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Four billion years, one alphabet

A timeline of the molecules that remember. Compressed toward the top; not to linear scale.

4.54 Gya

before present

4.5-4.6 Gya

before present

4.5-4.2 Gya
before present

~4.2 Gya

before present

~4.0 Gya

before present

~3.0-2.5 Gya

before present

~2.2 Gya

before present

~1.8 Gya

before present

833-650 Mya

before present

>600 Mya

before present

~540-518 Mya

before present

~55-60 Mya

before present

today
before present

Earth forms
molten rock, no life

Meteorites arrive
Murchison carries an L-amino-acid excess up to ~18-20%

The RNA world

a molecule that is both message and machine; handedness
locks in

LUCA

last universal common ancestor (95% Cl| 4.09—-4.33 Gya)

Code & ribosome

the genetic code freezes; the ribosome reads it; DNA
takes over

First messengers

serotonin-adjacent antioxidant chemistry in
cyanobacteria (order-of-magnitude)

The great merger

a cell swallows a bacterium — mitochondria (2.37-1.80
Ga)

LECA

the first complex (eukaryotic) cell

First animals
sponges, placozoans, ctenophores — animals with no brain

The bonding peptide

the oxytocin—vasopressin ancestor; protostomes &
deuterostomes split

Cambrian
the lobster's lineage appears; octopamine sets posture

Big brains rise
whales & dolphins begin enlarging their brains

Human & dolphin

EQ ~7.4-7.8 and ~4.1 — new minds, billion-year-old
molecules
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2021 - Vantomme, "Pasteur and chirality: A story of how serendipity favors the prepared
minds" — Chirality (Wiley)

* 2016 - "Why are all proteins 'left-handed'? New theory could solve origin of life mystery" —
Science/AAAS

2011 - "Emerging knowledge of regulatory roles of d-amino acids in bacteria" — Cellular and
Molecular Life Sciences (Springer)

* 2006 - Torres et al., "Mammalian L-to-D-amino-acid-residue isomerase from platypus
venom" — FEBS Letters

» 2025 - "Life's homochirality: Across a prebiotic network" — PNAS 122

2024 - Moody et al., "The nature of the last universal common ancestor and its impact on
the early Earth system" — Nature Ecology & Evolution


https://onlinelibrary.wiley.com/doi/full/10.1002/chir.23349
https://www.science.org/content/article/why-are-all-proteins-left-handed-new-theory-could-solve-origin-of-life-mystery
https://link.springer.com/article/10.1007/s00018-010-0571-8
https://link.springer.com/article/10.1007/s00018-010-0571-8
https://febs.onlinelibrary.wiley.com/doi/10.1016/j.febslet.2006.01.089
https://www.pnas.org/doi/10.1073/pnas.2505126122
https://www.nature.com/articles/s41559-024-02461-1
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The oldest data format on Earth

Four letters, three-letter words, twenty meanings — the same code in a bacterium and in a reader.

1 - Four letters, paired

T _ C A always pairs with T
= = (Uin RNA); G always with C.

Each strand is the recipe

2 bonds 3 bonds for rebuilding the other.

2 - Read three at a time — a codon

64 possible words from just four letters.
-

Two letters (16) would be too few for 20 amino acids;

three is the smallest word that works.
one codon = one 3-letter word

3 - 64 words — 20 amino acids + STOP

More words than meanings,

64 codons N 20 amino acids X
SO meanings repeat.

every 3-letter word + a STOP signal

Leucine is spelled six ways:

(UUA )[UUG ][CUU ](CUC ){CUA J{CUG )

The spare spellings are not waste: a mis-copied third letter often still means the same amino acid,
so the redundancy quietly absorbs copying errors. The code protects its own meaning.

4 - Counting it in bits

One letter 2 bits log, 4 — a choice of one out of four

One codon 6 bits three letters, 2 + 2 + 2 = 64 states

To name 1 of 20 ~4.32 bits log, 20 — what the meaning actually needs

The difference ~1.7 bits spent on redundancy, banked as error protection

swaugnssu tusenunlitiuiiazan
a [ v = 1 S = 2 o
wannaulawin: wudluwvunalug Tusia wasdisuun ladlddTuneuiaani

angUuadngnglulnaewnsy Muuannunungludlifiulansuainununada
nilalnsunuldidedunuituanumangannaiuuins Tuazkansinng
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* 2020s (open textbook, accessed 2026) - "An introduction to the genetic code,"
Chromosomes, Genes, and Traits: An Introduction to Genetics — Rotel/Pressbooks

» 1989 - Nobel Prize in Chemistry Press Release, "Ribonucleic acid (RNA) — a biomolecule of
many functions" — NobelPrize.org

» 2011 - "The multiplet structure of the genetic code, in one and small number" —
arXiv:1101.2983

» 1998 - Freeland & Hurst, "The Case for an Error Minimizing Standard Genetic Code" —
Journal of Molecular Evolution (Springer); extended by 2000 - Freeland, Knight, Landweber
& Hurst, "Early Fixation of an Optimal Genetic Code" — Molecular Biology and Evolution
(Oxford Academic)

