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Supplementary A: random polymers are not peptides 

If you made a random polymer from abiotic chemicals, what actually would be made? I did a simple 

model of this as follows. I take the Murchison meteorite as an example of the water‐soluble 

monomers that can be formed abiotically in aqueously processed rock [1]. Over 70 amino acids have 

been identified in Murchison [2], and this is often taken as an example of how biochemical can be 

made abiotically. 

The condensation of such abiotic amino acids is usually depicted as in Figure A1‐A. However the 

reality is that many other monomers will be present in the “soup”, and the reaction is more likely to 

be as in Figure A1‐B. So what would form if you dehydrated the Murchison soluble organics? To 

condense together with the elimination of water, monomers must have an acid group (carboxylic, 

phosphonic or sulphonic acids), a condensable group (amine or alcohol), or both. I ignore acid 

anhydrides for this purpose, as they are more liable to hydrolysis than esters. I assume that 

condensation is kinetically driven purely by abundance of the monomers. The actual reaction rates 

will be an unknowable function of thermodynamics, water activity, ionization state, and the specific 

reaction kinetic constants between individual molecules. I also assume that polymerization does not 

affect the concentration of monomers in the pool; for relatively inefficient abiotic condensation, this 

is realistic. Lastly, I assume that condensation is purely end‐to end, ignoring side‐chain condensation 

and consequently branching, and further that an amide bond, once formed, does not react further 

(to form acylated amides, for example). All these assumptions favour formation of simple linear 

“peptide‐like” polymers.  

The table of monomers and their relative concentrations is given below. There are six classes of 

monomers with respect to their ability to condense. Rather than try to model specific polymers, I 

model the condensation of classes of molecule. Thus any molecule of class APC (alpha amino acids) 

can condense with any molecule of class AEC (hydroxyl acids) either to form an APC‐AEC dimer or an 

AEC‐APC dimer. The chances of AEC condensing with an APC are proportional to the relative amount 

of AEC. In that case, Class XA  (monocarboxylic, phosphonic and sulphonic acids) and XC (amines and 

alcohols) are ‘chain terminators’ in that once they have condensed to form an amide they do not 

have an additional functional group to react with an additional monomer.  

From the relative abundances in Table A1, we might expect the most common dipeptide to be 

glycylglycine. Analysis of dipeptides in Murchison finds 4pmol/g of glycylglycine, 23 pmol of cyclized 

glycylglycine, and no detectable amount of any other dipeptide or cyclized dipeptide [3], which is 

consistent with the idea that dehydration forms random oligomers based on monomer 

stoichiometry.  

Analytical calculation of the probability of the many combinations of monomers is impractical, and 

so I simulated polymerization as follows. The algorithm is seeded with a ‘polymer’ of one monomer 

unit, selected at random from the pool of monomers proportionally to their concentration. At each 

step, we examine both ends of the growing chain. If it is an acid, we select a molecule with a 



condensable group with a probability proportional to its concentration, and join that to the end. If 

the end is a condensable end, we select a molecule that has an acid group with a probability 

proportional to its concentration, and join that to the condensable end. This generates a new, longer 

polymer. (Note that the ‘direction’ of the polymer can reverse – a dicarboxylic acid can join to two 

amines, for example, like nylon). We continue this until the polymer has no reactable ends. 

(Gramicidin is an example of this, ‘capped’ by formate at the amino terminus and ethanolamine at 

the carboxyl terminus [4]) 

The results of some simulations are shown in Figure A2. Plotted are the length of oligomer formed. 

As we assume condensation, there are no oligomers of N=1. N=2 is the condensation of an acid with 

an alcohol or amide to form a simple ester or amide respectively – these dominate the products. 

Longer products are, as expected, exponentially less likely.  

It has been argued that alpha amino acid polymers are uniquely suited to forming the catalytic units 

of life, because of backbone stereochemistry [5, 6]. The algorithm therefore also counts the number 

of chains made that are composed solely of alpha amino acids (not counting the chain terminating 

groups), and for comparison the number of polymers made solely with amide groups (i.e. 

condensation of acids with alpha, beta or gamma amino acids), and solely of esters1. The results are 

smooth exponentials, as expected: extrapolation the chance of making a 15‐mer, the same size as 

Gramicidin, an antibiotic peptide cited by [7] as an example of a prototype membrane‐spanning pore 

peptide required for water and solute balance in vesicles, is ~5•10‐10.  If the gramicidin‐like peptides 

needs a specific pattern of amino acids to function, the chances are smaller. We can estimate the 

chances of forming a functional peptide of 15 amino acids as follows. We assume the peptide needs 

a pattern of hydrophobic and hydrophilic amino acids along the chain, spaced by any small amino 

acid. If we assume 1/3  of the amino acids need to be hydrophilic, 1/3 hydrophobic and the rest can be 

any amino acid, then the fraction of peptides that are 15‐mers with the “functional” pattern of 

amino acids is ~1.5•10‐15 

The underlying reason for the low yield of peptides is the relatively low abundance of amino acids. 

