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4 lectures… 
(i)  A History of Life on earth 
(ii)  The Evolution of the Genetic Code 

(iii)  The Evolution of the Amino Acid “Alphabet” 
(iv)  The origin of life –here and elsewhere? 



Today 

1,000 Mya 

2,000 Mya 

3,000 Mya 

4,000 Mya 


   Life on earth to scale... 

Nature (1996) 384:55-9. “Evidence for life on 
Earth before 3,800 million years ago”, Eiler 
JM, Mojzsis SJ, Arrhenius G. 

“It is unknown when life first appeared on 
Earth…Here we … provide evidence for the 
emergence of life on Earth by at least 3,800 
Myr before present.” 




   A genetic tree of life’s diversity... 




   The Central Dogma of Molecular Biology … 
Today, in every cell of every organism 
of every species... 

genetic information stored in nucleic 
acids (DNA→RNA) is being translated 

into the structural and catalytic proteins 
that produce metabolism 

https://publicaffairs.llnl.gov/news/news_releases/2006/NR-06-03-09.html 

The double helix of DNA messenger RNA (mRNA) protein 



The 4 Nucleotides of the DNA alphabet 

The “central dogma” of molecular biology – involves 
two utterly different chemical languages 

Adenosine 

Cytidine Guanosine -


+

+

-


+

-


-


+

+


Thymidine 



The double helix of 
DNA 

Histidine 
(His) 

Protein Messenger RNA (mRNA) 

C 

A 

U 

Ser 

Arg 

Cys 

Trp 

UGU 
UGC 
UGA 
UGG 

Arg 
CGU 
CGC 
CGA 
CGG 
AGU 
AGC 
AGA 
AGG 

Gly 
GGU 
GGC 
GGA 
GGG 

Asn 

Lys 

Tyr UAU 
UAC 
UAA 
UAG 

AAU 
AAC 
AAA 
AAG 

His 

Gln 

CAU 
CAC 
CAA 
CAG 

Asp 

Glu 

CAU 
CAC 
CAA 
CAG 

Ser 
UCU 
UCC 
UCA 
UCG 

Pro 
CCU 
CCC 
CCA 
CCG 

Thr 
ACU 
ACC 
ACA 
ACG 

Ala 
GCU 
GCC 
GCA 
GCG 

Leu 
CUU 
CUC 
CUA 
CUG 

Ile 

Val 
GUU 
GUC 
GUA 
GUG 

Met 

AUU 
AUC 
AUA 
AUG 

Phe 

Leu 

UUU 
UUC 
UUA 
UUG 

A triplet ‘Codon’ of mRNA 

tRNA – the 
‘adaptor’ 
molecule 

Transla'on between chemical languages requires decoding… 



Solving the Puzzle of Primordial Self-Replication 



Solving the Puzzle of Primordial Self-Replication 



Solving the Puzzle of Primordial Self-Replication 



Solving the Puzzle of Primordial Self-Replication 



the palimpsest view of modern metabolism 
“A palimpsest is a manuscript page, whether from scroll or book 
that has been written on, scraped off, and used again” 

Palimpsest on Velum: text 1 (underlying 
text): in Armenian, C6th.  Text 2 (overlying 

text): In Syriac, 1st half of C10th. 

From the Schoyen Collection, Section 5 (Patristic literature) 
http://www.schoyencollection.com/patristic.htm 

Nov. 6th 2007 



(why do we 
think that 
amino acids 
were around 
from the 

beginning?) 

Where do amino acids come from? 



Today 

1,000 Mya 

2,000 Mya 

3,000 Mya 

4,000 Mya 


   Amino acids predate life... 

Nature (1996) 384:55-9. “Evidence for life on 
Earth before 3,800 million years ago”, Eiler 
JM, Mojzsis SJ, Arrhenius G. 

“It is unknown when life first appeared on 
Earth…Here we … provide evidence for the 
emergence of life on Earth by at least 3,800 
Myr before present.” 

