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The origin of life 1s the invention of
non-equilibrium redox chemistry that

involves five of the
The "Big Six"

H,C,N,O,Pand 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

H,, Fe(ll), H,S and CH,0



The major source of electrons
today is
LIQUID WATER
(H,0)









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
exchanqge processes.



The ensemble of redox reactions are

coupled on a
Planetary SCALE

Oxygenic Photosynthesis
H,0 + CO, "~ (CH,0), + O,

Aerobic Respiration:

(CH,0), + O, - H,0 + CO,




The evolution of nannomachines

selection of biological catalysis
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1.9 A resolution structure of PSII dimer

Nature (2011, 2015, 2017)

Total subunits:40

Overall MW: 700 kDa

The largest membrane protein
complex whose structure has
been solved beyond 2.0 A
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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”
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“Periodic Table” of Transition Metal Binding Proteins

experimentally validated EC1

21 22 |7 1 24 (647 28 8248T 86 247 75 1299T
Sc Ti \Y% Cr | Mn | Fe | Co i
43955010 47867 || 7 || stoo61 || 7039.|125006| 914 |
39 40 41 (452 16| 43 45
Y Zr | Nb [ Mo | Te | Ru | Rh
Yttrium Zirconium Niobium Technetium Ruthenium Rhodium
88.90585 | 91.224 | 92.90638 || 554 (98) 101.07_|102.90550
57 72 73 75 76 77
La | Hf | Ta | W | Re | Os Ir
Lanthanum Hafnium Tantalum Rhenium Osmium Iridium
138.9055 178.49 180.9479 1 186.207 190.23 192.217 195.078
89 104 105 106 107 108 109 110
Ac | Rf | Db g | Bh | Hs | Mt
Actinium | Rutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium
(227) (261) (262) (263) (262) (265) (266) (269)
I ———
Number of SwissProt proteins associated with transition metals: All, EC1, and
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ferredoxin

scandium | ftanium | vanadium | chromium | manganesd cobalt Tickel copper Zinc
21 22 23 24 25 27 28 29 30
Sc| Ti| V |Cr|Mn Co| Ni |[Cu|Zn
44956 AT.867 50.942 51.996 54.938 g 58933 58693 £3.546 65.39
yitrium Zirconlum nioblum molybdenum| technetiu oareg rhedium palladium sliver cadmium
39 40 4 42 43 44 45 46 47 48
Y | Zr |[Nb|Mo| Tc |Ru|Rh|Pd|Ag|Cd
£8.906 91.224 92.906 9594 [88) 101.07 102.91 106.42 107.87 11241
lutetium hafnium tantalum tungsten rhenlum osmium Iridium platinum gold mercury
71 72 73 74 75 76 77 78 79 80
Lu Hf [ Ta|l W | Re|Os| Ir | Pt | Au|Hg
174.97 178.49 180.95 183.84 186.21 190.23 19222 165.08 196.97 200.59




nitrogenase

scandlum titanium vanadium chromium | manganesd cobalt nickel copper zinc
21 22 23 27 28 29 30
Sc|Ti| V Co| Ni |[Cu|Zn
44956 AT.867 50.942 58933 58693 £3.546 65.39
yitrium Zirconlum nioblum rhedium palladium sliver cadmium
39 40 M 44 45 46 47 48
£8.906 91.224 92.906 101.07 102.91 106.42 107.87 11241
Tatatium hafnium tantalum Ssmium Tidium iatinum gold mercury
7 72 73 76 77 78 79 80
174.97 178.49 180.95 190.23 19222 165.08 196.97 200.59




superoxide dismutase

scandlum titanium vanadium chromium | manganese Iron cobalt nickel copper
21 22 23 24 25 26 27 28
Sc| Ti| V|Cr| Mn|Fe|Co| Ni
44956 AT.867 50.942 51.996 54.938 55845 58933 58693
yitrium Zirconlum nioblum | molybdenum| technetium | ruthenium rhodium palladium cadmium
39 40 M 42 44 45 46 48
£8.906 91.224 92.906 9594 (98] 101.07 102.91 106.42 11241
Jutetium hafnium tantalum tungsten thenium Ssmium Tidium iatinum mercury
7 72 73 74 75 76 77 78 80
174.97 178.49 180.95 183.84 186.21 190.23 19222 165.08 200.59




