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Why proteins are so BIG?

Mean protein length
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o Archaea
° Bacteria
> Protists
° Fungi

° Plants

° Invertebrates
° Vertebrates

CATALYTIC site = ACTIVE + BINDING
"REST" = Scaffold to support and position active site
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Mean gene length

Muro, Bdllesteros, Luque, & Bascompte (PNAS 2025)
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The function of protein is the outcome

of collective interactions encoded in the gene

What are the principles of encoding?

interactions in matter ,

determined by long processes.

I~ Interactions occur on
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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 (upto 10%)

TEV protease (PDB)



The ORES®is more than a scaffold:

Large-scale motions allow enzymes to bind specifically,

reach the transition state, and release product
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¥ catalytic step also affected by motion



How can we understand, predict, and quantify the link

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



THE BASIC IDEA

Proteins as sequence-encoded viscoelastic machines

A Proteins evolve a network of flexible viscoelastic elements
that facilitate high-strain deformation essential for their

function. This network is encoded in the gene.

A Existence of these high-strain regions and their effect on

function can be predicted and tested against experiments.




Outline

1. Theory of protein as viscoelasticmatter predicts the

evolution of functionally-relevant collective motion.

2. Strain 0 measure of deformation estimates effect of

distant mutations on catalytic site.

3. Experimental test 8 the enzymeguanylate kinase.

4. Effective model of protein as sequence encoded

viscoelastic machine

Weinrebet al. Enzymesasviscoelastianachineg. NaturePhysic2025
- McBrideet al. GAl-predictedprotein deformation encodesenergylandscapeperturbations. PhysicaReviewLetters2024
- McBrideet al. GAlphaFol® canpredict singlemutation effectst. PhysicaReviewLetters2023
- Eckmanret al. dProteins the physicsof amorphousevolvablemattere, Reviewof Modern Physics2019



1. THEORY

Looking at motion and deformations identifies structural changes

relevant to function and how they are encoded in the gene

/ Deformation = Y(PDB S’rruc’rur‘h

wnbound A bound /
Eckmann TT, Bioessays 2021

Rougemont Eckmann TT, Rev Mod Phys 2019 Glucokinase
Dutta Eckmann Libchaber TT, PNAS 2018
Eckmann Libchaber TT, PRX 2017 (PDB: Ivds A 1vlt)




Strain measures the internal motion of amino acids in the protein

strain = how much amino acids move w.rt. to neighbors

affine strain= e i% ] 5 M W
28 M« M XU

Geometric meaning: metric of deformation €= %(g -l)
Strain is locdlized in a

band separating the
Discrete version by tracing motion of neighboring atoms

protein into rigid domains

Glucokinase (PDB: Ivis A 1vtH)



Physical theory of protein as evolving matter (Green functions)

links collective physical interactions among amino acids and genetic correlations
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Mutations = local perturbations

Interactions A Dyson series,

multiple scattering..

dG= G HG G HG HE ...



Green function theory explains how functional proteins with high  -strain regions emerge during evolution

initial . . .
intermediate solution
22 Hed = » 9
/”:’ VP ot "o”‘b" Vs 2 A9 =9 ~g g "9
; S o e ) g5 Y

T \\\
4 LTINS 7 @él f/ ;:’ g ":”\:::‘ ‘%§}
{224
N

7
:7";000“Q f{??”d‘bgd /
% Vas®s o o’ > T 1IN Y eo 94
1,‘\‘0’00,6 ’\‘ Ny ¢ of

W ARt \

e o > ¢ o O 7V
A T | \\‘vﬂ—”~“‘g’v

FORCE_,'\\D > > 4 O 2 t,\w»o——o,,‘q\

» \,bb e ¥ B ~ LN

3 SHEAR
o oror BAND
b b b o o oa ot ‘x\.‘"’:‘:;\k ,’9\0‘\\\-
NE IR YL v e &%‘s”gq
"b e ® e 0 WO b by e g

: > 9
S % % : \
PN @ - Dy 5 P29 P
.\‘b » w» 4“ A’,p 4’ \\;:. 5‘.“:. "»p P 8 i 5‘/]
R i \\\"w ‘:o»’)‘:’ S