Reports of discovery of >70 amino acids do not put the tiny traces of these compounds found into 

context among a much larger amount of other organics. To generate a better yield of peptides we 

need to concentrate the amino acids. Figure A3 illustrates the result of increasing the abundance of 

amino acids while keeping the abundances of all other species the same (i.e. concentrating the 

amino acids).  This shows that to have ~1:1000000 chance of making a gramicidin‐like peptide by 

random condensation, you need to concentrate the amino acid fraction of Murchison selectively 

over all the other components by 100‐fold or more.  

This is a simplistic model, and as such is justifiably relegated to an appendix. However it illustrates 

that the issue in OOL research is not just ‘can we make it’ but also ‘can we stop making everything 

else’. 

 

                                                             
1 In fact it counts the chains that do not have amide bonds in as ones that are all=ester, and hence two‐
monomer ‘polymers’ are counted as esters. Similarly, all 2‐monomer chains are counted as amides and 
peptides. 



 

 

Table A1 

Abundances of soluble components from the Murchison meteorite. Data from [1, 3, 8‐20]. Abundances for chiral compounds were pooled, as chirality was 

not considered in this calculation. The lowest abundance recorded is much lower for amino acids than for other classes, but this has little effect on the total 

abundance of the monomer class. Some acids and both amino‐ and hydroxy‐acids; they are classified according to the group nearest the carboxylate group.  

Compound mwt SMILES Abundanc
e (nmol/g) 

Class of monomer Total 
abundance of 
monomer class 

      

oxalic acid 90.034 O=C(O)C(O)=O 2100 AEA (dicarboxylic 
acids) 

