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Proteome of an E. coli cell

Liebermeister et al. PNAS (2014)



The proteome fraction allocated to methionine biosynthesis is optimal.

Gene-Wei Li et al. Cell (2014)

Warburg effect and metabolic efficiency

Heiden et al. Science (2009)



Overflow metabolism and metabolic efficiency

Basan et al. Nature (2015)

Growth rate is a unifying variable that describes overflow metabolism.

Basan et al. Nature (2015)



Fermentation is >50% more proteome-efficient at generating ATP than respiration.

Basan et al. Nature (2015)

Fermentation is >50% more proteome-efficient at generating ATP than respiration.

Basan et al. Nature (2015)



How does the cell implement optimality over its complex metabolic network?

KEGG
Liebermeister et al. PNAS (2014)

Flux balance analysis

Orth et al. Nat Biotechnol (2010)



Metabolic fluxes are near optimal in multiple objectives.

Schuetz et al. Science (2012)

Metabolic fluxes are near optimal in multiple objectives.
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Schuetz et al. Science (2012)



Ribosome design is near optimal.

~50 small proteins 
of similar length

~50% of mass in 
~3 RNA molecules 
that vary in length

Reuveni et al. Nature (2017)

Summary

- Bacterial growth is approximately 
optimal at multiple scales:

- Ribosome design is parallelized.

- Enzyme levels are regulated and 
achieve near optimal growth rate.

- Coarse-grained laws emerge and 
make parameter-free predictions 
about growth in diverse scenarios.



What is generalizable across species? Not the molecular components.

Battesti and Bouveret. J Bacteriol (2008)
Wu et al. PNAS (2020)

What is generalizable across species? Not the exact algorithms.

Bren et al. Sci Rep (2016)
Perrin et al. Nat Commun (2020)

Two carbon sources and an amino acid
Sub-optimality

All amino acids
Diauxie + Co-utilization

Marine bacterium Pseudoalteromonas haloplanktis



What is generalizable across species? Not even the networks themselves.

van Nimwegen. Trends Genet (2003)

Power law exponents 𝑦~𝑥௞

Are there simple rules in bacterial growth 
across species and environments?



Biomass growth is proportional to the number of nutrients consumed.
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Peaks depleted
KEGG metabolic pathways map

Ho et al. Nat Microbiol (2024)

Input concentrations
Enzyme kinetics

Gene regulatory networks

How might simple rules 
emerge from growth 
regulation under many 
nutrients?

Complex growth medium
- Mimics in vivo species 

relative abundances
- Undefined: peptone and 

digested tissue
- Rich: saturating amounts

What is generalizable across species? Maybe the network features?

Jeong et al. Nature (2000)
Maslov et al. PNAS (2009)

- Metabolic networks are scale-free. (hubs)



Detour: Random walks on graphs and eigenvector centrality

Albert et al. Nature (1999)

- Consider a random surfer, 

𝑃௝௜ = 1 − 𝑑
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∑ 𝐴௝௞௞

.

- What is the probability to arrive at a particular page 
after a large number of clicks?

- Simulate and average over random walks on 
graphs → Find the eigenvectors of the transition 
matrix 𝑃ୃ:

𝑣௜
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- By the Perron-Frobenius theorem, the probability 
distribution is unique and stationary.

Detour: Random walks on graphs and eigenvector centrality

Page. (1997)
Albert et al. Nature (1999)



What is generalizable across species? Maybe the network features?

Milo et al. Science (2002)
Ravasz et al. Science (2002)

- Metabolic networks are scale-free. (hubs)
- Metabolic networks are modular. (motifs)

What is generalizable across species? Maybe the network features?

Thieffry et al. BioEssays (1998)
Ravasz et al. Science (2002)

- Metabolic networks are scale-free. (hubs)
- Metabolic networks are modular. (motifs)



Across species
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Basan et al. Nature (2015)

Maximize growth minimize proteome cost
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Coarse-grained
pathway #1

Coarse-grained
pathway #2

Growth benefit

Proteome cost

Maximize growth minimize proteome cost

Basan et al. Nature (2015)

Proteome-constrained optimization predicts cross-species trends in growth.

Zhu and Ho. In submission



Division of labor among input nutrients increases in complex environments.

Zhu and Ho. In submission

Coarse-grain metabolic networks via representation learning:

Zhu and Ho. In submission



Detour: Random walks on graphs and flexible neighborhood similarity

Grover and Leskovec. arXiv (2016)

- Define the neighborhood 𝑁 𝑢 of a node 𝑢 as the 
collection of nodes sampled via random walks 
starting from node 𝑢.

- Find a vector representation 𝑓 𝑢 of node 𝑢 by 
maximizing over 𝑓 the similarity 𝑓 𝑛௜ ⋅ 𝑓 𝑢 of the 
representations of nodes 𝑛௜ ∈ 𝑁 𝑢 in the same 
neighborhood.

Coarse-grain metabolic networks via representation learning:

Zhu and Ho. In submission



Coarse-grained sectors link network structure and nutrient function.

Zhu and Ho. In submission

Coarse-grained sectors reveal growth laws across species.

Zhu and Ho. In submission



Coarse-grained sectors reveal growth laws across species and environments.

Zhu and Ho. In submission

Coarse-grained network features are key determinants of growth.

Zhu and Ho. In submission



Scott et al. Science (2010)
Basan et al. Nature (2015)

Wu et al. PNAS (2022)

Coarse-grained models:

Molecular mechanisms that
implement dimensional reduction:

Phenomenological laws:

Bacterial growth laws – from quantitative phenomenon to understanding:

Micro

Macro

Not much dataA lot of data



Micro

Macro

Not much dataA lot of data

Biological diversity is a key engine for generating fundamental questions.


