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Proteins are complex 3D arrangements

of hundreds to thousands amino acids

/PROTEIN \

* Non-random information-rich matter.
* Long-term evolutionary memory.
*  Small, heterogeneous.

« Sparsity of data in high-D gene space.
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Genes and protein structures have many parameters

but protein function is often described by only a few

ﬁeno’rype

sequence space: dimension ~ 1000

~AGGCTGCAGAATCTGGCACGG..
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The dimension question is linked to dynamics and mechanics of protein:

Many proteins use large-scale collective motions to function
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« Slow global motions in enzymes, ion-channels, ribosome...



Motivation:

Looking at dynamics suggests a mechanical basis for

mapping genetic information to collective function

/ Motion = A(S‘truc?ure)\

\unbound > bound/

Eckmann TT, Bioessays 2021
Rougemont Eckmann TT, Rev Mod Phys 2019 Glucokinase
Eckmann Libchaber TT, PRX 2018

Dutta Eckmann Libchaber TT, PNAS 2017 (PDB: 1v4s > 1v4t)
Mitchell Leibler TT, PNAS 2016




Motivation:

The shear is localized in “hinges” or “bands”

separating rigid protein domains

c\ear = A motion of neighboring a)

= AA Structure
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« The shear highlights the internal

\mo’rion of amino acids in the pro‘ry

Glucokinase (PDB: 1v4s > 1v4t)



Motivation:

Proteins are soft and viscous-like at low frequencies

- Gold i

= High frequencies:

Protein vibrates

E ~ eiot like elastic spring.

Low frequencies:

Protein flows like

viscous fluid

locchietal., 2012

I We also use this technique, see later
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Minimal coarse-grained model of protein as adaptive matter

gives evolution a mechanical interpretation

Real
protein

200 beads = amino acids .
Eckmann Rougemont TT Rev Mod Phys 2019
Dutfta Eckmann Libchaber TT, PNAS 2018
Eckmann Libchaber TT, PRX 2017

/Two types of amino acid)

connected by "springs”

amino
acids H ‘
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Main goal:

Understanding the emergence and evolution of

mechanical function in the genotype-to-phenotype map
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Mutations are random walks among the 2290 = 1090 genes:

* How many of them are functional?

* How they are arranged in the high-dimensional genotype space ?



Our coarse-grained approach models protein

as amorphous evolving matter

/ The emergence of "floppy modes”

[Shlomo Alexander 1998: Physics of Amorphous solids]

Constraint theory and rigidity transitions

[Maxwell 1864: On reciprocal figures and diagrams of forces] /

0&" We will focus on the mechanical basis of the genotype-to-phenotype map.



The mechanical response of the protein is

determined by the elastic network

/The elasticity tensor H of the protein is a function of its gene: \

H(gene) = Connectivity x spring strength x geometry
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In the protein: Green's function measures the motion

induced by a local force, such as ligand binding

ﬁreen's function 6 solves \
the inverse elastic problem: ——\
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Green'’s function gives explicit gene-to-function map and fitness landscape

Genotype-to-phenotype map is the induced motion \

|motion) = G(gene) |force)

Fitness is the overlap of the induced
motion with functional motion, |response)

Fitness(gene) = <response | motion>

= <response | G (gene) | force> J

G: gene — amino acid network — protein dynamics — function — fitness



Evolution searches in the mechanical fitness landscape
for a solution with shear band and soft mode

initial infermediate solution
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Mutations locally perturb the amino acid network,

scatter the force, and thereby change the fitness

Effect of mutations on elastic network

oH = H(gene') — H(gene)

Effect on the mechanical response = sum

over all scattering paths (Dyson's series)

force response

0G=-GOoHG+GoHGOHG —... scattering is strongest

in the shear band




Protein function emerges at a topological transition when

a shear band divides the protein and a soft mode appears
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The genetic correlation among solutions increases

towards the emergence of mechanical function

~ 11100101011111000010101...
106 solutions - 10010001000101011101110...
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Epistasis is collective interaction of mutations

resulting in nonlinearity of the fitness landscape

ﬁpis’rasis(i,j) = Afitness(i+))

