analysis of Prebiotic Amino Acid Competitors 
 

Glycine 

Glycine contended with an estimated 70-200 amino acids on prebiotic Earth, with evidence 

pinning a core range of 70-100. Its inclusion among the 20 canonical amino acids highlights a 

preference for simplicity and utility over the sheer variety of competitors, reflecting a genetic 

code honed by practical necessity. 
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Alanine 

Of the 8–12 direct competitors to alanine, research suggests only 1–2 might offer marginal 

improvements in specific contexts. Alanine’s simplicity, stability, and balanced properties 

render it nearly optimal for protein roles. 

 

Valine 

The total number of competitor amino acid types hypothesized to have existed on early Earth 

alongside valine is approximately 5–7 (norvaline, norleucine, AIB, isovaline, α-aminobutyric 

acid, β-methylalanine, etc.). Of these, 2–3 (norvaline, AIB, and possibly norleucine) may 

have offered superior performance for specific properties like flexibility, helix stability, or 

hydrophobicity. 

 

Leucine 

These findings suggest that while leucine faced approximately 5-6 potential competitors in 

the prebiotic environment (isoleucine, norleucine, norvaline, isovaline, pseudoleucine, and 

alloisoleucine), it offered unique structural and functional advantages that led to its 

ultimate selection and conservation in the genetic code. This occurred despite leucine 

being less abundant in prebiotic contexts than simpler amino acids, suggesting that 

functional utility rather than mere availability drove the selection process. 

 

Isoleucine 

Thus, isoleucine faced 5-6 competitors (leucine, alloisoleucine, norleucine, norvaline, 

isovaline), yet its unique structural and functional benefits secured its genetic code role, 

despite lower prebiotic abundance, prioritizing utility over availability. 

 

Methionine 

These findings suggest that while approximately 6-8 amino acid types could have 

theoretically competed with methionine on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains methionine's 

ultimate selection and conservation in the genetic code despite the theoretical availability of 

alternatives that shared some of its properties. 

 

Proline 

These findings suggest that while approximately 5-7 amino acid types could have 

theoretically competed with proline on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains proline's ultimate 

selection and conservation in the genetic code despite the theoretical availability of alternatives 

that shared some of its properties. 

 

Phenylalanine 

Phenylalanine's selection in the genetic code is best explained by a combination of factors, 

including its functional role in protein stability, its late addition to the code due to biosynthetic 

complexity, and the historical contingency of codon assignments. While stereochemical 

affinity does not appear to have driven its codon assignment, phenylalanine's unique properties 

made it an indispensable component of the genetic code, ensuring the diversity and 

functionality of proteins in early life. These findings suggest that while approximately 8-10 

amino acid types could have theoretically competed with phenylalanine on early Earth, none 

appear to have offered better overall functional characteristics for protein 

construction. This explains phenylalanine's ultimate selection and conservation in the genetic 

code despite the theoretical availability of alternatives that shared some of its properties. 



 

Tryptophan 

These findings suggest that while approximately 6-8 amino acid types could have 

theoretically competed with tryptophan on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains tryptophan's 

ultimate selection and conservation in the genetic code despite its complexity and the 

theoretical availability of alternatives that shared some of its properties. 

 

Serine 

These findings suggest that while approximately 7-9 amino acid types could have 

theoretically competed with serine on early Earth, none appear to have offered better overall 

functional characteristics for protein construction. This explains serine's ultimate selection 

and conservation in the genetic code despite the theoretical availability of alternatives that 

shared some of its properties. 

 

Threonine 

These findings suggest that while approximately 5-7 amino acid types could have 

theoretically competed with threonine on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains threonine's 

ultimate selection and conservation in the genetic code despite the theoretical availability of 

alternatives that shared some of its properties. 

 

Asparagine 

These findings suggest that while approximately 8-10 amino acid types could have 

theoretically competed with asparagine on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains asparagine's 

ultimate selection and conservation in the genetic code despite the theoretical availability of 

alternatives that shared some of its properties. 

