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Genes
“Chromosomes … contain in some kind of code-
script the entire pattern of the individual's future 
development and of its functioning in the mature 
state”

Entropy
“Life feeds on negative entropy…The device by 
which an organism maintains itself stationary at a 
fairly high level of orderliness really consists in 
continually sucking orderliness from its 
environment” 

What is life?

Erwin Schrödinger
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“If I had been catering for physicists 
alone I should have let the discussion 
turn on free energy instead.”

What is living?

Erwin Schrödinger



Free energy is the energy available to 
power work e.g. muscle contraction

All our energy comes from burning 
food in oxygen – cell respiration

Respiration generates heat – entropy! –
but free energy is conserved as ATP

What is free energy?

ADP + Pi  ATP
Rich P. Nature 421: 583 (2003). 



Humans turnover >65 Kg ATP per day 
– our own bodyweight 

Ancient processes like methanogenesis

CO2 + 4H2  CH4 + 2H2O

produce 16 grams of methane and 36 grams 
of water per 1.3 g cell

40X the mass of excretion products 
as mass of cell

Life is a SIDE REACTION of a 
main exothermic reaction

What is free energy?

Rich P. Nature 421: 583 (2003). 



At the origin of life, before the advent of 
evolutionarily refined enzymes 

there must have been even greater flux 
through some main exothermic reaction to 

support doubling of organic matter

What was it?



Stanley Miller – from 1953



No evidence it existed; nothing to contain the reactants; high entropy; no thermodynamic driving force

Primordial soup



The prebiotic broth theory has 
received devastating criticism for 
being logically paradoxical, 
incompatible with thermodynamics, 
chemically and geochemically 
implausible, discontinuous with 
biology and biochemistry, and 
experimentally refuted.
Günter Wächtershäuser

No love lost
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Black smokers



The energy in black smokers depends on the reaction of H2S (or H2) with O2 – which derives from photosynthesis – the sun

Life in black smokers depends on the sun



‘Life as we don’t know it’

The iron-sulfur world

Fool’s gold (FeS2)

Carbon monoxide (CO)

Sewer gas (H2S)



Cyanosulfidic protometabolism

Cyanide
Cyanoacetylene
Formamide
UV radiation
Zn sulphide
Wet-dry cycles

Jim Peaco, National Park Service via Wikimedia



Substrates – cyanide, cyanamide, formamide, PAHs (buckyballs from outer space!)
Solvents – formamide, silicate gels, supercritical water, wet-dry cycles 
Catalysts – iron pyrites, borate, ZnS
Reaction pathways – cyanosulfidic protometabolism
Energy coupling – pyrites pulling, UV, heat, lightning, ZnS photosynthesis, radioactivity, proton radiation

The unnatural origin of life?

Frankenstein 
chemistry

No resemblance 
between prebiotic 

chemistry and 
biochemistry



Christian de Duve

How did protometabolism come to be replaced 
by metabolism? The obvious answer to this 
question is that the appearance of catalysts, 
whether ribozymes, protein enzymes, or both, 
was responsible for the transition... 

We have to ask how catalysts with appropriate 
properties came to appear... 

The only scientifically plausible explanation 
is that the catalysts arose through 
selection...

Enzymes are selected only if they fit into 
protometabolism

Can life give insight into its own origins?



Is there a universal form of free energy 
conservation across all living things?

Yes: the use of ion gradients over 
membranes to power growth

Proton gradients across membranes 
are as universal as the genetic code



What’s happening in you right now
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Sir John Walker

ATP synthase 
is an amazing 
rotary motor 

set in the 
membrane –

a turbine






“Not since Darwin has biology come up with an idea as counterintuitive as those of, say, 
Einstein, Heisenberg or Schrödinger…” Leslie Orgel

Jennifer Moyle and Peter Mitchell

“I cannot consider the 
organism without its 

environment… from a 
formal point of view the 
two may be regarded as 

equivalent phases between 
which dynamic contact is 

maintained by the 
membranes that separate 

and link them.”

Peter Mitchell, 1957

Proton gradients are fundamental



Peter Mitchell

How do bacteria keep the outside out?

It costs energy to keep the outside out



Peter Mitchell

How do bacteria keep the outside out?

Energy is released by letting the outside in



CO2 + 4H2 CH4 + 2H2O + ENERGY

Methanogens – archaea 

To drive the reaction between H2 and CO2 methanogens need a proton gradient

Even very early cells used proton gradients



Methanogenesis generates 
an H+/Na+ gradient via flavin-

based electron bifurcation

Methanogenesis generates a proton gradient

Rolf ThauerWolfgang Buckel



Sojo V, Herschy B, Whicher A, Camprubi E, Lane, N. The origin of life in alkaline hydrothermal vents. Astrobiology 16: 181-197 (2016)

The proton gradient drives 
CO2 fixation via a simple 

membrane protein: Ech or 
Energy-converting 

hydrogenase

Could geological proton 
gradients have driven the 
growth of protocells at the 

origin of life?

Proton gradient drives growth via Ech



Lost City vent field

Alkaline hydrothermal vents

Deborah Kelley



High concentrations of H2 and CO2
Proton gradients across catalytic FeS walls 0.5 mm 

Mike Russell, Nascence Man

Electrochemical flow reactors



Vent pores are similar in topology to cells

But how could proton gradients across pores drive the evolution of cells?