2466 

succinic acid 118.088 O=C(O)CCC(O)=O 97 

malonic acid 104.061 O=C(O)CC(O)=O 96 

2‐methylsuccinic acid 132.115 O=C(O)C(C)CC(O)=O 48 

glutaric acid 132.115 O=C(O)CCCC(O)=O 24 

citraconic acid 130.099 C/C(C(O)=O)=C/C(O)=O 19 

2‐methylglutaric acid 146.142 O=C(O)C(C)CCC(O)=O 15 

ethylsuccinic acid 146.142 O=C(O)C(CC)CC(O)=O 14 

methylmalonic acid 118.088 O=C(O)C(C)C(O)=O 9.2 

2,2‐dimethylsuccinic acid 146.142 O=C(O)C(C)(C)CC(O)=O 8.8 

adipic acid 146.142 O=C(O)CCCCC(O)=O 5.8 

2‐methyladipic acid 160.169 O=C(O)C(C)CCCC(O)=O 5.4 

3‐methylglutaric acid 146.142 O=C(O)CC(C)CC(O)=O 4.7 

(meso)‐2,3‐dimethylsuccinic acid 146.142 O=C(O)C(C)C(C)C(O)=O 3.26 

phthalic acid 166.132 O=C(O)C1=CC=CC=C1C(O)=O 3.2 

azelic acid 188.223 O=C(O)CCCCCCCC(O)=O 3.2 

3‐ethylglutaric acid 160.169 O=C(O)CC(CC)CC(O)=O 2.9 

ethylmalonic acid 132.115 O=C(O)C(CC)C(O)=O 2.3 

3‐methyladipic acid 160.169 O=C(O)CC(C)CCC(O)=O 1.9 

suberic acid 174.196 O=C(O)CCCCCCC(O)=O 1.7 

maleic acid 116.072 O=C(O)/C=C\C(O)=O 1 



lactic acid 90.078 OC(C)C(O)=O 65.8 AEC (hydroxy acids) 389 

glycolic acid 76.051 OCC(O)=O 65 

2‐hydroxycaprioc acid 132.159 CCCCC(O)C(O)=O 65 

2‐hydroxyglutaric acid 148.114 O=C(O)C(O)CCC(O)=O 54.45 

2‐hydroxy‐3‐methylbutyric acid 118.132 CC(C)C(O)C(O)=O 36.9 

2‐hydroxyisobutyric acid 104.105 CC(C)(O)C(O)=O 30 

2‐hydroxybutyric acid 104.105 CCC(O)C(O)=O 19 

3‐hydroxy‐isobutyric acid 104.105 CC(CO)C(O)=O 18.3 

2‐hydroxy‐2‐methylbutyric acid 118.132 CCC(C)(O)C(O)=O 12.4 

3‐hydroxybutyric acid 104.105 CC(O)CC(O)=O 10.4 

2‐hydroxyvaleric acid 118.132 CCCC(O)C(O)=O 4.7 

2‐hydroxy‐2‐ethylvaleric acid 146.186 CCCC(CC)(O)C(O)=O 3.5 

2‐hydroxy‐2‐methylvaleric acid 132.159 CCCC(C)(O)C(O)=O 3 

4‐amino‐2‐hydroxybutyric acid 119.12 O=C(O)C(O)CCN 0.235 

Glycine 75.067 NCC(O)=O 33.5 APC (alpha amino 
acids) 