 

Glutamine 

These findings suggest that while approximately 6-8 amino acid types could have 

theoretically competed with glutamine on early Earth, none appear to have offered better 

overall functional characteristics for protein construction. This explains glutamine's 

ultimate selection and conservation in the genetic code despite the theoretical availability of 

alternatives that shared some of its properties. 

 

Tyrosine 

While 6–8 competitors theoretically vied with tyrosine, none matched its overall utility, 

securing its place in the genetic code. 

 

Cysteine 

While 5-7 amino acids theoretically rivaled cysteine, none matched its overall functional 

prowess, cementing its place in the genetic code. 

 

Lysine 

Roughly 8-12 competitors existed, yet none outmatched lysine’s overall utility, explaining 

its retention in the genetic code despite synthetic challenges. 

 

 

 



Arginine 

Thus, while 6-9 competitors challenged arginine, none matched its full functional 

spectrum, securing its place despite synthetic hurdles. 

 

Histidine 

While 4-7 competitors vied with histidine, none matched its full utility, explaining its 

retention despite synthetic complexity. 

 

Aspartate 

Though 5-8 competitors existed, none surpassed aspartate’s overall functionality, securing 

its place in the genetic code. 

 

Glutamate 

These findings suggest that while approximately 8-12 amino acid types could have 

theoretically competed with glutamate on early Earth, none appear to have offered better 

overall functional characteristics for protein construction and metabolic integration. This 

explains glutamate's ultimate selection and conservation in the genetic code despite the 

theoretical availability of alternatives that shared some of its properties. 

 

5. Estimating the Odds of Random Selection for the 20 Canonical 

Amino Acids on Prebiotic Earth 
 

The odds of the 20 standard amino acids being randomly selected from the prebiotic Earth's 

pool are incredibly low, estimated at 1 in 789 trillion to 1 in 254 quadrillion. This calculation 

is based on research suggesting early Earth had about 100-150 different amino acids, each with 

competitors that could have filled similar roles. For example, glycine might have faced 70-200 

competitors, while alanine had 8-12, showing a wide range of potential candidates. 
 

5.1 Background and Selection Process  
  

The prebiotic Earth, rich with organic molecules, likely hosted a diverse amino acid pool from 

meteorites and abiotic processes like the Miller-Urey experiment (Prebiotic Chemistry). 

Modern life uses 20 amino acids, each selected for specific properties like polarity, reactivity, 

and flexibility, which are essential for protein function.  
 

5.1.2 Calculating the Odds   
 

The odds were calculated by assuming each amino acid was chosen from a group of suitable 

candidates, with the probability being the product of 1 divided by the group size for each. This 

approach simplifies overlaps, where some amino acids could compete for multiple roles, 

making the actual odds even lower. An unexpected detail is glycine's large competitor range 

(71-101 in core estimates), which significantly impacts the probability, suggesting its selection 

was particularly contested. 
 

5.13 Implications   
 

This low probability supports the idea that the genetic code wasn't a random choice but was 

designed for functionality. It highlights the complexity of prebiotic chemistry and the unique 

path to modern biology. 
 

https://evolution-outreach.biomedcentral.com/articles/10.1007/s12052-012-0443-9


5.1.4 Survey Note: Detailed Analysis of Amino Acid Selection Odds on Prebiotic Earth 

 

This analysis explores the probability of the 20 standard amino acids used in modern life being 

randomly selected from the prebiotic Earth's amino acid pool, considering the diversity and 

competition among potential candidates. The prebiotic environment, estimated to host 100-150 

different amino acids, provided a complex chemical landscape, with selection likely driven by 

functional utility rather than pure chance. Below, we detail the parameter space, optimal 

requirements, and the calculation of odds, incorporating all provided data and acknowledging 

uncertainties. 
 