Half-ish of the 20 ‘modern’ amino acids existed before 
life evolved 



Aleksandr Oparin 
(in 1924)  

J.B.S. Haldane  
(1929, before 
Oparin's work 
translated into 

English) 

…proposed that the primordial sea served as a 
vast chemical laboratory powered by solar energy 

(ultra violet radiation) acting on an oxygen free 
atmosphere of carbon dioxide and ammonia: 

became a prebiotic soup containing large 
populations of organic monomers and polymers 


   “Prebiotic Soup” and the Origin of Life... 
Today 

1,000 Mya 

2,000 Mya 

3,000 Mya 

4,000 Mya 




   “Prebiotic Soup” and the Origin of Life... 
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Today 

1,000 Mya 

2,000 Mya 

3,000 Mya 

4,000 Mya 

Aleksandr Oparin J.B.S. Haldane  

Harold Urey 

The 1950’s 
“Miller/Urey 
Spark Tube 
Experiments 
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Glycine  
(Gly) 

Alanine  
(Ala) 

Valine 
(Val) 

Leucine 
(Leu) 

Glutamate 
(Glu) 

Aspartate 
(Asp) 

Serine 
(Ser) 

Threonine 
(Thr) 

Proline  
(Pro) 

…spawning a huge literature of “prebiotic syntheses” 

“endogenous” sources of abio'c amino acids: 
atmosphere, oceans, terrestrial ponds, evapora'ng 
shores, hot streams, cold streams etc. 

The 1950’s 
“Miller/Urey 
Spark Tube 
Experiments 

(e.g. Miller, 1953; 
Harada and Fox, 
1964; Sagan and 
Khare, 1971; 
Wolman, et al., 
1972; Schlesinger 
and Miller, 1983; 
Kobayashi and 
Ponnamperuma, 
1985; Weber, 1995; 
Nelson et al., 2001; 
Plankensteiner et al., 
2004; Tian et al., 
2005; Russell, 2007) 



A “strongly reducing” early atmosphere now seems unlikely 
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Inside a star, gravitational forces condense hydrogen and nuclear fusion begins: 
hydrogen is fused into helium, which in turn is converted into carbon and onwards 
into oxygen, neon, magnesium, silicon, sulfur and  iron …When the star exhausts its 
“fuel” the core can collapse resulting in a spectacular explosion, producing a gas-
cloud that expands at a rate of about 10,000 km/s. The cloud slows and dissipates, 
seeding the inter-stellar neighborhood with heavy elements and providing the shock 
waves that initiate new star formation.  

www.novaspace.com/GICLEE/Poor/Supernova.html 

Joni Mitchell , “Woodstock” 

"we are stardust; we are golden. we are billion year old carbon" 

Inside a star, gravitational forces condense hydrogen and nuclear fusion begins: 
hydrogen is fused into helium, which in turn is converted into carbon and onwards 
into oxygen, neon, magnesium, silicon, sulfur and  iron …When the star exhausts its 
“fuel” the core can collapse resulting in a spectacular explosion, producing a gas-
cloud that expands at a rate of about 10,000 km/s. The cloud slows and dissipates, 
seeding the inter-stellar neighborhood with heavy elements and providing the shock 
waves that initiate new star formation.  



The Earth acquires 100,000 to 1,000,000 kg of 
extraterrestrial  material each day… 
Ehrenfreund P, Sephton MA, “Carbon molecules in space: from astrochemistry to 
astrobiology.” Faraday Discuss.  2006;133:277-88; discussion 347-74, 449-52     

…amino acid delivery from space seems very likely! 

http://www.nightskyinfo.com/maps_images/meteor_tezel.jpg 
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The Murchison Meteorite 

•  Carbonaceous chondrite: 
–  Fell in September, 1969 
–  ~100 kg of fragments 

–  “offers an invaluable sample for 
the direct analysis of abioEc 
chemical evoluEon prior to the 
onset of life ” (Pizzarello, 2007) 

Types of organic matters in the Murchison 

meteorite (Sephton, 2002)  



Some amino acids are prebiotically plausible! 



