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Enzymes as viscoelastic catalytic machines



Why proteins are so BIG?



The function of protein is the outcome 

of collective interactions encoded in the gene



In enzymes, the catalytic site is finetuned at the Angstrom scale 

to match the shape and charge distribution of the transition state.

Matching accelerates reactions by many 

orders of magnitude (up to 1017) 
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The òRESTó is more than a scaffold:       

Large-scale motions allow enzymes to bind specifically,

                           reach the transition state, and release product  



How can we understand, predict, and quantify the link 

between large-scale motion and  localized catalytic function of enzymes?



            Proteins as sequence-encoded viscoelastic machines
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Outline

1. Theory  of protein as viscoelastic matter predicts the 

evolution of functionally-relevant collective motion.

2. Strain  ð measure of deformation estimates effect of 

distant mutations on catalytic site.

3. Experimental test ð  the enzyme guanylate kinase.

4. Effective model of protein as sequence encoded 

viscoelastic machine.

- Weinreb et al. άEnzymes as viscoelastic machinesέ. Nature Physics 2025.

- McBride et al. άAI-predicted protein deformation encodes energy landscape perturbationέ. Physical Review Letters 2024.

- McBride et al. άAlphaFold2 can predict single-mutation effectsέ. Physical Review Letters 2023 

- Eckmann et al. άProteins: the physics of amorphous evolvable matterέ, Review of Modern Physics, 2019



Looking at motion and deformations identifies structural changes 

relevant to function and how they are encoded in the gene
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Strain measures the internal motion of amino acids in the protein
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Physical theory of protein as evolving matter (Green functions)

links collective physical interactions among amino acids and genetic correlations
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Green function theory explains how functional proteins with high -strain regions emerge during evolution 
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Summary: Theory predicts the evolution of high -strain regions in the protein



2. Strain (= localized rearrangement) can be induced by physical forces or mutation
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Using AI-predicted strain as a sensitive  probe single mutation effects
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AlphaFold predicts protein structure 

at unprecedented accuracy, but it was 

not validated or expected to predict 

single mutation effects

- McBride et al. άAI-predicted protein deformation encodes energy landscape perturbationέ. Physical Review Letters 2024.

- McBride et al. άAlphaFold2 can predict single-mutation effectsέ. Physical Review Letters 2023 



EFFECTIVE STRAIN  is the mean relative change in distances to neighbors
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We compared mutation strain from PDB and AF in ~ 5,000 pairs differing by 1-3 positions

* S ame crystallographic groups in PDB



Strain predicted from AF correlates with strain computed from PDB



Strain correlates with  phenotypic  changes in fluorescence in BFP



3. Measurements of Guanylate Kinase mutants link 

dynamics ð function ð structure

Enzymes as viscoelastic catalytic machines.

Eyal Weinreb, John M. McBride, Marta Siek, Jacques Rougemont, Renaud Renault, Yoav Peleg, Tamar Unger, Shira Albeck, Yael 

Friedman-Sirkis , Sofya Lushchekina, Joel L. Sussman, Giovanni Zocchi, Jean-Pierre Eckmann, Elisha Moses, TT   Nature Physics. 2025
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We calculate the strain and introduce 34 mutations

 in three regions: 

 (i) high-strain

 (ii) binding site

 (iii) control
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Effect of mutation on enzymatic activity is 

strong at high -strain amino acids

function
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High-strain mutation have significant effect even far from binding site