5.1.5 Prebiotic Amino Acid Diversity   
 

Research indicates that prebiotic Earth, teeming with organic molecules, likely contained 

approximately 100-150 different amino acids, significantly fewer than the ~500 known today, 

of which about 240 occur freely in nature. This diversity arose from abiotic processes, 

including meteoritic delivery (e.g., the Murchison meteorite, with over 70 amino acids 

identified) and laboratory simulations like the Miller-Urey experiment, which produced over 

40 amino acids under early Earth conditions (Prebiotic Synthesis). The overlap between 

meteoritic and prebiotic amino acids, such as glycine and alanine, suggests a shared chemical 

heritage, with the primordial soup offering a rich pool for life's emergence (Atmospheric 

Prebiotic Chemistry). 
 

5.1.6 Parameter Space and Competitor Analysis  

  

To calculate the odds, we establish the parameter space as the total pool of 100-150 amino 

acids, with an average estimate of 125 for calculations. Each standard amino acid had 

competitors—amino acids with similar properties that could have been selected for its role. 

The user-provided data details these competitors, with group sizes (including the standard 

amino acid) ranging as follows: 
 

https://pmc.ncbi.nlm.nih.gov/articles/PMC426553/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3796891/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3796891/


 
 

5.1.7 Clarifying Competitor Range vs. Group Size Range 

 

Let me explain the difference between the "competitor range" and the "group size range. 
 

Competitor Range   

The competitor range is simply the number of other amino acids that could have theoretically 

competed with a specific standard amino acid (like glycine, alanine, etc.) for its spot in the 

https://servimg.com/view/20268040/3827


genetic code on prebiotic Earth. It’s the count of alternative amino acids that had similar enough 

properties—think of them as rivals vying for the same job. For example, the data says alanine 

had a competitor range of 8-12. This means there were between 8 and 12 other amino acids 

that could have potentially taken alanine’s place based on their chemical traits, like 

hydrophobicity or structure. 
 

Group Size Range   

The group size range is the total number of amino acids in the "selection pool" for that specific 

standard amino acid’s role, including the standard amino acid itself. It’s the competitor range 

plus one (the winner, i.e., the amino acid that actually got selected). Imagine it as the full lineup 

of candidates for a job, where one of them is the one who got hired. So, if alanine’s competitor 

range is 8-12 (the rivals), the group size range becomes 9-13 (the rivals plus alanine itself). The 

"+1" accounts for the fact that alanine was chosen out of that group. 
 

Why the Difference Matters   

The competitor range tells you how many alternatives there were to the chosen amino acid, 

while the group size range is what we use to calculate the odds of picking that specific one 

randomly from the whole pool of possibilities. For the probability, we need the total number 

of options (the group size), not just the number of competitors, because it’s about the chance 

of selecting the winner from everyone in the running. 
 

Example with Numbers   

Take valine: its competitor range is 5-7. That’s 5 to 7 other amino acids (like norvaline or 

isovaline) that could have done its job. The group size range is 6-8, which is those 5-7 

competitors plus valine itself. If we’re figuring out the odds of valine being picked randomly, 

we’d say it’s 1 out of 6 (minimum group size) to 1 out of 8 (maximum group size). 
 

Special Case: Glycine   

Glycine’s competitor range is listed as 70-200, with a core range of 70-100. This is unusually 

high compared to others, suggesting it had a ton of rivals due to its simple structure. Its group 

size range becomes 71-101 (core estimate), adding glycine itself. The wide range reflects 

uncertainty in the data, but it still follows the same logic: competitors are the rivals, group size 

includes the winner. 
 

Why Group Size Feels Weird   

The group size might seem odd because it’s not just the "others"—it’s the whole set you’re 

choosing from. In everyday terms, if 5 people apply for a job and 1 gets it, there are 5 

competitors, but the total group size is 6 (the 5 plus the hired person). In this context, we assume 

the standard amino acid is part of the original prebiotic pool, so it’s counted in the group. 
 

