
Biology versus the Internet 

Similarities 
•  Evolvable architecture 
•  Robust yet fragile 
•  Constraints/deconstrain 
•  Layering, modularity 
•  Hourglass with bowties  
•  Feedback 
•  Dynamics 
•  Distributed/decentralized 
•  Not scale-free, edge-of-chaos, self-

organized criticality, etc  

Differences 
•  Metabolism 
•  Materials and energy  
•  Autocatalytic feedback 
•  Feedback complexity 
•  Development and 

regeneration 
•  >4B years of evolution 

Focus on 
bacterial biosphere 
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If we drew the feedback loops the 
diagram would be unreadable. 



TCA 

Gly 

G1P 

G6P 

F6P 

F1-6BP 

PEP Pyr 

Gly3p 

13BPG 

3PG 

2PG 

ATP 

NADH 

Oxa 

Cit 

ACA 

Stoichiometry 
matrix 

S 



Regulation of enzyme levels by 
transcription/translation/degradation 

TCA 

Gly 

G1P 

G6P 

F6P 

F1-6BP 

PEP Pyr 

Gly3p 

13BPG 

3PG 

2PG 

Oxa 

Cit 

ACA 

Mgmt 



TCA 

Gly 

G1P 

G6P 

F6P 

F1-6BP 

PEP Pyr 

Gly3p 

13BPG 

3PG 

2PG 

ATP 

NADH 

Oxa 

Cit 

ACA 

Allosteric regulation 
of enzymes 

Error/flow Ctrl 



TCA 

Gly 

G1P 

G6P 

F6P 

F1-6BP 

PEP Pyr 

Gly3p 

13BPG 

3PG 

2PG 

ATP 

NADH 

Oxa 

Cit 

ACA 

Mgmt 

Err/flow ctrl 

Reaction 



Mature red blood 
cells live 120 days 

Running only the top layers 

products S reactions P 

Enz1 reaction3 Enzyme form/activity 

Reaction rate 

Enz2 

“metabolism first” 
origins of life? 
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Top to bottom  
•  Metabolically costly but 

fast to cheap but slow 
•  Special enzymes to 

general polymerases 
•  Allostery to regulated 

recruitment 
•  Analog to digital 
•  High molecule count to 

low (noise) 

Rich Tradeoffs 
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Fragility example: Viruses 

Viruses exploit the universal 
bowtie/hourglass structure to 
hijack the cell machinery. 
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“Architecture” in practice 
•  Internet, biology, energy, manufacturing, 

transportation, water, food, waste, law, etc 
•  Many architectures are unsustainable/hard to fix 
What does “architecture” mean here? 
•  Persistent, ubiquitous, global features 
•  Constrains the possible (for good or bad) 
•  Enables/prevents innovation, sustainability, etc,  
•  Theory is fragmented, incoherent, incomplete  
•  Needs rigor and relevance 
•  “Constraints that deconstrain” and “facilitated 

variation” (Gerhart and Kirschner) 


