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Where did all this come from?

ExPASy Biochemical Pathways



The Early Earth

http://www.novacelestia.com/images/hadean_earth_space_art.jpg&imgrefurl http://www.nytimes.com/2008/12/02/science/02eart.html
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The LUCA

What we know:

It was microbial
It had ribosomes

proteins
compartmentalization



The proteome of the LUCA

Approx 669 genes    (Res. Microbiol. 157, 57-68, 2006)

Including enzymes for synthesis of
amino acids
nucleotides
sugars
fatty acids
cofactors
ATP



Almost every reaction in this network is catalyzed by an enzyme

ExPASy Biochemical Pathways



Why catalysis is needed

reaction t1/2

triose isomerization 2 days

ester hydrolysis 4 years

phosphomonoester 
hydrolysis

>500,000 years

fumarate hydration 700,000 years

phosphodiester 
hydrolysis

>13 million years

OMP decarboxylation 1.1 billion years

Wolfenden, Acc. Chem. Res. 34, 938, 2001
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Catalysts structure metabolism by accelerating specific reactions
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The “evolution” of catalysts

minerals/metal ions/small molecules

medium-sized molecules
peptides
short “RNAs” – likely complexed with amino acids/cofactors/metal ions

“RNA” – likely complexed with amino acids/cofactors/metal ions

protein enzymes 

time



RNA



The “evolution” of catalysts

minerals/metal ions/small molecules

medium-sized molecules
peptides
short “RNAs” – likely complexed with amino acids/cofactors/metal ions

“RNA” – likely complexed with amino acids/cofactors/metal ions

protein enzymes 

time
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Adv. Space Res. 33, 57-66, 2004

What did the first catalysts have to work with?

https://scitechdaily.com/first-evidence-of-bio-essential-sugars-in-meteorites/

http://www.skyshooter.net/images


Estimated delivery of organic carbon 4.4 Gyr ago

Interplanetary dust particles 109 

Comets > 106

Meteorites >104

Nature 355, 125, 1992

kg C yr-1



Some meteorites contain thousands of organic compounds

Cold Spring Harb Perspect Biol 2010;2:a002105
PNAS 116, 24440–24445, 2019

sugars in the Murchison meteorite



Cold Spring Harb Perspect Biol 2010;2:a002105

found in life



found in life



http://complex.upf.es/
~josep/research.html

Proteinogenic
amino acids
glycine
aspartate 
glutamate 
valine
proline
leucine
isoleucine
serine
threonine

Non-proteinogenic
Amino acids
sarcosine
b-alanine
a-amino-n-butyric acid
a -aminoisobutyric acid
isovaline
norvaline
alloisoleucine
norleucine
allothreonine
a -hydroxy-g-aminobutyric acid
a,g-diaminobutyric acid
a, b -diaminopropionic acid
isoserine

http://complex.upf.es/


Life may have originated in a warm little pond
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Adv. Space Res. 33, 57-66, 2004

complex mixtures; only partial overlap with biomolecules

https://scitechdaily.com/first-evidence-of-bio-essential-sugars-in-meteorites/

http://www.skyshooter.net/images


An alternative – an origin in hydrothermal vents
Discovered 1979



Hydrothermal vents host lush ecosystems



Cross-section through a cut-face of the sulfide chimney “Finn”

•Applied and Environmental Microbiology 69(6):3580-92, 2003

Zones 1-3 – 2 x106 – 2 x 108 microbes/g sulfide
Zone 4 – 2 x 105 microbes/g sulfide

https://www.researchgate.net/journal/Applied-and-Environmental-Microbiology-1098-5336


Porous walls provide

1) compartmentalization

2) catalytic surfaces

3) continuous supply of reactive small 
molecules



Acidic vent fluids contain

H2
CH4
CO2
H2S

NH4
+

Black smokers



The Lost City Hydrothermal Field
Discovered 2000

60 m tall carbonate towers

Venting <40-90°C diffuse fluids, low 
metals, low silica, pH’s 9-11

Fluids are enriched in methane, 
hydrogen, and other hydrocarbons



requires
build-up of a
sparse set of 
metabolites

requires
pruning of a

complex set of 
metabolites



Where did all this come from?

