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Sequences specify.

Phillips et al



Jumper et al. Nature (2021)

Random polymers almost never fold.

Wiggins et al. Nat Nanotechnol (2006)
Wikipedia



Proteins as compact polymers with interacting residues

Phillips et al

HPHPHP

PHPPHP

Spin glass will be our model system for complex systems.

Bialek

𝐸 = −෍𝐽௜௝𝑠௜𝑠௝
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Frustration → Rugged landscapes



Example landscapes for small systems:

Garstecki et al. Phys Rev E (1999)
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Example landscapes for small systems:

Garstecki et al. Phys Rev E (1999)

Frustration → Rugged landscapesMinimize frustration → Funnel landscape

Proteins as compact polymers with interacting residues

Onuchic et al. PNAS (1995)
Phillips et al

HPHPHP

PHPPHP

Minimize frustration → Funnel landscape



Native conformation predicts folding kinetics.

Clementi et al. PNAS (2000)

𝐸 = −෍𝐶௜௝
nativeΔ௜௝

௜௝

+ ⋯

Δ௜௝ = 1 → in contact
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Native conformation predicts folding kinetics.

Clementi et al. J Mol Biol (2000)

𝐸 = −෍𝐶௜௝
nativeΔ௜௝

௜௝

+ ⋯

Δ௜௝ = 1 → in contact

The problem of protein design

Li et al. Science (1996)



Designable structures are atypical.

Li et al. PNAS (1998)

𝐸 =෍ 𝑠௜ − 𝜎௜
ଶ
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Pairwise correlations are required for natural-like functions.

Socolich et al. Nature (2005)
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Pairwise correlations predict residue contacts.

Mezard and Mora. arXiv (2008)
Weigt et al. PNAS (2009)

𝐸 = −෍𝐽௜௝𝑠௜𝑠௝
௜௝

Infer

Detour: Computing marginals via
message passing

Calculating marginals require 𝑂 20ே :

𝑃 𝐴௜ = ෍ 𝑃 𝐴௜, 𝐴௝ \𝐴௜
஺ೕ \஺೔

What if the joint probability factors?

𝑃 𝐴ଵ,… , 𝐴ே = ෑ 𝐹௜ 𝐴௜, 𝐴௝

௝ ∈Ne ௜

Then the sum-product rule can speed up 
calculations to 𝑂 𝑁 .

Pairwise correlations predict residue contacts.

Mezard and Mora. arXiv (2008)
Weigt et al. PNAS (2009)
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Pairwise correlations predict residue contacts.

Weigt et al. PNAS (2009)

𝐸 = −෍𝐽௜௝𝑠௜𝑠௝
௜௝

Infer

How much information is required to specify structure?



How much information is required to specify structure?

Park and Leavitt. J Mol Biol (1995)

What information is contained in large models?

Zhang et al. PNAS (2024)



What information is contained in large models?

Zhang et al. PNAS (2024)



Summary

- Proteins are designable (in theory and in practice).

- Spin glasses are everywhere and frustration is a key feature of complex systems.

Dill and Chan. Nat Struct Mol Biol (1997)

Spin glass for cell cycle

Li et al. PNAS (2004)
Phillips et al

𝑠௜ 𝑡 + 1 = 𝜃 ෍𝐽௜௝𝑠௝ 𝑡

௝



Detour: How specific?

Phillips et al
Bialek

Mismatch ~5-10 kT

No error correction

Kinetic proofreading

Detour: How specific?

Shaevitz et al. Nature (2003)
Bialek

Kinetic proofreading