- [Afitness(i) + Afitness(j)]

epistasis(i,j)
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Mechanical interpretation: sum (Dyson series)

over all scattering paths passing through i and j
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Mechanical interactions (= epistasis) are origin of

genetic correlations, and both exhibit similar patterns

correlation; = <codonicodonj>—<codoni><codonj>
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Epistasis and sequence correlation
are strongest in high shear region

separating the rigid subdomains



Predictions of the model can be compared qualitatively to real proteins

Glucokinase
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Correlation spectra of phenotypes and genotypes capture the

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

relevant bits of information in the gene

random

genotype

eigenvalues ’ . .
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correlation modes are not the

0 B 17000 - - — — - - ~2000 @ mechanical normal modes




The genotype-to-phenotype map involves huge dimensional

reduction whose origin is the mechanical interaction

Cloud of
million
solutions

In genotype space
200-dimensional sphere

In phenotype space
~10-dimensional "disc"

/ Genotype \ / Phenotype \

sequence space: dimension ~ 1000\\ kinetic parameters dimension= 2
~AGGCTGGAGAATCTGGCACGG.. i i

..CTGCTGGAGAAACTGACGCAG.. dimensional  ete.
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Is there something special about dimensional reduction in biology?

extrinsic dimensionD>»d ___——

.. Intrinsic dimension: minimal
. dimension needed to project
. data with little deformation.

i : insic dimensi \
Johnson-Lindenstrauss compression: extrin ond

Any generic data can be reasonably
compressed into a space of dimension

\ntrinsic dimension o

generic

d=d. biological

18
d, ~ ?logm m d << da

\m = sample size ~ 10°, ¢ = tolerance

Eckmann TT, Bioessays (2021) Dimensional Reduction in Complex Living Systems



Hypothesis. Biological systems exhibit extreme

dimensional reduction, far beyond the generic limit

/ intrinsic d # extrinsic D \

random
genotype

relevant
dimension

genotype

phenotype

T

T e — —

0 eigenvalues

Most of the gene is random.

the information carrying part is of the
same dimension as the phenotype.




Looking at protein dynamics suggests an intuitive

picture of proteins as amorphous evolving matter

SH,
. : : \ i7G \& A/
*  Mutations: mechanical perturbations. G
oH.
 Epistasis: scattering among mutations shapes J
genotype-to-phenotype map and fitness landscape.
+ Soft modes emerge as function evolves. Genotype
* Mechanics explains dimensional reduction and
correspondence function <-> non-random genetic info./
- |
Phenotype
Dufta Eckmann Libchaber TT, PNAS 2018 .
Eckmann Libchaber TT, PRX 2017 * Applicable to other strongly-
Eckmann Rougemont TT, Rev Mod Phys . . 5
5019 coupled living systems:

FclkmannTT RineccAve 2021



Future directions for the amorphous evolvable matter approach

The physical picture suggests simple experimental tests

But so far, direct structural and mechanical data was unavailable
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Protein nano-rheology directly probes the mapping:

gene = mechanics = function

Phase (degrees)
A
o
o]
o

| mechanics

0 50 100 150 200 250
Frequency (Hz)

rate
Guanylate kinase
ATP + GMP <-> ADP + GDP
Pl chemistry
Measurement: E. Moses, E. Weinreb (WIS),
substrate

G. Zocchi (UCLA) M. Siek (IBS)
Analysis: J-P Eckmann (Geneva)

Mutant synthesis: Y Peleg, T Unger, J Sussman
NA/IQ)




Preliminary results show strong effect of
mutations in mechanically sensitive regions

150 T | T | T T T T T

Fluid-like

high shear Wild-type |

100

Phase shift
(degrees)

50

z control
// _

binding site

solid-like [

1 |
60 80 100 120 140

Fréquency (Hz)




The protein folding algorithm AlphaFold2 can

chart regions of the gene-to-structure map

o

Example: predicted effect of a
point mutation in froponin C

John M. Mcbride
(IBS)

[
In principle, allows to calculate changes

in mechanical response and thereby

changes in fitness and epistasis

~




Mechanical approach to the problem of recognition: |, \\ v\ prige

Why proteins are so big?
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* Protein needs to discern a set of similar ligands.

* Protein = spring network with elasticity and

chemical interaction encoded in a gene

« Sequence covariance among functional proteins

shows long-range correlation deep into the protein.

@ﬁeins are big to allow fine-tuned discr'iminaﬂoy
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