2017 - Koonin, "Frozen Accident Pushing 50: Stereochemistry, Expansion, and Chance in the
Evolution of the Genetic Code" — Life (MDPI) 7(2):22

2012 - "On the Entropy of DNA: Algorithms and Measurements Based on Memory" —
Wharton School faculty paper
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https://rotel.pressbooks.pub/genetics/chapter/an-introduction-to-the-genetic-code/
https://www.nobelprize.org/prizes/chemistry/1989/press-release/
https://arxiv.org/pdf/1101.2983
https://link.springer.com/article/10.1023/A:1025771327614
https://academic.oup.com/mbe/article/17/4/511/1127636
https://academic.oup.com/mbe/article/17/4/511/1127636
https://www.mdpi.com/2075-1729/7/2/22
https://faculty.wharton.upenn.edu/wp-content/uploads/2012/04/On-the-entropy-of-dna.pdf
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1986 - Gilbert, "Origin of life: The RNA world" — Nature 319, 618

+ 2000 - Nissen, Hansen, Ban, Moore & Steitz, "The Structural Basis of Ribosome Activity in
Peptide Bond Synthesis" — Science 289(5481):920

2009 - Lincoln & Joyce, "Self-Sustained Replication of an RNA Enzyme" — Science
323(5918):1229-1232

« 1953 - Miller-Urey spark-discharge experiment, NASA historical summary — NASA NTRS
technical report

* 2008 - Johnson et al., "The Miller Volcanic Spark Discharge Experiment" — Science
322(5900):404

* 2009 - Glavin & Dworkin, "Enrichment of the amino acid L-isovaline by aqueous alteration on
Cl and CM meteorite parent bodies" — PNAS 106(14)
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https://www.nature.com/articles/319618a0
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https://www.science.org/doi/abs/10.1126/science.1167856
https://www.science.org/doi/abs/10.1126/science.1167856
https://ntrs.nasa.gov/api/citations/20050139759/downloads/20050139759.pdf
https://ntrs.nasa.gov/api/citations/20050139759/downloads/20050139759.pdf
https://www.science.org/doi/10.1126/science.1161527
https://www.science.org/doi/10.1126/science.1161527
https://www.pnas.org/doi/full/10.1073/pnas.0811618106
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» 1968 - Crick, F.H., "The Origin of the Genetic Code" (reviewed in Koonin & Novozhilov, "Origin
and Evolution of the Genetic Code") — PMC5492144

« 1975 - Wong, J.T., "A Co-Evolution Theory of the Genetic Code" — PNAS 72(5):1909-1912
* 2024 - Elzanowski, A. & Ostell, J. (comp.), "The Genetic Codes" — NCBI Taxonomy resource

» 2016 - Weiss, M.C. et al., "The physiology and habitat of the last universal common ancestor"
— Nature Microbiology 1:16116

2024 - Moody, E.R.R. et al., "The nature of the last universal common ancestor and its impact
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« 2008 - Glansdorff, N., Xu, Y., Labedan, B., "The Last Universal Common Ancestor: emergence,
constitution and genetic legacy of an elusive forerunner" — Biology Direct 3:29,
PMC2478661
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» 1993 - Lindahl, T., "Instability and decay of the primary structure of DNA" — Nature 362:709—
715, PMID 8469282

2013 - Krokan, H.E. & Bjoras, M., "Base Excision Repair" — Cold Spring Harbor Perspectives in
Biology 5:a012583

2015 - Lundin, D. et al., "The Origin and Evolution of Ribonucleotide Reduction" — Life
5:604-636, PMC4390871

« 2015 - Higgs, P.G. & Lehman, N., "The RNA World: molecular cooperation at the origins of
life" — Nature Reviews Genetics 16:7-17

2003 - Selinger, D.W. et al., "Global RNA Half-Life Analysis in Escherichia coli Reveals
Positional Patterns of Transcript Degradation” — Genome Research 13:216-223

* 2025 - (preprint) "Antiviral reverse transcriptases reveal the evolutionary origin of
telomerase" — bioRxiv / PMC12632851
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One tree, the same messengers

Where each signalling molecule sits on the tree of life. Branch lengths are schematic.
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2024 - Moody, E.R.R. et al., "The nature of the last universal common ancestor and its impact
on the early Earth system" — Nature Ecology & Evolution

* 2024 - Lambert, J., "All Life on Earth Today Descended From a Single Cell. Meet LUCA." —
Quanta Magazine

* 1998 - Woese, C.R., "The Universal Ancestor" — PNAS 95:6854
* 2009 - Davies, P.C.W. et al., "Signatures of a Shadow Biosphere" — PubMed 19292603
* 2024 - "Confronting risks of mirror life" — Science, DOI 10.1126/science.ads9158

2020 - "The Search for Chiral Asymmetry as a Potential Biosignature in our Solar System" —
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