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Hierarchy in Biology:

� Prebiotic Chemistry

� Intermediary Metabolism

� Cellularity

� Prokaryotes

� Eukaryotes

� Multicellularity



Hierarchy - Complexity

� Reductive world precedes Oxidative 
environment

� Autotrophs preceding heterotrophs

� Chemolithoautotrophs preceding 
phototrophs

� Minimal Metabolome and Chart of 
Autotrophic Metabolism 

Chemolithoautotrophs



Core Intermediary Metabolism is 
Universal & Robust
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Reductive Citric Acid Cycle  is Network 
Autocatalytic
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Intermediary Metabolism of an Early 
Autotroph

� Phylogenetic profiling 

places hyperthermophilic

bacteria at the deep end

� Aquifex aeolicus:

- Hyperthermophilic, Reductive

- Chemolithoautotrophic,

- Anabolic …

� Small genome : 1,551,335 bp

� 1560 ORFs LUCA



Autotrophic Intermediary MetabolismAutotrophic Intermediary Metabolism

� Aim: To Construct a Canonical Chart of Intermediary 

Metabolism

� Strategy: To datamine biological databases for metabolic 

pathway information

� KEGG, NCBI– Pubmed, Genome, Pubchem, Metacyc, 

BRENDA

� Organisms: Aquifex aeolicus, Hydrogenobacter

thermophilus, Thiomicrospira denitrificans, Chlorobium

limicola



Metabolic Reconstruction 

� Data-mining: KEGG  & other Databases

� Reactions of individual metabolic and sub-

metabolic pathways

� Reactants, Products and Intermediates of

� rTCA cycle – Carbon fixation

� Glycolysis/Gluconeogenesis

� Amino acid biosynthesis

� Purine & Pyrimidine biosynthesis

� Fatty acid, Sterol and Lipid & Peptidoglycan

biosynthesis 

� Cofactor biosynthesis



Complete Metabolic Chart Of a Complete Metabolic Chart Of a 

Reductive Reductive Chemoautotroph Chemoautotroph 



Complete Metabolic Chart Complete Metabolic Chart –– Reductive Reductive 

ChemoautotrophChemoautotroph



Pathway Reactions Pathway Reactions –– rTCArTCA cyclecycle



Summary:

• Rudimentary Organic Chemical Reactions – 4 general 

types: oxidation/reduction, addition/elimination, hydrolysis 

and decarboxylation ( Petsko & Dagmar, 2004)

• 287 Unique Compounds

• Compound Categories: Monomers and Intermediates

• Sub-classification in the context of ‘Nodes in the 

metabolic network’

MetabolomeMetabolome of a Reductive Chemoautotrophof a Reductive Chemoautotroph



MetabolomeMetabolome of a Reductive Chemoautotrophof a Reductive Chemoautotroph

Core (rTCA outputs) 6

Nodal Core ( Pyr, 2-OXG, OXA) 7

Intermediate (utilized once) 169

Nodal Intermediate  (utilized > once) 20

Precursor to  (amino acids, dNTPs)

Polymerization
18

Nodal Precursor (amino acids, rNTPs)

to Polymerization
13

CoFactor 12

Lipid Intermediate 35

Lipid Component 7

Total 287



Network Analysis & Generalizations Network Analysis & Generalizations ––
Deconstruction of Network into Subgraphs
Metaboly -24
125 compounds

Non-Nitrogenous



Network Analysis & Generalizations Network Analysis & Generalizations ––
Deconstruction of Network into Subgraphs

Cofactors



Network Analysis & Generalizations Network Analysis & Generalizations ––
Deconstruction of Network into Subgraphs

Cofactors



� 1. The universal atomic constituents of metabolism 

are Carbon, Hydrogen, Nitrogen, Oxygen, 

Phosphorous, and Sulfur
Wald, G. 1962. "Life in the Second and Third Periods;  Why Phosphorus 
and Sulfur for High-Energy Bonds?" In ‘Horizons in Biochemistry’ ed. M. 
Kasha and B. Pullman.  Academic Press, New York..