-9

0 High-strain regions facilitate versatile, sophisticated functions: specific recognition, induced fit, allostery..



Summary: Theory predicts the evolution of high -strain regions in the protein

High-strain regions evolve that are: /V
- essential for biochemical function ﬁHG

J
- through large-scale motion and long-range mechanical interactions,

- and therefore, genetically conserved and correlated.

Eckmann TT, BioEssays 2022

Eckmann Rougemont TT Rev Mod Phys 2019
Dutta Eckmann Libchaber TT, PNAS 2018
Eckmann Libchaber TT, PRX 2017



2. Strain (= localized rearrangement) can be induced by physical forces or mutation

Deformation during binding

PHYSICAL & -

STRANL/™

(induced fit, allostery..)

WT

equilibrium

\

"MUTATION
STRAIN®

Mutations induce

mutation structural changes.




Using Al-predicted strain as a sensitive probe single mutation effects

Mechanical AlphaFold (AF)

AlphaFold predicts protein structure
at unprecedented accuracy, but it was
not validated or expected to predict
single mutation effects

TEST: using strain to predict mutation

effect on structure and phenotype in a

large data set of proteins Correlation of strain between jand i = 29 in guanylate kinase

McBrideet al. GAl-predictedprotein deformation encodesenergylandscapeperturbationé. PhysicaReviewLetters2024
McBrideet al. dAlphaFold® canpredict singlemutation effectst. PhysicaReviewLetters2023



EFFECTIVE STRAIN is the mean relative change in distances to neighbors

/ residue i :: C . \
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We compared mutation strain from PDB and AF in ~ 5,000 pairs differing by 1-3 positions

( Structural change \

PDB AF

Example: H-NOX (Heme-Nitric oxide/Oxygen binding)
Mutation A71G

( Strain \

* S ame crystallographic groups in PDB




Strain predicted from AF correlates with strain computed from PDB

-

Strain

\

H-NOX = HEME-NITRIC OXIDE/OXYGEN BINDING

strain
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Strain correlates with phenotypic changes in fluorescence in BFP

Example: Blue fluorescent protein (BFP) . e variant
1.5 - == median
S
Fluorescence measured for 213 Z
= 8,192 mutations 3 1.0 -
0
(Poelwijk et al. Nat. Comm.2019). %
>
i 0.9
Red region: strain strongly S——
1072
correlated with phenotype STRAIN 5

..on average, strain is a sensitive probe of mutation effects predicted by AF

McBride et al., Phys Rev Lett 2023, Phys Rev Lett 2024



3. Measurements of Guanylate Kinase mutants link

dynamics & function d structure

Predicting  Physical strain- bound\unbound
Evolutionary strain- deformation AlphaFold

Measuring:  Biochemical function - enzymatic kinetics

Viscoelastic dynamics - nano-rheology

ATP+GMP 2z ADP+GDP

Enzymes as viscoelastic catalytic machines.

Eyal Weinreb, John M. McBride, Marta Siek, Jacques Rougemont, Renaud Renault, Yoav Peleg, Tamar Unger, Shira Albec
FriedmanSirkis, Sofya Lushchekina, Joel L. Sussman, Giovanni ZoccHidearEckmann, Elisha Moses, WNature Physic2025



We calculate the strain and introduce 34 mutations

in three regions:
(i) high-strain
(ii) binding site

(ii) control
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Binding-induced Deformation
(Protein Data Bank)
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Effect of mutation on enzymatic activity is

strong at high -strain amino acids

WT + 34 mutants
Activity Assay
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High -strain mutation have significant effect even far from binding site