…but this includes MANY “ignored” by biology 




   The biological amino acids are not obvious choices 

Abundance of each amino acid within the Murchison meteorite, as a proportion of the total amount of the 66 
amino acids found there.  “Biological” amino acids are shown in red (courtesy Pizarello) 



Today 

1,000 Mya 

2,000 Mya 

3,000 Mya 

4,000 Mya Half-ish of the 20 ‘modern’ amino acids existed before 
life evolved 

Life 

The genetic code uses a small fraction of prebiotically plausible amino acids 

Abiotic 

Genetically 
Coded 



Abiotic 

Genetically 
Coded 

Today 

1,000 Mya 

2,000 Mya 

3,000 Mya 

4,000 Mya Half-ish of the 20 ‘modern’ amino acids existed before 
life evolved 

Life 

Meanwhile, many genetically encoded amino acids are not prebiotically plausible 
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Today 

1,000 Mya 

2,000 Mya 

3,000 Mya 

4,000 Mya Half-ish of the 20 ‘modern’ amino acids existed before 
life evolved 

Life 

    “early” versus “late” amino acids 

Abiotic 

Genetically 
Coded 
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Today 

1,000 Mya 

2,000 Mya 

3,000 Mya 

4,000 Mya Half-ish of the 20 ‘modern’ amino acids existed before 
life evolved 

Life 

    “early” versus “late” amino acids…connected by biosynthesis 



Amino acid metabolism & codon assignments 



Phe UUU 
UUC 

Leu 

UUA 
UUG 
CUU 
CUC 
CUA 
CUG 

Ile 
AUU 
AUC 
AUA 

Met AUG 

Val 
GUU 
GUC 
GUA 
GUG 

Ser 
UCU 
UCC 
UCA 
UCG 

Pro 
CCU 
CCC 
CCA 
CCG 

Thr 
ACU 
ACC 
ACA 
ACG 

Ala 
GCU 
GCC 
GCA 
GCG 

Tyr UAU 
UAC 

His CAU 
CAC 

Gln CAA 
CAG 

Asn AAU 
AAC 

Lys AAA 
AAG 

Glu GAA 
GUG 

Gly 
GGU 
GGC 
GGA 
GGG 

Cys UGU 
UGC 

Trp UGG 

Arg 
CGU 
CGC 
CGA 
CGG 

Arg AGA 
AGG 

Ser AGU 
AGC 

Asp GAU 
GAC 

Amino acid metabolism & codon assignments 



Phe UUU 
UUC 

Leu 

UUA 
UUG 
CUU 
CUC 
CUA 
CUG 

Ile 
AUU 
AUC 
AUA 

Met AUG 

Val 
GUU 
GUC 
GUA 
GUG 

Ser 
UCU 
UCC 
UCA 
UCG 

Pro 
CCU 
CCC 
CCA 
CCG 

Thr 
ACU 
ACC 
ACA 
ACG 

Ala 
GCU 
GCC 
GCA 
GCG 

Tyr UAU 
UAC 

His CAU 
CAC 

Gln CAA 
CAG 

Asn AAU 
AAC 

Lys AAA 
AAG 

Glu GAA 
GUG 

Gly 
GGU 
GGC 
GGA 
GGG 

Cys UGU 
UGC 

Trp UGG 

Arg 
CGU 
CGC 
CGA 
CGG 

Arg AGA 
AGG 

Ser AGU 
AGC 

Asp GAU 
GAC 

Amino acid metabolism & codon assignments 



Phe UUU 
UUC 

Leu 

UUA 
UUG 
CUU 
CUC 
CUA 
CUG 

Ile 
AUU 
AUC 
AUA 

Met AUG 

Val 
GUU 
GUC 
GUA 
GUG 

Ser 
UCU 
UCC 
UCA 
UCG 

Pro 
CCU 
CCC 
CCA 
CCG 

Thr 
ACU 
ACC 
ACA 
ACG 

Ala 
GCU 
GCC 
GCA 
GCG 

Tyr UAU 
UAC 

His CAU 
CAC 

Gln CAA 
CAG 

Asn AAU 
AAC 

Lys AAA 
AAG 

Glu GAA 
GUG 

Gly 
GGU 
GGC 
GGA 
GGG 

Cys UGU 
UGC 

Trp UGG 

Arg 
CGU 
CGC 
CGA 
CGG 

Arg AGA 
AGG 

Ser AGU 
AGC 

Asp GAU 
GAC 

Amino acid metabolism & codon assignments 



Phe UUU 
UUC 

Leu 

UUA 
UUG 
CUU 
CUC 
CUA 
CUG 