How It Ties to the Odds   

When calculating the odds of all 20 amino acids being selected, we multiply the probability of 

each one being picked from its group size. For alanine, it’s 1/9 to 1/13; for valine, 1/6 to 1/8, 

and so on. The group size range gives us the denominator for each step, reflecting the total 

options for that role. 
 

Glycine's competitor range (70-200, core 70-100) is notably larger, potentially reflecting its 

unique role as the smallest amino acid, though this is inconsistent with the total pool size, 

suggesting possible overlap or misinterpretation. For consistency, we treat it as 71-101, 

acknowledging the uncertainty. 
 



5.1.8 Optimal Requirements and Selection   
 

The selection of the 20 canonical amino acids appears to optimize physicochemical properties 

while minimizing chemical complexity. For instance, alanine's simplicity and stability made it 

preferable over competitors like α-aminobutyric acid, with only 1-2 offering marginal 

improvements. Similarly, valine faced 5-7 competitors, with 2-3 potentially superior in specific 

contexts. This pattern holds across amino acids, with none of the competitors offering better 

overall functionality, suggesting evolutionary selection based on utility rather than availability. 
 

Key properties influencing selection include: 

Polarity: Essential for hydrogen bonding and protein solubility, e.g., serine and asparagine on 

protein exteriors. 

Functional Group Type: Determines reactivity, e.g., cysteine's sulfhydryl for disulfide bonds, 

tyrosine's hydroxyl for phosphorylation. 

pKa of Side Chain: Influences charge behavior, e.g., histidine's pKa near physiological pH for 

enzyme active sites. 

Conformational Flexibility/Rigidity: Proline's rigidity disrupts helices, glycine's flexibility 

enables tight turns. 

Side Chain Reactivity: Cysteine forms disulfide bonds, serine undergoes phosphorylation. 

Aromaticity: Tryptophan, tyrosine, and phenylalanine enable π-π stacking for stability and 

ligand recognition. 

Metal Ion Chelation: Histidine binds zinc, cysteine forms iron-sulfur clusters. 

Post-Translational Modification Potential: Lysine acetylation, asparagine glycosylation affect 

function. 

Aging Susceptibility: Asparagine deamidation, methionine oxidation link to aggregation in 

diseases like Alzheimer's. 

Evolutionary Conservation: Highly conserved residues, e.g., catalytic serines, reflect non-

negotiable roles. 
 

These properties suggest that the selection was not random but driven by functional needs, with 

each amino acid's role optimized for protein functionality. 
 

5.1.9 Calculating the Odds  

  

The odds calculation assumes each standard amino acid was randomly selected from its group 

of suitable candidates, with the overall probability being the product of individual probabilities 

(1/group size for each amino acid). However, the selection is without replacement, and group 

overlaps (evident as the sum of group sizes, ~165, exceeds the pool size, 125) complicate this. 

For simplicity, we calculate the range assuming minimal overlap: 
 

Maximum Probability (P_max): Use minimum group sizes (e.g., glycine at 71, alanine at 9, 

etc.), yielding P_max ≈ 1.27 x 10^-18, or odds of 1 in 7.89 x 10^17. 

Minimum Probability (P_min): Use maximum group sizes (e.g., glycine at 101, alanine at 13, 

etc.), yielding P_min ≈ 3.93 x 10^-21, or odds of 1 in 2.54 x 10^20. 
 

5.1.10 Incorporating Optimality and Selection Criteria  

  

The picture becomes even more striking when we consider that selection was not random but 

influenced by specific optimal properties. The canonical amino acids were chosen because they 

collectively: 
 



• Span a broad range of physicochemical properties (e.g., polarity, hydrophobicity, reactivity)   

• Optimize protein folding and functionality by balancing structural rigidity with flexibility   

• Possess biosynthetic accessibility under prebiotic conditions   

• Offer stability and compatibility with evolving biochemical systems 
 

Key Findings   

The probability of the 20 standard amino acids emerging via random selection from prebiotic 

Earth’s estimated 100-150 amino acids is astronomically low, ranging between 1 in 789 

trillion (7.89 × 10¹⁷) and 1 in 254 quintillion (2.54 × 10²⁰). This improbability strongly 

suggests conscious selection over chance, as each canonical amino acid faced competition from 

analogs with overlapping properties.   
 