190 

2‐amino‐2,3‐dimethylpentanoic acid 145.202 CCC(C)C(C)(N)C(O)=O 27 

Alanine 89.094 NC(C)C(O)=O 17.94 

Glutamic acid 147.13 NC(CCC(O)=O)C(O)=O 11.27 

a‐aminobutyric acid 103.121 CCC(N)C(O)=O 8.58 

Proline 115.132 O=C(O)C1NCCC1 8.02 

2‐amino‐2,3‐dimethylbutyric acid 131.175 CC(C)C(C)(N)C(O)=O 8 

a‐amino‐isobutyric acid 103.121 CC(C)(N)C(O)=O 7.49 

Aspartic acid 133.103 NC(CC(O)=O)C(O)=O 6.32 

serine 105.093 NC(CO)C(O)=O 6.02 

2‐methylnorvaline 131.175 N[C@](CCC)(C)C(O)=O 6 

2‐amino‐2‐ethylbutyric acid 131.175 CCC(CC)(N)C(O)=O 6 

Valine 117.148 NC(C(C)C)C(O)=O 5.42 

2‐amino‐2,4‐dimethylpentanoic acid 145.202 CC(C)CC(C)(N)C(O)=O 5.3 

isovaline 117.148 N[C@@](C(O)=O)(CC)C 5.28 

sarcosine 89.094 CNCC(O)=O 3.36 

2‐amino‐2‐ethylpentanoic acid 145.202 CCCC(CC)(N)C(O)=O 3 

2‐amino‐2‐methylhexanoic acid 145.202 CCCCC(C)(N)C(O)=O 2.8 

2‐amino‐3,3‐simethylpentanoic acid 145.202 CCC(C)(C)C(N)C(O)=O 2.7 

threonine 119.12 NC(C(O)C)C(O)=O 2.61 

leucine 131.175 NC(CC(C)C)C(O)=O 2.07 



norleucine 131.175 NC(CCCC)C(O)=O 2 

isoleucine 131.175 NC(C(C)CC)C(O)=O 1.88 

2‐amino‐3,4‐dimethylpentanoic acid 145.202 CC(C)C(C)C(N)C(O)=O 1.6 

alpha‐aminoadipic acid 161.157 O=C(O)C(N)CCCC(O)=O 1.446 

2‐amino‐3‐methylhexanoic acid 145.202 CCCC(C)C(N)C(O)=O 1.2 

2,3‐diaminopropanoic acid 104.109 O=C(O)C(N)CN 0.957 

norvaline 117.148 NC(CCC)C(O)=O 0.778 

2,3‐diaminobutanoic acid 118.136 CC(N)C(N)C(O)=O 0.761 

alpha‐methylserine 119.12 N[C@](CO)(C)C(O)=O 0.663 

homoserine 119.12 NC(CCO)C(O)=O 0.175 

gamma‐aminobutyric acid 103.121 O=C(O)CCCN 11.3 AQC 47 

beta‐alanine 89.094 NCCC(O)=O 7.32 

5‐amino‐pentanoic acid 117.148 O=C(O)CCCCN 5.52 

4‐amino‐3‐methylbutanoic acid 117.148 O=C(O)CC(C)CN 5 

beta‐amino‐isobutyric acid 103.121 CC(CN)C(O)=O 3.81 

4‐aminopentanoic acid 117.148 CC(N)CCC(O)=O 2.55 

4‐amino‐2‐methylbutanoic acid 117.148 O=C(O)C(C)CCN 2.24 

3‐amino‐2,2‐dimethylpropanoic acid 117.148 O=C(O)C(C)(C)CN 2 

n‐methylalanine 103.121 CC(C(O)=O)NC 0.9 

6‐aminohexanoic acid 131.175 O=C(O)CCCCCN 0.8 

3‐amino‐2‐ethylpropanoic acid 117.148 O=C(O)C(CC)CN 0.6 

2,4‐diaminobutanoic acid 118.136 O=C(O)C(N)CCN 0.52 

3‐amino‐2‐(aminomethyl)propanoic acid 118.136 O=C(O)C(CN)CN 0.411 

beta‐(aminomethyl)‐succinic acid 147.13 O=C(O)CC(CN)C(O)=O 0.387 

3‐amino‐2‐(hydroxymethyl)‐propanoic acid 119.12 O=C(O)C(CO)CN 0.277 

4‐amino‐3‐hydroxybutyric acid 119.12 O=C(O)CC(O)CN 0.277 

4‐amino‐3‐(aminomethyl)butanoic acid 132.163 O=C(O)CC(CN)CN 0.244 

beta‐homoserine 119.12 NC(CO)CC(O)=O 0.101 

beta‐amino‐n‐butyric acid 103.121 CC(N)CC(O)=O 2.840 

2,5‐diaminopyrrole 97.121 NC1=CC=C(N)N1 0.407 CQC (diamines) 0.407 

acetic acid 60.052 CC(O)=O 4956 XA (monocarboxylic 
acids) 

20734 

n‐propanoic acid 74.079 CCC(O)=O 3662 

benzoic acid 122.123 O=C(O)C1=CC=CC=C1 2325 

2‐methylpropanoic acid 88.106 CC(C)C(O)=O 2014 

n‐butanoic acid 88.106 CCCC(O)=O 1843 



n‐pentanoic acid 102.133 CCCCC(O)=O 1404 

2‐methylbutanoic acid 102.133 CCC(C)C(O)=O 749 

2‐methylpentanoic acid 116.16 CCCC(C)C(O)=O 505 

n‐heptanoic acid 130.187 CCCCCCC(O)=O 468 

3‐methylpentanoic acid 116.16 CCC(C)CC(O)=O 460 

n‐hexanoic acid 116.16 CCCCCC(O)=O 409 

ethylsulfonic acid 110.127 CCS(=O)(O)=O 380 

2‐methylhexanoic acid 130.187 CCCCC(C)C(O)=O 343 

methylsulfonic acid 96.1 CS(=O)(O)=O 271 

2‐ethylbutanoic acid 116.16 CCC(CC)C(O)=O 212 

n‐nonanoic acid 158.241 CCCCCCCCC(O)=O 209 

isopropylsulfonic acid 124.154 CC(S(=O)(O)=O)C 190 

n‐octanoic acid 144.214 CCCCCCCC(O)=O 181 

2‐ethylhexanoic acid 144.214 CCCCC(CC)C(O)=O 84 

n‐propylsulfonic acid 124.154 CCCS(=O)(O)=O 54 

Methyphosphonic acid 96.021 CP(O)(O)=O 9 

Ethylphosphonic acid 110.049 CCP(O)(O)=O 6 

methanol 32.042 CO 156 XC (alcohols and 
amines) 
 

348 

ethanol 46.069 CCO 65.12 

Methylamine 31.058 NC 49 

isopropanol 60.096 CC(O)C 33.28 

Ethylamine 45.085 NCC 14 

butanol 74.123 CCCCO 13.49 

isopropylamine 59.112 NC(C)C 9 

n‐propylamine 59.112 NCCC 5 

tert‐butylamine 73.139 NC(C)(C)C 3 

  



 

FIGURE A1 

Cartoon of text‐book and realistic condensation chemistry 

 

 

 

 

  



Figure A2 

A 

 

Fraction of ‘polymerization’ products from the model (Y axis) as a function of the number of 

monomers in the polymer (X axis). Shown are the total polymer amounts, and the fraction that have 

exclusively peptide, amide or ester linkages. The erratic lines below ~10‐4 are due to small number 

counting errors.  

B. 