Ile 
AUU 
AUC 
AUA 

Met AUG 

Val 
GUU 
GUC 
GUA 
GUG 

Ser 
UCU 
UCC 
UCA 
UCG 

Pro 
CCU 
CCC 
CCA 
CCG 

Thr 
ACU 
ACC 
ACA 
ACG 

Ala 
GCU 
GCC 
GCA 
GCG 

Tyr UAU 
UAC 

His CAU 
CAC 

Gln CAA 
CAG 

Asn AAU 
AAC 

Lys AAA 
AAG 

Glu GAA 
GUG 

Gly 
GGU 
GGC 
GGA 
GGG 

Cys UGU 
UGC 

Trp UGG 

Arg 
CGU 
CGC 
CGA 
CGG 

Arg AGA 
AGG 

Ser AGU 
AGC 

Asp GAU 
GAC 

Amino acid metabolism & codon assignments 



Phe UUU 
UUC 

Leu 

UUA 
UUG 
CUU 
CUC 
CUA 
CUG 

Ile 
AUU 
AUC 
AUA 

Met AUG 

Val 
GUU 
GUC 
GUA 
GUG 

Ser 
UCU 
UCC 
UCA 
UCG 

Pro 
CCU 
CCC 
CCA 
CCG 

Thr 
ACU 
ACC 
ACA 
ACG 

Ala 
GCU 
GCC 
GCA 
GCG 

Tyr UAU 
UAC 

His CAU 
CAC 

Gln CAA 
CAG 

Asn AAU 
AAC 

Lys AAA 
AAG 

Glu GAA 
GUG 

Gly 
GGU 
GGC 
GGA 
GGG 

Cys UGU 
UGC 

Trp UGG 

Arg 
CGU 
CGC 
CGA 
CGG 

Arg AGA 
AGG 

Ser AGU 
AGC 

Asp GAU 
GAC 

Amino acid metabolism & codon assignments 
Thr 

AUU  ACU 
AUC   ACC 
AUA   ACA 
AUG   ACG 

Primordial 
code 

AUU 
AUC 
AUA 

ACU 
ACC 
ACA 
ACG 

Thr Thr 

AUG 

Thr 

tRNA’s diversify, 
improving codon 
recognition 

ACU 
ACC 
ACA 
ACG 

Ile Thr 

Met 
Enzyme 

Enzyme 

enzymes modify 
aminoacyl tRNA's 

AUU 
AUC 
AUA 

AUG 

amino acid biosynthetic derivatives may have become incorporated into the code by 
modifying precursor amino acids on the tRNA ~’novel’ amino acids would thus capture 
a sub-set of the codons belonging to their pre-cursors  



The “21st and 22nd amino acids”: 

Pyrrolysine  Selenocysteine 

Lysine 

Cysteine 

Serine 

We see something 
very much like 
this hypothesized 
genetic code 
expansion in 
lineages that have 
“recently” evolved 
to encode 
pyrrolysine and 
selenocysteine 
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However they were derived, these various ideas largely reflect 
an underlying (intui've) theme that small, chemically simple 
amino acids were encoded before big, complex amino acids 

According to Trifonov, the following one “has a merit of a 
best guess” based on computer analysis (Table V in Trifonov, 
2004):  

One study has compiled more than 60 incorpora'on 
orders from various gene'c code studies and derived 
several “consensus” orders (Trivonov, 2000, 2004). 


   Growth of the amino acid alphabet... 

Gly, Ala, Asp, Val, Pro, Ser, Glu, Thr, Leu, Arg, Asn, Ile, Gln, His, Lys, Cys, Phe, Tyr, Met, Trp 



Biosynthetically related amino acids share 1st codon base 

His CAY 

Trp UGR 

Phe UUY 

Tyr UAY 

Citric 
Acid 

Glucose 

PGA 

PEP 

Pyruvate 

Acetyl-
CoA 

OAA 

aKG 

Ru-5-P 

UUR 

Ile AUY 

Met AUR 

Lys AAR 

AGR 

Gln CAR 

Pro CCN 

Thr ACN 

Asn AAY 

Cys UGY 

AGY Gly GGN 

Val GCN 

Ala GUN 

Asp GAY 

Glu GAR 

Ser UCN 

Arg CGN 

Leu CUN 

~  Amino acids from the same 
 biosynthe'c pathway tend 

to be   assigned codons with 
the same   first   base.  