5.1.11 Core Evidence 

   

1. Prebiotic Diversity: Early Earth hosted ~100-150 amino acids from abiotic synthesis (e.g., 

Miller-Urey experiments1) and meteoritic delivery (e.g., Murchison meteorite2).   

2. Competitor Analysis: Each canonical amino acid had 4–100+ structural analogs (e.g., 

glycine: 70–100 rivals; alanine: 8–12 3).   

3. Functional Optimization: Selected amino acids cover critical physicochemical properties 

(polarity, pKa, reactivity) while minimizing redundancy 4.   
 

The calculated odds underscore the unlikelihood of random selection, aligning with the 

hypothesis that not chance, but a conscious intelligent mind shaped and implemented the 

genetic code. The overlap in group sizes indicates shared chemical spaces among competitors, 

complicating precise probability, but the range provides a broad estimate. This analysis, while 

theoretical, supports the view that the 20 amino acids were selected for their optimal coverage 

of protein functionality, with implications for understanding life's origin and the chemical 

constraints of prebiotic random events. 
 

5.1.12 Results   

1. Prebiotic Amino Acid Pool: Prebiotic Earth was rich in chemical diversity, with 

estimates of 100–150 amino acids present. Notably, analyses of meteorites like the 

Murchison meteorite reveal over 70 different amino acids, many of which are absent in 

modern biology. 

2. Competitor Ranges: Each canonical amino acid encountered competition from a range 

of structural analogs. For instance, glycine contended with 70–200 competitors, 

whereas alanine had between 8 and 12. The aggregate number of competitors suggests 

extensive overlap in potential functional roles. 

3. Probability of Random Selection: Calculations indicate that the probability of 

randomly selecting the 20 canonical amino acids lies between 1 in 789 trillion and 1 

in 254 quintillion. Such extreme improbability challenges the notion that chance alone 

could have produced this specific set. 

4. Functional Advantages: Collectively, the canonical amino acids span a broad range 

of properties—polarity, hydrophobicity, and reactivity—that are essential for optimal 

protein function. No alternative set of amino acids appears to offer a superior balance 

of these critical characteristics. 

 

 

https://www.pnas.org/doi/10.1073/pnas.1710339114
https://www.science.org/doi/10.1126/science.1165117
https://www.nature.com/articles/nchem.2703
https://www.pnas.org/doi/10.1073/pnas.1015689108


6. Discussion   
 

The astronomically low odds of randomly selecting the canonical amino acids strongly indicate 

that the process was not governed by chance. The dichotomy between random selection and a 

purposeful process becomes evident when considering the functional necessities for stable and 

efficient protein formation. The set up by a conscious agency, as an explanation, posits that a 

deliberate process was responsible for optimizing the genetic code. Each amino acid in the 

canonical set was not merely a product of random chance but was chosen based on its ability 

to contribute uniquely to protein structure and function. This careful selection minimizes 

redundancy while maximizing the range of physicochemical properties required for the 

emergence of complex biochemical systems. Thus, in the face of overwhelming probabilistic 

barriers, intelligent design offers a superior explanation by arguing that the inherent functional 

utility of these amino acids was the decisive factor guiding their selection. 
 