 

Fraction of the total ‘polymer’ product in the model that a) are peptides and b) have 1/3  of amino 

acids as hydrophilic and 1/3 as hydrophobic in a specified pattern (Y axis) .vs polymer length (X axis). 

Curves show calculations for amino acid abundances in Murchison, and for abundances where the 

alpha amino acids are 3, 10,30 and 100 times as abundant (all other abundances being held 

constant) as is found in Murchison. 

 



  



Getting beyond the toy domain. 

Meditations on David Deamer’s “Assembling Life” 

William Bains 

Supplementary B: why does the Sun shine? 

By about 1840 it was clear that the Earth was millions of years old [21], and the Sun had been 

shining for as long as the Earth had been around. Until this time, the radiance of the Sun was taken 

as a given, it just was. But scientific enquiry was finding mechanisms for every aspect of the known 

universe, and so the source of the Sun’s heat became a problem for scientific debate. See [22‐24] for 

post‐Victorian reviews of this. 

The obvious solution was that the Sun was on fire. 19th Century calorimetry estimated the rate of 

heat production from the Sun quite accurately. If the Sun’s energy  was radiated uniformly into 

space, then if the Sun was entirely made of high grade anthracite coal it would burn for less than 

6000 years, so that could not be an explanation. A range of other ideas were floated, including that 

the Sun’s heat was directed solely towards the planets, that it was caused by impact of very high‐

speed objects from interstellar space, or that it was the result of release of latent heat of 

condensation or crystallization of some unknown substance in the Sun, but these could be 

discounted on quantitative grounds [25]. 

Two major theories remained – that heat was generated from the infall of meteoritic material (e.g 

[26, 27]), or that it was the energy of gravitational contraction of the Sun [28]. Both derived energy 

from gravity.  

The problem with the meteoritic infall theory was that it should also apply to the planets, which 

should be at least red hot, and that the Sun’s mass should have increased several percent in 

historical times, resulting in changes in the length of the year; neither were seen.  

The problem with the contraction theory was that it could only release heat at roughly the modern 

rate for the past 10 – 20 million years [25]. That was a problem for geologists, who thought the Earth 

at least 300‐500 million years old. Their argument lay on the rate of accumulation and erosion of 

sedimentary rock, and if sedimentary rock was accumulating then rain had to be falling, rivers 

running, and that required sunshine to power weather cycles. Some physicists, notably Lord Kelvin, 

disagreed, calculating that the Earth was no more than 10‐20 million years old, based on the rate of 

cooling from an initially liquid state, and on the observed temperature gradient in mines. But the 

weight of evidence on the geologists’ side was winning the argument.  

So neither dominant theory explained the facts, and there was no better theory. There the problem 

sat at the end of the 19th Century, and was sufficiently intractable that many popular astronomy 

books simply did not mention it at all (e.g. the otherwise detailed [29, 30]). 

There were a range of outré ideas, and in one or two, in retrospect,  we can see some glimmer of 

ideas that almost seem  prophetic, as in this quote from [25] 

“The suggestion made many years ago by Professor Clarke, of Cincinatti, that the sun’s 

radiation may be due in part due to the combination of the really elementary constituents of 



his 2 mass into the substances which we regard as elementary, is open to the objection of 

being as yet unsupported by trustworthy evidence respecting the really compound nature of 

the so‐called elements.” (p336) 

But in reality this did not presage the discovery of nuclei, nuclear binding energy, mass‐energy 

equivalence and hydrogen fusion – it was an incorrect extension of chemical ideas, and was 

speculation, at best conjecture, rather like much OOL research today. And we note that equally 

speculative ideas were spectacularly wrong, such as the argument in the same book that the speed 

of gravity had to be very much greater than the speed of light (if it were not, the delay in gravity 

getting from the Sun to the Earth would mean that Earth was pulled towards the apparent position 

of the Sun, the position it in fact occupied 8 minutes ago rather than its real position, just as the light 

we see represents the Sun’s position 8 minutes ago and not it’s position now. The accumulating 

difference between the ‘true’ vector and the offset vector would mean that the Earth would fall into 

the Sun in a few years. I leave finding the fallacy in this as an exercise for the reader.)  

The glimmer of the real source of the Sun’s energy came in 1905 with E=MC2, and it came not from 

astronomers but from a patent clerk pondering Maxwell’s equations. We must wonder where the 

equivalent conceptual leap in OOL will come from.  

  

                                                             
2 19th Century astronomy books almost always referred to the Sun as ‘him’ not ‘it’.  
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