~  The most likely prebio'c 
amino   acids are all assigned 
to GNN   codons 

Miseta, A. (1989) Physiol. 
Chem. Phys. Med. NMR 21, 
237 ‐ 242.  

Taylor & Coates (1989) 
BioSystems 22, 177 ‐ 187.  

Simple, general patterns of biosynthetic relatedness 
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Genetically encoded, biosynthesized amino acids 



Biosynthetic 
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Genetically encoded, biosynthesized amino acids 
Cystine CYSTEINE Cystathionine Homocysteine METHIONINE 

ASPARTATE 

Arginino- 
succinate 

Citrulline 

Ornithine 

ARGININE 



Biosynthetic 
Abiotic 

20 amino acids 

Genetically 
Coded 

12 biosynthetic 
standard amino acids 

Arginine 

Asparagine 

Cysteine 

Glutamine 

Histidine 

Lysine 

Methionine 

Phenylalanine 

Serine 

Threonine 

Tryptophan 

Tyrosine 

14 biosynthetic amino acid 
intermediates 

Acetylserine 

Anthranilate 

Carnosine 

Citrulline 

Cystathione 

Diaminopimelate 

Formylkynurenine 

Homocysteine 

Homoserine 

Kynurenine 

2-amino-3-carboxy muconate semialdehyde 

3-hydroxy-anthranilate 

3-hydroxy-kynurenine 

5-hydoxy-tryptophan 

Genetically encoded, biosynthesized amino acids 

…are a small subset of what is available 



Biosynthetic 
Abiotic 

Human 
engineered 

20 amino acids 

Genetically 
Coded 

Wang, X.,  Mercier, P.,  Letourneau, P.,  Sykes, B.  
(2005) “Effects of Phe-to-Trp mutation and 
fluorotryptophan incorporation on the solution 
structure of cardiac troponin C, and analysis of its 
suitability as a potential probe for in situ NMR 
studies”,  
Protein Sci.   14: pp. 2447-2460  

A vast “chemical space” is possible… 



R 

…and R = anything! 
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Biosynthetic 

Human 
engineered 

20 amino acids 

Abiotic 

Genetically 
Coded 

A vast “chemical space” is possible… 



Coded 

Genetically encoded amino acids are a small subset of chemical possibilities 

“On the evolution of the standard amino-acid alphabet” Lu & Freeland (2006) Genome Biol. 7:102 



So why did 
nature 
“choose” 
these 20 
amino 
acids?  

Histidine 
(His) 

Asparagine 
(Asn) 

Glutamine 
(Asn) 

Aspartate 
(Asp) 

Glutamate 
(Glu) 

Cysteine 
(Cys) 

Methionine 
(Met) 

Threonine 
(Thr) 

Proline 
(Pro) 

Tyrosine 
(Tyr) 

Phenylalanine 
(Phe) 

Lysine 
(Lys) 

Arginine 
(Arg) 

Glycine  
(Gly) 

Alanine  
(Ala) 

Valine 
(Val) 

Leucine 
(Leu) 

Isoleucine 
(Ile) 

Serine 
(Ser) 

Tryptophan 
(Trp) 



      The scientific literature on the topic… 

“Proteins provided a greater catalytic versatility than nucleic acids”  
  Szathmary, Trends Genet (1999) 

“The natural repertoire of 20 amino acids presumably reflects the 
combined requirements of providing a diversity of chemical 
functionalities, and providing enough structural diversity that 
sequences are likely to define unique three-dimensional shapes” 

  Hinds and Levitt, J Mol Biol (1996) 

“The driving force …[in the growth of the amino acid alphabet]… is 
the possibility to produce fitter proteins when the repertoire of amino 
acids is enlarged”  