� 2. All pathways are anabolic 

�� 3. No Molecule Left Behind 3. No Molecule Left Behind –– When a pathway 

involves a splitting of a molecule, both parts enter 

into anabolic pathways

Network Analysis & GeneralizationsNetwork Analysis & Generalizations



Network Analysis & Generalizations Network Analysis & Generalizations –– No No 

Molecule Left Behind Molecule Left Behind 
Compound Reaction Production

Pathway

Feedback 

Pathway
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Pyruvate
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Anthranilate + Pyruvate + H2O TRP, 
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2

Fumarate
N-(L-Arginino)succinate <=> 

Fumarate + L-Arginine ARG, PUR rTCA

3 2-Oxo
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Network Analysis & Generalizations Network Analysis & Generalizations –– No No 

Molecule Left Behind Molecule Left Behind 

5

Glyceraldehyde 3-

phosphate 

L-serine + Indoleglycerol

phosphate <=> 

L-tryptophan + Glyceraldehyde

3-phosphate + H2O 

TRP RIBOSE

6

D-Erythrose 4-

phosphate

D-Fructose 6-phosphate + D-

Glyceraldehyde 3-phosphate 

<=> 

D-Xylulose 5-phosphate + D-

Erythrose 4-phosphate 

RIB
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PHE, 
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7

AICAR

Phosphoribulosyl-formimino-

AICAR-P + L-Glutamine <=>  

D-erythro-1-(Imidazol-4-

yl)glycerol 3-phosphate + 

AICAR +  L-Glutamate  

HIS PURINE



Network Analysis & Generalizations Network Analysis & Generalizations ––

Five Pillars of AnabolismFive Pillars of Anabolism

�� CoreCore--24 network has five starting termini leading 24 network has five starting termini leading 

to 20 amino acids and 4 to 20 amino acids and 4 ribonucleotidesribonucleotides

�� These five compounds are These five compounds are universaluniversal termini for termini for 

all autotrophic metabolismall autotrophic metabolism

• Acetate (acetyl-CoA)

• Pyruvate

• Phosphoenolpyruvate

• Oxaloacetate

• 2-Oxoglutarate



Network Analysis & Generalizations Network Analysis & Generalizations ––
Deconstruction of Network into Subgraphs
Metaboly -24
125 compounds

Non-Nitrogenous



Network Analysis & Generalizations Network Analysis & Generalizations ––

Five Pillars of AnabolismFive Pillars of Anabolism

�� CoreCore--24 network has five starting termini leading 24 network has five starting termini leading 

to 20 amino acids and 4 to 20 amino acids and 4 ribonucleotidesribonucleotides

�� These five compounds are These five compounds are universaluniversal termini intermini in

all autotrophic metabolismall autotrophic metabolism

• Acetate (acetyl-CoA)

• Pyruvate

• Phosphoenolpyruvate

• Oxaloacetate

• 2-Oxoglutarate



Network Analysis & Generalizations Network Analysis & Generalizations ––

Five Pillars of AnabolismFive Pillars of Anabolism

�� Irrespective of the Carbon Fixation pathwaysIrrespective of the Carbon Fixation pathways

these five compounds serve as these five compounds serve as universaluniversal termini termini 

in all autotrophic metabolismin all autotrophic metabolism

1.1. rTCArTCA cyclecycle

2.2. Reductive acetylReductive acetyl--CoACoA pathway pathway 

3.3. 33-- HydroxypropianateHydroxypropianate cyclecycle

4.4. 44--hydroxybutyrate cyclehydroxybutyrate cycle

5.5. Reductive Pentose Pathway Reductive Pentose Pathway 



Network Analysis & Generalizations Network Analysis & Generalizations ––

Five Pillars of AnabolismFive Pillars of Anabolism



Network Analysis & Generalizations Network Analysis & Generalizations ––

Universality in autotrophic eco systemsUniversality in autotrophic eco systems
Metaboly -24
125 compounds

Non-Nitrogenous



Network Analysis & Generalizations –

Acid Derivatives

�� 5. All core molecules contain either 5. All core molecules contain either 
carboxylic or phosphoric acid moieties or moieties or 

both.  both.  