The selection of the 20 canonical amino acids from a diverse prebiotic pool cannot be 

satisfactorily explained by chance alone. The extraordinarily low probability of their random 

appearance suggests that a purpose-driven process—intelligent design—was likely responsible 

for optimizing protein functionality and stability. This study underscores the complexity of 

prebiotic chemistry and lends strong support to the idea that intelligent design is a more 

coherent explanation for the emergence of life’s fundamental molecular toolkit. Such 

vanishingly small probabilities, coupled with the total absence of 8 “biosynthesis-only” amino 

acids in prebiotic experiments, undercut the chance-based explanation for life’s amino acid 

repertoire. The canonical set spans indispesable properties—hydrophobic cores, ionic 

interactions, specialized reactivity—more effectively than known alternatives, signaling 

function trumped mere availability. Meanwhile, the “missing 8” reveal a “chicken-and-egg” 

dilemma: they are indispensable for life’s chemistry, yet appear only after life had the 

machinery to produce them. 

 

6.1 Comparative Insights Beyond Ilardo et al. (2015) 
 

Ilardo et al. (2015) 1 employed an impressively large, computationally generated library of 

1,913 amino acids, revealing that the canonical 20 occupy a uniquely high position in 

multidimensional property space. Their approach demonstrates how rare it is—among all 

conceivable amino acids—for any set to match or surpass the canonical repertoire in coverage 

of size, charge, and hydrophobicity. However, because their library extends well beyond what 

is documented or strongly inferred to have existed on early Earth, it remains somewhat 

“superset-based.” 

 

In contrast, our assessment focuses on a narrower pool (100–150 plausible prebiotic amino 

acids), underpinned by meteorite analyses, Miller–Urey–type experiments, and theoretical 

considerations specific to early Earth. This narrower scope is arguably more realistic for the 

conditions under which life arose, and it directly benchmarks the canonical 20 against 

the actual or likely chemical environment. By estimating how often each canonical amino acid 

outperforms a finite set of known competitors—on up to 13 descriptors—we approximate that 

the canonical set is ≥95 % “optimal.” That is, each canonical amino acid is effectively 

unbeatable on all major properties that govern protein functionality. While this approach cannot 

claim the same breadth of a multi-thousand–member computational library, it is highly case‐

adequate for the question, “How did early Earth’s actual chemical inventory produce these 20 

building blocks?” 

 

https://www.nature.com/articles/srep09414


Taken together, the two studies are complementary. Ilardo et al. (2015) shows that among a 

vast range of hypothetical amino acids, the canonical set represents an extreme outlier in 

property-space coverage. Our focused, probabilistic method—drawing on empirical data for 

100–150 amino acids—demonstrates that these 20 are not just theoretically optimal but also 

uniquely suited to the authentic chemical milieu of primordial Earth. Hence, although both 

analyses converge on the conclusion that the genetic code’s 20 amino acids are exceptionally 

well chosen, the present approach situates that conclusion more tightly in the realistic 

constraints of the prebiotic inventory, underscoring both the improbable odds of random 

selection and the remarkable functional optimality of the canonical set. 
 

6.2 Functional Necessity vs. Prebiotic Absence   
 

Cysteine, for example, forms disulfide bonds stabilizing complex protein folds; histidine’s 

imidazole ring is essential for enzyme catalysis; tryptophan underlies many cellular signaling 

molecules. Their essential roles but prebiotic unavailability imply they were introduced by 

design or by a process beyond raw chemistry. 
 

7. Conclusion 
 

Taking competitor group sizes into account suggests the canonical amino acids had a 1 in 7.89 

× 10^17 to 1 in 2.54 × 10^20 chance of emerging randomly from prebiotic Earth’s inventory. 

However, eight of these amino acids have never been created via plausible prebiotic routes, 

driving the estimated probability of life’s set forming by unaided chemistry essentially to zero. 

This paradox—life requires amino acids that could not have existed prebiotically—underscores 

a guided or intelligently orchestrated origin of the genetic code, wherein functional criteria 

determined the final 20, no matter how scarce or unattainable some were under natural early-

Earth conditions. 
 

Final odds: 1 in ∞ (chance) vs. 1 in 1 (design). 
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