  Weberndorfer et al., Orig Life Evol Biosph (2003) 




   More building blocks = more shapes + functions 



The amino 
acid alphabet 
was “chosen” 
to allow the 

construcDon of 
varied 
proteins  

Histidine 
(His) 

Asparagine 
(Asn) 

Glutamine 
(Asn) 

Aspartate 
(Asp) 

Glutamate 
(Glu) 

Cysteine 
(Cys) 

Methionine 
(Met) 

Threonine 
(Thr) 

Proline 
(Pro) 

Tyrosine 
(Tyr) 

Phenylalanine 
(Phe) 

Lysine 
(Lys) 

Arginine 
(Arg) 

Glycine  
(Gly) 

Alanine  
(Ala) 

Valine 
(Val) 

Leucine 
(Leu) 

Isoleucine 
(Ile) 

Serine 
(Ser) 

Tryptophan 
(Trp) 

How can we test hypotheses here? 



Science versus philosophy... 

"Aristotle maintained that women have fewer teeth 
than men; although he was twice married, it never 
occurred to him to verify this statement by examining 
his wives' mouths.” Bertrand Russel 



Science versus philosophy... 

"Aristotle maintained that women have fewer teeth 
than men; although he was twice married, it never 
occurred to him to verify this statement by examining 
his wives' mouths.” Bertrand Russel 

“The scientific method requires that an hypothesis be ruled 
out or modified if its predictions are clearly incompatible with 

experimental tests ... Note this also implies that a theory 
must be testable. Theories which cannot be tested...do not 

qualify as scientific theories...” 
Wolfs, “Introduction to the Scientific Method” 



H1: these 20 
amino acids 
are more 
biochemically
diverse than 
a random 
collecDon 

Histidine 
(His) 

Asparagine 
(Asn) 

Glutamine 
(Asn) 

Aspartate 
(Asp) 

Glutamate 
(Glu) 

Cysteine 
(Cys) 

Methionine 
(Met) 

Threonine 
(Thr) 

Proline 
(Pro) 

Tyrosine 
(Tyr) 

Phenylalanine 
(Phe) 

Lysine 
(Lys) 

Arginine 
(Arg) 

Glycine  
(Gly) 

Alanine  
(Ala) 

Valine 
(Val) 

Leucine 
(Leu) 

Isoleucine 
(Ile) 

Serine 
(Ser) 

Tryptophan 
(Trp) H0: no they aren’t 



1: what is biochemical diversity & how do you 
measure it? 

2: what does a random collection of amino acids 
look like? 

the challenge: 



1: what is biochemical diversity & how do you 
measure it? 

2: what does a random collection of amino acids 
look like? 

the challenge: 



the problem: (why has no one asked even 
simple questions about “biochemical diversity” 
for the non-proteinaceous amino acids?) 

1: what is biochemical diversity & how do you 
measure it? 




     Estimating “functional diversity” of an alphabet 

Variance(x1, x2 …xn)  
= 

squared deviation around 
the mean 

σ2 

Choose a relevant, 
quantifiable property 

measure the 
corresponding values for 
your collection of objects 

σ2 



Minimum Spanning Tree of 496 Amino Acid Indices 

Each of these is a different 
“index”: something that has 
been measured for the 20 
proteinaceous amino acids 

(The AAIndex database) 


      From chemical properEes to molecular descriptors 

•  Hydrophobicity 
It is “the dominant force in protein folding” (Pace et al., 1996) via 
“hydrophobic collapse”(e.g. Kauzmann, 1959; Agashe et al., 1995; 
Baldwin, 1989; Walther et al., 2007; Wu et al., 2007); it also 
influences protein‐protein interac'ons (e.g. Konuma et al., 2007; 
Efremov et al., 2007)   

•  Charge 
It “affects virtually all aspects of protein structure and 
ac'vity” (Cohen et al., 2002) 
protein folding (e.g. Kumar and Nussinov, 2002) and ac've sites 
(Gueeridge and Thornton, 2005) 

•  Size 
Protein stability (e.g. Benitez‐Cardoza et al., 2004 ) and evolu'on 
(Tomii and Kanehisa, 1996) substrate recogni'on (e.g. Masada et al., 
2007; Ohkuri and Yamagishi, 2003; Goto and Klinman, 2002)  



(Nature, 2004) 

Molecules can be represented by points in a “multi-dimensional 
molecular descriptor space”  
(Molecular descriptors are the specific measures of properties ) 

Hydrophobici
ty  Charge 

Size 



Most molecular descriptors are only available for the 20 
standard amino acids… 

How can we measure size, charge and hydrophobicity 
for all the other plausible choices of amino acid? 

the problem: (why has no one asked even 
simple questions of this kind?) 



