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In living information-processing systems, 

computational and physical aspects are entangled 

• Implemented in molecules – inherently stochastic, uses biochemical recognition. 

• Geometric space-time considerations are essential (Marshall) 

• Outcome of evolutionary process with long-term memory, 

• Wherein self-reproduction is a major determinant of fitness

(Libchahber)

• Representation and decoding by molecules and chemical process 

(especially compression)

Together with DNA and  RNA, 

protein is the smallest physical object where living and inanimate become discernable. 
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[This was discussed in detail by Dowek and Danchin this morning]



Looking at molecular information systems in computation 

terms may provide insight on function and design

• Protein–DNA computation utilizes stochastic RecA assembly cascade

=  probabilistic finite-state machine. 
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Bar-Ziv TT Libchaber, PNAS 2002

TT Bar-Ziv Libchaber, PRL 2004



Mechanical deformation is used to tune the DNA 

homology detection system to maximal fitness

• RecA-mediated homology search as a nearly optimal signal detection system

4Savir TT , Mol Cell 2010



The genetic code is a noisy information channel 

emerging at a critical point on the rate-distortion curve
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TT, J Theo Bio 2007, PNAS 2008, PRL 2008,  Phys Life Rev 2010

• The geometry of the representation problem.



Ribosome, the engine of self-replication,

is tuned to solve the tRNA decision problem

• Shaping the recognition energy landscape optimized ribosome performance: 

6Savir TT , Mol Cell 2013
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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.

» Small, heterogeneous.

» Collective interactions

» Evolutionary memory.



Genes and proteins have many degrees-of-freedom 

but protein function is described by a few parameters

dimensional 

reduction
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Information ~ gene length Information ~ a few bits
compression



Many proteins use large-scale collective motions 

to process and convey information
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Protein sequences are also remarkably collective,

with correlations indicating structure and function
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Sectors: coevolving protein domains

Halabi Rivoire Leibler Ranganathan et al. 

Correlations predict 3D contacts.

Sander Marks Colwell Hopf et al.  

Epistasis = interaction among mutations 



Looking at dynamics suggests a mechanical basis for 

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

Mitchell TT Leibler, PNAS 2016

Eckmann Libchaber & TT, PRX 2017

Glucokinase

Motion (displacement):

unbound      bound



The shear highlights the relative motion 

of amino acids within the protein
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Shear = gradient (motion)

Glucokinase (PDB: 1v4s  1v4t)

“shear band”



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

to give evolution a mechanical interpretation 

14Dutta Eckmann Libchaber & TT, in review, arxiv

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



The Green function defines the genotype-to-phenotype map 

and the fitness landscape 
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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
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Mutations locally perturb the amino acid network, 

scatter the force, and thereby change the fitness
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Protein function emerges at a topological transition when a shear 

band of mutations divides the protein and a soft mode appears 

19Dutta Eckmann Libchaber & TT, arXiv
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The genetic correlation among solutions increases towards the 

emergence of mechanical function 
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Epistasis is interaction of mutations resulting in 

nonlinearity of the mechanical fitness
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force response
• Epistasis ~ “curvature” of G 

~ sum over scattering paths:



Mechanical forces link epistasis to genetic correlation, 

and both exhibit similar patterns
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Phenotype and genotype modes capture the relevant 

degrees-of-freedom of mechanical function and evolution
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The genotype-to-phenotype map involves huge 

dimensional reduction

Genotype space 

400-dimensional spheroid

Phenotype space

15-dimensional discoid
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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)  



Genetic information and mechanical function are linked by a minimal 

model of protein 

• Applicable to other strongly-coupled living systems?

Dutta Eckmann Libchaber & TT, in review

TT Eckmann & Libchaber, Phys Rev X 2017

• Mutations:   mechanical perturbations

• Epistasis:     multiple scattering 

• Genotype-to-phenotype map

• Fitness landscape 

• Soft modes at topological transition. 

• Dimensional reduction 

• Correspondence: mechanical modes – coevolution modes 



Geometric mechanical view on the evolution of living matter 

• I2molecules (within I2cells)

• Geometry of protein evolution:

• Geometry of the amino acid itself (Green function = inverse of the network metric) 

• Phenotype space: geometry of all possible AA network geometries. 

• Mechanical logic (a simple one): develop specific mechanical response. 

• What is the right language to describe this “logic matter?”

• What about self-reference?
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Looking at protein dynamics suggests simple mechanical 

understanding of protein as evolving amorphous matter
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