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Proteins are complex systems made of hundreds to 

thousands amino acids arranged in a 3D structure
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Hemoglobin, 
Irving Geiss, 1978

» Non-random, information-rich.

» Long-term evolutionary memory.

» Small, heterogeneous.

» Collective interactions.



The physics of the genotype-to-phenotype map is not fully understood
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Genes and protein structures have many parameters 

but protein function is described by only a few

dimensional 

reduction
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Many proteins use large-scale collective motions to function 
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Protein sequences are also remarkably collective,

with correlations indicating structure and function
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coevolving protein domains (“sectors”)

Halabi Rivoire Leibler Ranganathan et al. 

Correlations predict 3D contacts.

Sander Marks Colwell Hopf et al.  

• Epistasis = interaction among mutations.

• How is epistasis encoded in the gene? 



Looking at dynamics suggests a mechanical basis for 

mapping genetic information to collective function
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Dutta Eckmann Libchaber & TT, PNAS 2018

Mitchell TT Leibler, PNAS 2016

Eckmann Libchaber & TT, PRX 2017

Glucokinase

Motion = ∆(Structure)

unbound      bound



The shear highlights the relative motion 

of amino acids within the protein
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Shear = ∆ Motion =∆∆ Structure 

Glucokinase (PDB: 1v4s  1v4t)

“shear band”



A two-dimensional “shear band” communicates 

mechanical signals between distant sites

9Mitchell TT Leibler, PNAS 2016

Hemoglobin

Shear band fractal dimension

• Hemoglobin:   2.3

• Glucokinase:   2.0

• ATCase :   2.3

• Albumin      :  1.9      



Proteins are soft and viscous at low frequency 
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Zocchi et al., 2012-2018
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Minimal model of protein as learning matter 

to give evolution a mechanical interpretation 

11Dutta Eckmann Libchaber & TT, PNAS 2018

TT Eckmann & Libchaber, Phys Rev X 2017
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The Green function of the protein measures the transmission of 

force induced by a local impulse, such as ligand binding
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• Green (1828) An Essay on the Application of Mathematical Analysis to the Theories of Electricity and Magnetism
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• Green’s function solves the inverse problem 



The Green function defines the genotype-to-phenotype 

map and the fitness landscape 
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• Fitness is overlap with functional motion, ۧ|response

response motion
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• Genotype-to-phenotype map is the induced motion
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Evolution searches in the mechanical fitness landscape  

for a solution with shear band and soft mode
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initial intermediate solution 

Fitness = response (gene) forceG

shear

band force

*  One can look at more general patterns of forces and response. 



Mutations locally perturb the amino acid network, 

scatter the force, and thereby change the fitness
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Fitness = response force G

Fitness

force response

 mutation's effect on aa network H

...H H H      G G G G G G



Protein function emerges at a topological transition when a shear 

band of mutations divides the protein and a soft mode appears 
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The genetic correlation among solutions increases towards the 

emergence of mechanical function 

17

distance along channel

1 1 1 0 0 1 0 1 0 1 1 1 1 1 0 0 0 0 1 0 1 0 1 …

1 0 0 1 0 0 0 1 0 0 0 1 0 1 0 1 1 1 0 1 1 1 0 …

0 0 1 1 1 1 1 0 1 1 1 1 1 0 1 0 0 1 1 1 0 1 0 …

1 0 0 1 1 1 1 1 1 1 0 0 1 1 0 0 1 1 1 1 0 0 0 …

…

106 solutions

co
rr

e
la

ti
o
n

Correlation among106 solutionscorrelation codon codon codon codonij i j i j 

d
fd

<
co

rr
el
at
io
n

ij>



Epistasis is interaction of mutations resulting in 

nonlinearity of the mechanical fitness
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 , ,epistasis Fitness  Fitness Fitnessi j i j i j    

,epistasis force | ... | responsei j  i j j iGδH GδH G +GδH GδH G

force response

• Epistasis = sum over all scattering 

paths passing through i and j



Mechanical forces link epistasis to genetic correlation, 

and both exhibit similar patterns
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Epistasis and sequence correlation are strongest in the 

high shear region separating the rigid subdomains
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PCA of phenotype and genotype capture the relevant 

modes of mechanical function and evolution
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A few non-random eigenvectors capture the 

functionally relevant bit of information in the gene
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The genotype-to-phenotype map involves huge 

dimensional reduction

Genotype space 

400-dimensional sphere

Phenotype space

15-dimensional “disc”
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Dimensional reduction is a general phenomenon 

in living systems
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1D response of gene expression to stress

(Kaneko, Furusawa & Yomo, PRX 2015)  

1D scaling of kinetic parameters in Rubsico

(Savir, Noor, Milo & TT, PNAS 2010)  



Genetics and function are linked by a 

minimal mechanical theory of protein

• Applicable to other strongly-coupled living systems?

Dutta Eckmann Libchaber & TT, PNAS 2018

TT Eckmann & Libchaber, Phys Rev X 2017

• Mutations:  mechanical perturbations (“defects”).

• Epistasis:  multiple scattering among mutations, which shapes:

• Genotype-to-phenotype map and fitness landscape 

• Soft modes emerge at a topological transition. 

• Mechanics (Green function) explain dimensional reduction and 

• Correspondence: mechanical modes – coevolution modes.
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Looking at protein dynamics suggests simple mechanical 

understanding of proteins as evolving condensed matter
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