Theme II: Computers can quickly and cheaply 
“sketch” possibilities beyond life-as-we-know-it 



predicted (Pallas) vs. experimental pKa (R2 = 0.967) predicted (Zhao) vs. experimental volumes (R2 = 0.955) 

Predicted (ALOGP 2.1) vs. experimental logP (R2 = 0.853) 

        computers can sketch amino acid chemical space for us 

"Testing the Potential for 
Computational Chemistry to Quantify 
Physiochemical Properties of the Non-
Proteinaceous Amino Acids" ~ (2006), 
Lu Y and Freeland SJ., Astrobiology, 
6(4): 606-624 



1: what is biochemical diversity & how do you 
measure it? 

2: what does a random collection of amino acids 
look like? 

the challenge: 




     (what would random look like?) 

Draw amino acids at random, and measure 
their variance in terms of a biochemical 
property 

 (& see what biology’s“choice” looks like in comparison…) 




     Comparing to expectation of “randomness” 

σ1 2 

σ 
2 

Observed 
frequency 

σ1 2 σ2 2 σ3 2 σ4 2 σ5 2 

σ9 2 σ10 2 σ11 2 σ12 2 σ13 2 

σ6 2 σ7 2 σ8 2 

σ14 2 




     3 variants of our hypothesis: 

A)  Does the diversity of the standard amino acid alphabet 
exceed the diversity of an alphabet, size 20, drawn from pool 
of pre-biotic  candidates? 

C)  Does the diversity of the standard amino acid alphabet 
exceed the diversity of an alphabet, size 20, drawn from pool 
of pre-biotic + biosynthetic candidates? 

B)  Does the diversity of the 8 prebiotically plausible 
standard amino acids exceed the diversity of an alphabet, 
size 8, drawn from pool of pre-biotic candidates? 



A)  Are the 20 standard amino acids more diverse than a set 
of Random 20 Drawn from abioEc amino acid Chemical Space?  

Human 
engineered 

Abiotic Biosynthetic 
Genetically 
Coded 

Pool of available amino acids = 66 amino acids from the Murchison meteorite 
Draw samples of size 20 
Measure diversity and plot distribution of “random” 
Compare diversity of 20 standard amino acids 



logP (%)  van der Waals 
(%) 

pI (%) 

A) 66 abioEc amino acids 

Unweighted   38.2 
±0.03 

100.0 
±0.001 

97.9 
±0.01 

Weighted  99.3 
±0.005 

100.0 
±0.007 

100.00 
±0.0003 

B) 50 abioEc alpha‐ amino acids 

Unweighted  59.9 
±0.03 

100.0 
±0.001 

99.7 
±0.003 

Weighted  99.9 
±0.002 

100.0 
±0.0002 

100.0 
±0.0 

Percentage of Random Sets of 20 PREBIOTIC Amino Acids that show 
Lower σ2 Values than those of the 20 STANDARD Amino Acids 

A)  Is diversity (std amino acid alphabet) >  

 diversity(random sample of 20 drawn from pre‐bioDc  candidates)? 



logP (%)  van der Waals 
(%) 

pI (%) 

A) 66 abioEc amino acids 

Unweighted   38.2 
±0.03 

100.0 
±0.001 

97.9 
±0.01 

Weighted  99.3 
±0.005 

100.0 
±0.007 

100.00 
±0.0003 

B) 50 abioEc alpha‐ amino acids 

Unweighted  59.9 
±0.03 

100.0 
±0.001 

99.7 
±0.003 

Weighted  99.9 
±0.002 

100.0 
±0.0002 

100.0 
±0.0 

Percentage of Random Sets of 20 PREBIOTIC Amino Acids that show 
Lower σ2 Values than those of the 20 STANDARD Amino Acids 

A)  Is diversity (std amino acid alphabet) >  

 diversity(random sample of 20 drawn from pre‐bioDc  candidates)? 