ExPASy Biochemical Pathways
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The retrograde hypothesis
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An addition to the hypothesis:
Enzymes in a pathway will be related



2 becomes important

gene duplication

Specialist 1 Specialist 2

Gene encoding enzyme 1 with inefficient secondary activity 2

mutations

more mutations

X N

amplification



1974 1976



i.e. able to catalyze secondary reactions

Key idea: early enzymes were 
promiscuous



“blue” enzyme could be recruited to 
perform ”red” reaction in another 

pathway
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The patchwork hypothesis
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Gene encoding enzyme 1 with inefficient secondary activity 2
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Questions?
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Three problems with the 
retrograde hypothesis

1) Requires A, B, C, D and E 
to be present in the 
environment
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Three problems with the 
retrograde hypothesis

2) Requires A, B, C, and D to 
be stable
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Three problems with the 
retrograde hypothesis

3) Bioinformatics evidence 
shows that enzymes in a 
pathway are rarely related
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The patchwork hypothesis



e.g. E. coli alkaline phosphatase
kcat / KM
(M-1s-1)

3 x 107

1 x 10-2

1 x 102

O’Brien and Herschlag, J. Am. Chem. Soc. 1998, 120-12369 and Biochemistry 2001, 40, 5691

109

1011

1017

“proficiency”

Even inefficient promiscuous activities can accelerate reactions by 
orders of magnitude



Panoramic view of a superfamily of phosphatases through substrate profiling, 
PNAS 112, E1974 – E1983, 2015

167

>200

Promiscuity is common



ExPASy Biochemical Pathways

E. coli 1600
P. aeruginosa 2100
S. melliloti 2300
B. subtilis 1500
A. fulgidus 800
M. acetivorans 1400

J. Mol. Biol. 349, 745, 2005

The number of promiscuous activities is unknown but undoubtedly huge



Nature Chem Biol 5, 559-566, 2009



Pyridoxal 5’-phosphate (vitamin B6)
(PLP)

Transamination
Racemization
b-elimination

Retro aldol cleavage
Radical reactions

N
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PLP synthesis in most organisms 

glutamine
glyceraldehyde 
3-phosphate
ribose 5-
phosphate

PLP
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Questions?
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The patchwork hypothesis is 
supported by the evidence
– but how does it happen?



ExPASy Biochemical Pathways

Lost in time…….

What organism?

What environment?

What promiscuous activities were 
available?

What mutations?



A story about the evolution of a novel metabolic pathway
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PdxB:  Erythronate-4-phosphate dehydrogenase

Note: bacterial genes are designated by italics and lower case

Proteins encoded by genes are capitalized and not italicized

E.g. the gene pdxB encodes the protein PdxB (which is erythronate 4-phosphate
dehydrogenase)
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∆pdxB E. coli
M9/glucose plates

Note: bacterial genes are 
designated by italics and lower 
case

Proteins encoded by genes are 
capitalized and not italicized

E.g. the gene pdxB encodes the
protein PdxB (which is
erythronate 4-phosphate
dehydrogenase)



enzyme activity

PdxA dehydrogenase

AroB synthase

ThrB kinase

HisB dehydratase

Php predicted hydrolase

NudL hydrolase

YjbQ conserved protein of unknown function
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Molecular Systems Biology 6: 43, 2010
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Molecular Systems Biology 6: 43, 2010
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Molecular Systems Biology 6: 43, 2010
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Questions?
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1) How are the evolved strains making PLP?

2) How do mutations improve PLP synthesis?
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SerA = 3-phospho-
glycerate dehydrogenase
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SerA has weak activity with erythronate

kcat/KM = 
1.6 x 103 M-1s-1

kcat/KM = 
0.07 M-1s-1
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Questions?



1) How are the evolved strains making PLP?

2) How do mutations improve PLP synthesis?
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Deletions
Premature stop codons
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Punchline: pgl and gapA
mutations increase the 
ability of SerA to perform 
its new function in SP4
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3PG is a competitive inhibitor of the newly needed reaction

kcat/KM = 
1.6 x 103 M-1s-1

kcat/KM = 
0.07 M-1s-1
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Punchline: pgl and gapA
mutations increase the 
ability of SerA to perform 
its new function in SP4 by

1) decreasing inhibition by 
the native substrate (3PG)

and

2) decreasing feedback 
inhibition by serine
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Punchline: serAmutations 
increase the ability of SerA
to perform its new function 
in SP4 by

1) decreasing feedback 
inhibition by serine

2) improving new activity 
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Seven (!) ways to improve oxidation of erythronate
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Seven (!) ways to improve oxidation of erythronate
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activities in the proteome
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Inefficient promiscuous 
activities may be sufficient to 
launch a new pathway

kcat/KM = 
0.07 M-1s-1

kcat/KM = 
0.007 M-1s-1
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The same phenotypic result can be achieved in multiple ways
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The patchwork hypothesis
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