� The possible exceptions, histidinal and histidinol, 

may more appropriately be regarded as part of a 

coenzyme pathway

HISTIDINOL HISTIDINAL



Network Analysis & Generalizations –

Acid Derivatives

�� 5. All core molecules contain either 5. All core molecules contain either 
carboxylic or phosphoric acid moieties or moieties or 

both.  both.  

�� RR--COOH, R COOH, R -- O   PO   P

O

OH

OH

Citrate PRPP PEP



Network Analysis & Generalizations –

Acid Derivatives

�� 5. All core molecules contain either 5. All core molecules contain either 
carboxylic or phosphoric acid moieties or moieties or 

both.  both.  

� The possible exceptions, histidinal and histidinol, 

may more appropriately be regarded as part of a 

coenzyme pathway

HISTIDINOL HISTIDINAL



� Most cofactors contain nitrogenous heterocyclic rings.

Histidine has an imidazole heterocyclic ring

� Histidine mediates acid-base catalyzed reactions

� Histidine is at the active site of a vast majority of enzymes

� Of the   enyzymes catalyzing the biosynthesis of the core 

metabolome,      contain Histidine at the active site

� Self- cleavage of the Ribozyme His-84 is exclusively  

dependent on Histidine (Nuc. Acid Res.Symp 50, 241, 

2006)

� RNA cleavage by a Deoxy Ribozyme is enhanced over 

10
6

times by the addition of Histidine ( Proc. Natl. Acad. 

Sci. 95, 6027 (1998)

HistidineHistidine –– a Vestigial Cofactor ?a Vestigial Cofactor ?



Cofactors – Nitrogenous heterocyclics

CoA-SH FAD ATP
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� Most cofactors contain nitrogenous heterocyclic rings.

Histidine has an imidazole heterocyclic ring

� Histidine mediates acid-base catalyzed reactions

� Histidine is at the active site of a vast majority of enzymes

� Of the   enyzymes catalyzing the biosynthesis of the core 

metabolome,      contain Histidine at the active site

� Self- cleavage of the Ribozyme His-84 is exclusively  

dependent on Histidine (Nuc. Acid Res.Symp 50, 241, 

2006)

� RNA cleavage by a Deoxy Ribozyme is enhanced over 

10
6

times by the addition of Histidine ( Proc. Natl. Acad. 

Sci. 95, 6027 (1998)

HistidineHistidine –– a Vestigial Cofactor ?a Vestigial Cofactor ?



Network Analysis & Generalizations Network Analysis & Generalizations ––

Acid DerivativesAcid Derivatives
� 5. All core molecules contain either 

carboxylic or phosphoric acid moieties or 
both 

� 6. All sugars are phosphorylated

� All compounds of the core metabolome are 

charged molecules  - ‘intrinsic barrier to 
diffusion’

Distribution: 65 – Carboxylic

45 – Phosphoric

10 - Both



Network Analysis & Generalizations Network Analysis & Generalizations ––

Stability

�� 7. The core metabolic network is both brittle 7. The core metabolic network is both brittle 

and robustand robust

Brittleness:  Brittleness:  Any break in the core-24 network 

would result in the inability to make one          

or more of the 24 building blocks

Robustness Robustness : : Ubiquity and persistence of the 

network 



Network Analysis & Generalizations Network Analysis & Generalizations ––
Hierarchy of Synthesis and Structure

� The hierarchical order of synthesis produces:

1. Monomers

2. Polymers

3. Chimeromers

4. Repeatomers

5. Super chimeromers such as peptidoglycan

6. Coacervates and other structures held together 

by non covalent bonds 



Network Analysis & Generalizations ––
Hierarchy of Synthesis and Structure



Network Analysis & Generalizations Network Analysis & Generalizations ––
Hierarchy of Synthesis and Structure

Reaction Type Building Blocks Pathways

Oxidation 8

Reduction 13

Amination /Transamination* 5 + 16*

Hydration 19

Dehydration 17

Phosphorylation 12

Dephosphorylation 17



Network Analysis & Generalizations Network Analysis & Generalizations ––
Hierarchy of Synthesis and Structure

Decarboxylation 9

Carboxylation 2

Isomerization 9

�� 11  types of Chemical Transformations:11  types of Chemical Transformations:

Oxidation, , Reduction, Amination, Hydration, 

Dehydration, Phosphorylation, Dephosphorylation

Group transfer, Carboxylation, Decarboxylation, 

Isomerization



Network Analysis & Generalizations Network Analysis & Generalizations ––

SparsenessSparseness

� Estimation of  covalently bonded CHNOPS with 

molecular weight of ~300 daltons > millions

� Core -24 is125 molecules   C15H25N5O20P4S  

� Limited diversity in types of chemical transformations 

recursively used to generate a strikingly sparse set of 

125 compounds

� How this selection is achieved ? What are the pruning 

rules?



Network Analysis & Generalizations Network Analysis & Generalizations ––

Small Molecule Catalysis



"...I suggest that organocatalysis may be a yet-to-be-

discovered biosynthetic mechanism at work in living 

organisms today."

Network Analysis & Generalizations –

Small Molecule Catalysis



Network Analysis & Generalizations –

Small Molecule Catalysis

COMPLEXITY 2009 Vol. 14, No. 6COMPLEXITY 2009 Vol. 14, No. 6COMPLEXITY 2009 Vol. 14, No. 6COMPLEXITY 2009 Vol. 14, No. 6



Minimal Autotroph



Balch’s Growth Media
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Minimal Autotroph



Minimal Autotroph



Minimal Autotroph



Minimal Autotroph – Growth Medium



Minimal Autotroph



Minimal Autotroph



Minimal Autotroph – Growth Medium



Minimal Autotroph – Growth 

Medium
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Multidentate Metal Chelators

EDTA NTA

Copper Cobalt Iron



Fate of EDTA & NTA in growth media

� What happens to EDTA and NTA ? Can they 

get metabolized? 

� That is, do they get catabolized /degraded 
/split into smaller carbon compounds?

� What happens to those compounds? Do they 
get modified into some metabolite?

� That is if those carbons get incorporated into 

metabolic compounds, could they be 
considered as additional source for anabolic 
synthesis?

� If so, wouldn’t it then cause ambiguity towards 
the very identity of an autotroph?



Essentiality of Transition Metals in 

Growth Medium





TRANSITION METALS IN EXTANT LIFE

� Iron is present in heme and cytochromes

� The enzyme Nitrogenase needed to fix 
Nitrogen in the global eco system requires 
Molybdenum as an essential cofactor

� Cobalt is a must for Vitamin B12 in all 
mammalian systems

� In archaea, the cofactors of methanogens need 

Nickel, Cobalt and Molybdenum and Iron
complexed to their cofactors

� Many enzymes and coenzymes need Iron, 

Cobalt, Nickel, Copper, Manganese, 
Chromium, Vanadium, Molybdenum, Tungsten



Transition metals in sea water

MetalMetal Concentration in Concentration in nanomolesnanomoles/liter/liter

�� IronIron 179179

�� NickelNickel 9191

�� CopperCopper 4747

�� VanadiumVanadium 3939

�� ManganeseManganese 3939

�� CobaltCobalt 4.54.5

�� ChromiumChromium 0.90.9



�� 5. All core molecules contain either 5. All core molecules contain either 
carboxylic or phosphoric acid moieties or moieties or 

both.  both.  

�� RR--COOH, R COOH, R -- O   PO   P

O

OH

OH

Transition Metals & the Core Metabolome



Transition Metals & the Core metabolome

� In addition to the Oxygen atoms of the 
carboxylic & phosphate groups, majority of 
the core compounds contain at least one or 
more Nitrogen atoms

� Both the Oxygens and Nitrogens can 
combine with the transition metals to form 
metallo-complexes

� These metallo-complexes can act as small 
molecule catalysts in the core network.

� Such an enrichment process may be a 
selection mechanism for the enrichment and 
emergence of the core metabolome
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MDL Keys & Feature Space

� Descriptors – Molecular features

� Descriptors encoded into binary “keybits”

� Historically, MDL Information Systems 
designed ‘keys’ for substructure searching 
in chemical compounds libraries/ databases 

� Three sets: 166 , 324 and 960 keybits