C H 

COO
- 

H3N 

R 

C H 

COO
- 

H3N 

? 

C 

R 



2. Did the amino acid alphabet start out unusually diverse?  

Abiotic 

Genetically 
Coded 

Draw samples of size 8 
Measure diversity and plot distribution of “random” 
Compare diversity of 8 standard amino acids found in Murchison Meteorite 

Pool of available amino acids = 66 from the Murchison meteorite (inc. 8 std alphabet) 



(i) Draw at random from the contents of the Murchison meteorite 10,000 sets of 
8 prebioEcally plausible amino acids 

(ii) Find the percentage that show lower variance (less diversity) than the set of 8 
geneEcally encoded amino acids found there… 



A)  Are the 20 Standard Amino Acids more Diverse than a 
set of Random 20 Drawn from an AbioEc & BiosyntheEc 
Amino Acid Chemical Space?  

Draw samples of size 20 
Measure diversity and plot distribution of “random” 
Compare diversity of 20 standard amino acids 

+ 12 additional standard amino acids 
+ 14 additional biosynthetic amino acids 

Pool of available amino acids =   66 from the Murchison meteorite (inc. 8 std alphabet) 



* combined chemical space: 66 
abiotic amino acids (including 8 
standard amino acids),  
12 standard amino acids and 14 
biosynthetic intermediates. 

The percentage of 10,000 sets of 20 biosyntheEcally plausible amino acids, 
drawn at random from the appropriate chemical space*, that show lower 
variance than the set of 20 geneEcally encoded amino acids found there… 



~ This is, at best, a start point to thinking about the presence 
or absence of amino acids within the standard genetic code 


   Conclusions… 
The 20 amino acids of the standard alphabet are more diverse 
than a random sample of 20 taken from abiotic chemical space 
(though for hydrophobicity, this is only true if we draw random samples 
weighted by the abundances observed in the Murchison meteorite) 

The 20 amino acids of the standard alphabet are not more diverse than 
a random sample taken from abiotic + biosynthetic chemical space 

The 8 prebiotically plausible amino acids of the standard alphabet 
are not more diverse than a random sample of 8 taken from taken 
from abiotic chemical space 

Life appears to be using more diverse building blocks than 
“whatever was lying around” 

Life appears NOT to be using more diverse building blocks 
than “whatever it could invent” 

Life appears NOT to have started with the most diverse set of 
building blocks available 



72 

Different scenarios predict 
different sets of possible amino 

acids… 



transcription 


   Back to basics… 

The double helix of DNA messenger RNA (mRNA) protein 

transcription translation 



Imagine each possible gene-
sequence as a point on a grid… 

1 2 3 
µ2 µ1 G1 G2 G3 

…possible mutations connect 
these different “genotypes” 

Translation converts these genotypes into corresponding protein structures: 4 stable 
structures or “no structure” (represented by different shapes & “whitespace” respectively)  

Structure 3 

Structure 2 

Structure 4 

Structure 1 

translation 



1 2 3 
µ2 µ1 G1 G2 G3 

Structure 3 

Structure 2 

Structure 4 

Structure 1 

translation 

Differences in the proportion of genotypes that allow interconversion can lead to asymmetric 
mutational distances between structures (for example, every genotype for structure 1 lies 
within a point mutation of structure 2, but the reverse is not true) 

Each viable phenotype is encoded by a ‘neutral network’ of 
multiple genotypes that all encode this same structure: 
variability in the size of this neutral network corresponds to 
the robustness of this structure to mutation (structure 2 is 
more robust than structure 1).  



...the organisms we see today represent lineages that have successfully 
adapted under continually changing demands of natural selection! 

Each encodes a 
different protein 

Those with the highest “fitness”  
come to dominate within the 
population over time 

Each variant has a 
different fitness 