superoxide dismutase

scandium titanium vanadium chromium Iron cobalt nickel copper zinc
21 22 23 24 26 27 28 29 30
Sc| Ti| V |Cr Fe |Co| Ni | Cu|Zn
44956 AT.867 50.942 51.996 55845 58933 58693 £3.546 65.39
yitrium Zirconlum nioblum molybdenury ruthenium rhedium palladium sliver cadmium
39 40 4 42 43 44 45 46 47 48
Y | Zr |[Nb|Mo| Tc |Ru|Rh|Pd|Ag|Cd
£8.906 91.224 $2.908 9594 [88) 101.07 102.91 106.42 107.87 11241
lutetium hafnium tantalum tungsten rhenlum osmium Iridium platinum gold mercury
71 72 73 74 75 76 77 78 79 80
Lu  Hf | Ta| W Re|Os| Ir | Pt | Au|Hg
174.97 178.49 180.95 183.84 186.21 190.23 19222 165.08 196.97 200.59
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100% Loop

Primordial polypeptide

Mixed helix & sheet
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A secondary structural tree of EC1 proteins

—001

4Fe-4S type2 Iron hydrogenase

— 4Fe-4S type2 4Fe-4S ferredoxin

4Fe-4S  Nitrite/sulphite reductase

siroheme  Nitrite/sulphite reductase
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Cu
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Zn
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,—Fe
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Aldehyde oxidase/xanthine dehydrogenase
Aldehyde oxidase/xanthine dehydrogenase
Aldehyde oxidase/xanthine dehydrogenase
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Cytochrome c oxidase subunit Il

I- — Cu

Loop clade

Intradiol ring-cleavage dioxygenase
Fe Taurine catabolism dioxygenase TauD/TfdA
Peptidyl-glycine alpha-amidating monooxygenase
Fe Isopenicillin N synthase

Formate reductase

4Fe-4S type2 NADH: ubiquinone oxidoreductase-like, 20kDa subunit iron
Nitrogenase/oxidoreductase
Nitrogenase/oxidoreductase
Ni Nickel-dependent hydrogenase
Heme Nitric oxide synthase
4& 4Fe-4S type3 4Fe-4S ferredoxin
Fe

Extradiol ring-cleavage dioxygenase

Fe- NADH: ubiquinone oxidoreductase-like
4Fe-4S type1 Iron hydrogenase
4Fe-4S type1
Fe Aromatic amino acid hydroxylase
Heme Multihaem cytochrome

FE8-S7 Nitrogenase/oxidoreductase

Fitch-Margoliash Tree Heme Cytochrome P450, B-class

STDEV 16.07618% o

4Fe-4S  Light-independent protochlorophyllide reductase
|E 4Fe-4S Nitrogenase iron protein, subunit NifH/Protochlorophyllide reductase
NADH: ubiquinone oxidoreductase-like

Heme Cytochrome P450, E-class, group |
(Fe4-S4)2  Nitrogenase/oxidoreductase

Heme Cytochrome P450, E-class, group IV

Di-copper centre-containing copper €
Heme Heme peroxidase
4Fe-4S type1

Cu Copper amine oxidase
Fe Extradiol ring-cleavage dioxygenase
Mn  Germin, manganese binding site mangan

helix clade

Sheet %

4Fe-4S ferredoxir
[ Cu Cytochrome c oxidase, subunit | bacterial type

Kim et al, Phil Trans 2013

“Hem Cytachrome c oxidase, subunit | bacterial type
—

sheet clade




*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.



“redox protein construction kit” ~ 1000 domains

Ranaan et. al. PNAS (2018)



construct a SPAN for oxidoreductases

oxidoreductase
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oxidoreductase SPAN composed of ~100 modules
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thickness = number of instances



design of a primordial ferredoxin
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Glows from other planets




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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