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Production of H2 from the irradiation 
of MnCO3 with UV light

0 hr 48 hr 380 hr





The origin of life is the invention of 
non-equilibrium redox chemistry that 

involves five of the
The �Big Six�

H, C, N, O, P and S
And at least 54 other �trace 

elements�



Life is Electric

• All organisms derive energy for growth and
maintenance by moving electrons from a 
substrate to a product.
•All substrates and products must 

ultimately be cycled.
• Biological processes are paired 

(e.g., photosynthesis and respiration)



In the Archean Oceans the 
primary sources of electrons 

were…

H2, Fe(II),  H2S and CH2O



The major source of electrons 
today is

LIQUID WATER 
(H2O)







as per Vernadsky 

All living organisms on Earth 
exchange a gas with their 
environment – via redox 
reactions

Many of the core metabolic 
processes are related to gas 
exchange processes.



The ensemble of redox reactions are 
coupled on a 

Planetary SCALE
Oxygenic Photosynthesis

H2O + CO2 (CH2O)n + O2

Aerobic Respiration:

(CH2O)n + O2 H2O + CO2



The evolution of nannomachines 
–

selection of biological catalysis





1.9 Å resolution structure of PSII dimer

Total subunits�40
Overall MW� 700 kDa
The largest membrane protein 
complex whose structure has 
been solved beyond 2.0 Å

Nature (2011, 2015, 2017)
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This annotation of this 
metabolic  map reveals there 
are only about 400 core genes 
responsible for all electron 
transport reactions on the 
planet!

How are the electrons 
connected?



Metals in protein �transistors�



Number of SwissProt proteins associated with transition metals: All, EC1, and 
experimentally validated EC1
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ferredoxin



nitrogenase



superoxide dismutase



superoxide dismutase







A secondary structural tree of EC1 proteins

Loop clade

sheet clade

helix clade

Kim et al, Phil Trans 2013



Evolution of Sequences and Folds 

•Evolution of core structural motifs
•The paradox of structure/sequence 
divergence
•The processes of natural selection severely 
inhibit any change a well-adapted system on 
which several other essential components 
depend. (Eck RV, Dayhoff MO, 1966)



Motifs (i.e., folds)

•There appear to be only 35 motifs in all of 
the extant electron transfer reactions in 
nature.
•Decifering the evolutionary history of these 
motifs is one of the grand challenges of 
science.



plastocyanin cytochrome	C

ferredoxin

symmetrin

“redox protein construction kit” ~ 1000 domains

Ranaan et. al.  PNAS (2018)



Fe4S4

Mo

heme

oxidoreductase
modulesETC

spatial	adjacency	
network	(SPAN)

<	14	�

construct a SPAN for oxidoreductases



oxidoreductase SPAN composed of ~100 modules

node = module; size = number of edges to other modules

edge = co-occurance in structure (m-m distance < 14Å);
thickness = number of instances

Ranaan et. al.  PNAS (2018)



60 aa

12 aa

-490 mV

design of a primordial ferredoxin



Glows from other planets



Conclusions
1. In the first ca. 2.5 Ga of Earth�s history, nature invested 

heavily in R&D from which a �core� set of metabolic  
machines evolved. 

2. All of the key metabolic processes were developed in 
prokaryotes

3. There are approximately 400 core metabolic genes that 
make biological electons flow across the planet world.

4.     These metabolic sequences are coupled on local and 
planetary scales to facilitate an electron market 
between C, N, O, and S. 

5.   The electronic potential is driven by light
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