Proton gradient drives growth via Ech

Sojo V, Herschy B, Whicher A, Camprubi E, Lane, N. The origin of life in alkaline hydrothermal vents. Astrobiology 16: 181-197 (2016)

Ech uses the proton gradient to drives the difficult reduction of ferredoxin



Manuela Pereira

History is buried in 
molecular biology

Ech is still used in our own respiration

Marreiros BC et al. A missing link between complex I and group 4 membrane-bound [NiFe] hydrogenases. Biochim. Biophys. Acta 1827, 198-209, 2013
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pH 7 pH 7 pH 6pH 11

Reactivity of H2 and CO2 depends on pH

Herschy B, Whicher A, Camprubi E, Evans J, Lane N. An origin-of-life reactor to simulate alkaline hydrothermal vents. J. Mol. Evol. 79: 213-227; 2014



H2 should reduce CO2 across a semiconducting barrier to form CH2O
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Gradients, structure & flow drives growth



Herschy B, Whicher A, Camprubi E, Evans J, Lane N. An origin-of-life reactor to simulate alkaline hydrothermal vents. J. Mol. Evol. 79: 213-227 (2014).

An origin-of-life reactor to simulate vents



Steep pH gradients across inorganic barrier

Can be 5 pH units 
across ~70 µm



Synthesis of CO, formate and formaldehyde

Formate

Formaldehyde on 
Fe(Ni)S precipitate

Formate(A)
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Physical structure could enable CO2 fixationProtocell evolution – topological equivalence

If organics form from CO2 driven by proton gradients there is continuity with biology
at all stages of protocell evolution and development right up to genes and proteins 



Computer simulation

Amino acids chelate FeS crystals 
– hinders growth giving more small 

crystals with larger surface area

Chelation by amino acids 
partitions FeS crystals to 

membrane, giving ‘proto-Ech’

Natural proton gradients drive 
formation of new organics through 

proto-Ech – positive feedback

Positive feedbacks drive growth in vents

West T, Sojo V, Pomiankowski A, Lane N. 
Phil. Trans. R. Soc. B. 372: 20160419; 2017.
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Can we make fatty-acid 
vesicles under the correct 

range of pH?

Can we chelate FeS minerals 
with cysteine to form small 
‘biological’ FeS clusters?

Can we associate the FeS 
clusters with the membrane?

Will the protocells fix CO2 
driving growth?

Positive feedbacks drive growth in vents

West T, Sojo V, Pomiankowski A, Lane N. 
Phil. Trans. R. Soc. B. 372: 20160419; 2017.



• pH - 5 -12

• Temperature - 50 to 100 °C

• Salinity - NaCl (600 mM)

• Divalent cations – Mg2+ (50 mM), Ca2+ (10 mM)

Are vents too harsh for fatty acid vesicles?



pH 7.09 1:1 Fatty acid/alcohol C10 - C15
(5 mM) pH 12.13

5 mM 5:1 fatty acid-alcohol 
C10 - C15 pH 9.18

Fatty acid + fatty alcohol protocells at 70 °C and pH 12

Jordan S, Rammu H, Zheludev IN, Hartley AM, Marechal A, Lane N. Promotion of protocell self-assembly from mixed amphiphiles at the origin of life. MS submitted (2019).

Decanoic acid alone

6 FA mix, 5 mM

5:1 FA:FOH mix

1:1 FA:FOH mix

Critical bilayer concentration 6 FA mix 

C10 - C15 (5 mM) vesicles 
at CBC (300 µM)

1:1 Fatty acid/alcohol C10 -
C15 (0.1 mM) pH 7.09



Protocells at modern ocean salinity, Ca2+ and Mg2+

pH 12, 70⁰C, 600 mM NaCl, 50 mM MgCl2,10 mM CaCl2

Jordan S, Rammu H, Zheludev IN, Hartley AM, Marechal A, Lane N. Promotion of protocell self-assembly from mixed amphiphiles at the origin of life. MS submitted (2019).



Filamentous vesicles in salty solutions 

Jordan S, Rammu H, Zheludev IN, Hartley AM, Marechal A, Lane N. Promotion of protocell self-assembly from mixed amphiphiles at the origin of life. MS submitted (2019).



Varying cysteine concentration (mM)
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Formation of FeS clusters by chelation with cysteine

UV-Vis spectroscopy of 4Fe-4S clusters

3 mM cysteine

Mossbauer spectroscopy: 4Fe-4S + 2Fe-2S clusters

3 mM cysteine

Methionine (20 mM) varying pH

5 mM cysteine

Jordan S, Ioannou I, Vasiliadou R, Lane N. Formation of strongly reducing iron-sulfur clusters with prebiotic amino acids at the origin of life. MS in prep (2019).



Reactivity of FeS clusters is pH dependent
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pH-dependent reduction potential of FeS
clusters chelated by 10 mM bicarbonate
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pH-dependent reduction potential of FeS
clusters chelated by 20 mM methionine

−55 ± 3 mV/pH unit (R2 = 0.96)−70 ± 9 mV/pH unit (R2 = 0.88)

Jordan S, Ioannou I, Vasiliadou R, Lane N. Formation of strongly reducing iron-sulfur clusters with prebiotic amino acids at the origin of life. MS in prep (2019).



We can make vesicles under 
the correct range of pH

We can chelate FeS minerals 
with cysteine at pH 9 to form 

4Fe4S clusters

Can we associate the FeS 
clusters with the membrane?

Will the protocells fix CO2 
driving growth?

Positive feedbacks drive growth in vents

West T, Sojo V, Pomiankowski A, Lane N. 
Phil. Trans. R. Soc. B. 372: 20160419; 2017.



Mini natural disaster – protocells fleeing a bubble 






Thanks to the Leverhulme Trust, EPSRC and bgc3 for funding

Thank you!
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