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General motivation:

Is there a mathematical physical language of living matter?

0é You feel there must be a new world of mathematical
structuresshadowingvhat we seein Life,a new language we
do not know yet, somethingin the spirit the danguagé of

calculusve usewhendescribingphysicabystemsd

Misha Gromov , In a search for structure2013

oTheoretical physicswas recognized as andependent fielaf
research only at the end dhe 19th centuryé the time has
come foramore precise characterizatioof the research field

of theoretical biology ,andfor an assessment of iscoped

Giovanni JonaLasinio, Mathematical models and languig
the study of biologipabblem=2012




General motivation:

Is there a mathematical language of living matter?

OEverykind of sciencef it has only reached a certain degree of

maturity, automatically becomes a part of mathematis.

David Hilbert Axiomatic Thougi918




So before we start, four things:

A Only time will tell whether there is

sucha ogeneral languaged of theoretical biology.

A The aim of his lecture i® demonstratea trialto think about a basic

biologicalproblem interms ofaphysical theory.

A Everything | say is wrong *

A Much of this talk is about what we don @ know.



This is more or less our plan

|. Introduction _ _ _
informal introduction:

S

ll. Imperfect duality in living matter basic ideas and questions

lll. Protein: amorphous evolving matter __

I\VV. Mechanical evolution of protein

A Condensed matter theory of protein using Green& functions.

A Linking to biological phenomena
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|. Introduction
A Why bother?

mpA  What is life?
A Stuff living matter is made from.

A Proteins.
Il. Imperfect duality in living matter
lll. Protein: amorphous evolving matter

I\VV. Mechanical evolution of protein



What is Life?

A We know it when we see it, By ERWIN SCHRODINGER
or at least thas what we think.

WHAT
; IS
Schrodinger 1944: oThelarge and importaahd verynuch LIFE
discussed question is: Howtlzaevents space and time which !
takeplace withithe spatial boundary of a lidrganism be :

accounted for by physics and chemistry? 3
The Physicist’s approach to the

Subject—With an Epilogue on
Determinism and Free Will

The preliminagnswercan besummarized as follows:

The obvious inability of present-day physics and chemistry CAMBRIDGE UNIVERSITY PRESS

to account for such events is no reason at all for doubting

that they can be accounted for by those sciences



Can life be defined?

Webster dictionary

LIFE 1a: the quality that distinguishes a vital and functional
being from a deadody.

b . a principle or force that is considered to underlie the
distinctive quality of animateeings

C : an organismic state characterized by capacity for
metabolism, growth, reaction to stimuli, and reproduction

2a : the sequence of physical and mental experiences that ma
up the existence of amdividual

Wikipedia The ouroboros symbolizeself
reflexivity, introspection, ocyclicality.

LIFE is a characteristic distinguishipgysical entities
havingbiological processesuchassignalingndself

sustainingrocesses, from those that daot.

More on definitional loops ihevaret al.PRX2012



Plan B: define life by its symptoms

Descriptiveodefinitiort: A living thing haall or most of the following traits

A Homeostasis : regulation(pH, temperature)

A Organization : composedof one or more cells.

A Metabolism : chemicalsand energy into cellular components (anabolism) and
decomposing organic matter (catabolism).
Livingthings requiresnergyto live.

A Growth and development

A Adaptation : response to environmenf(This ability is fundamental to the process
of evolution.

A Response to stimuli : senseof multicellular organism$/otionstoward the sun
(phototropism),or nutrient (chemotaxis).

A Reproduction : the ability to produce new individuatganisms
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Biological macromolecules are made of a small set of elements

C), oxygen(O), nitrogen(N),
hydrogen (H), (P)

Four main classes
(A) Nucleic acids (DNA):
store and process informati@n
(B) Protein (hemoglobir:
catalysis, structure, signaleng
(C) Lipids (phosphatidylcholine
membrane, organellés
(D) Carbohydrates (polysaccharide

energy storage, surface, cell wall

A Huge diversity in each class.

Figure 1.1 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Why life molecules are so osimple 67

A Only four classes of molecules? A)
A Why these classes and no others?

A Origin of Lifed
many theories, none testable.

Advantages:
A Small numbeof basic elements and precursors. 839

A Modularcombinatorialchemistry.

A Universalo all organisms that can
ealdecompose each other.

A These are hallmarks of languages *
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Living matter is assembled into

multiscale hierarchal structures

We will stay thenanoscale (DNA, proteins):
A These objects are not alive by themselves.
A But since they are components of a living system:

A They are selected by evolution and therefandormation -rich.

A So at the nanoscale the question i®w the information about life
and evolution is mapped into physical objects.?
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Specifically, we will examine proteins: molecular machines

that perform numerous essential life functions

7

C

insulin (2hiu)

Structure, metabolism, defense, .
. . o R

communication, storage, transp@st,’

information progessing ypsin (2ot

serum albumin (1e7i)

10 nm
DNA mRNA\ metabolites
rRNA peptidoglycan

165 ipopoly-
rRNA 23S tRNA |sacante

lipid

rRNA 55

protein -

glycogen

hexokinase (1cza) rubisco (1rex) alcohol dehydrogenase (20hx)

Dominant incell biomass~ 1f proteinsOm?3
Cell Biology By The NumbersMilo & Philips



The macromolecules that make livingatter,
lipids hydrocarbons, nucleiacids, anespeciallyroteins ,

are amonghe most studied objects of Nature.

Biochemical as:

Mass spectrom

Fluorescemnagin
Electramcroscopy & 4;“; m R Physical Principles?
Directed evoluti |

Deep sequenci

A Computatioioal

é
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Two dual languages: nucleic acids and proteins

A Small alphabets: NUCLEIC ACIDS T
A 4 nucleic bases
A 20amino acids.
ALPHABET
A Translation: monomers "<t

A 3-letter words (codons)
A Each encodes AA.

codon

WORDS

A Hierarchicalanguages:
modular subunits.

domains

a-helix B-strand

gene
* 2 . I . 1
D_NA enc_odes alsg many_mmmleln —— mﬂmmﬁlﬂm
entities which we will not discuss here. /

polymer

*There are othe@languag@&svhich we
will not discuss (cell states, epigéngtics

protein

Figure 1.2 Physical Biology of the Cell, 2ed. (© Garland Science 2013)




One may think of
genes and prOtelnS as NUCLEIC ACIDS PROTEINS
symbolsand their meanings or

representations and objects

ALPHABET

nucleotides

codon

WORDS

gene

[ . ]
seNeNceS  TOO00000, DU000000

protein

Figure 1.2 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



In terms of von Neumann & universal constructor:

DNA is the tape and proteins make the constructor *

Self-reproducing machine : constructor + tape (1948/9)

A Programon tape

(i) retrieve partsfrom osea of spares Universoi
(i) assembleheminto aduplicate

(i) copytape

Consiructor
”C* « & (”c* )e
Troran

L

Constructing orm

Universoi

Consiructor

*
”6‘

trrrrorrren L Theory of (1966

* also RNAé

Self-Reproducing Automata
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Proteins are among the smallest entities that reflect tlgect -representation

A physical object

a folded chain of arn N
. : ] \
acids with multifaffot \\ \\
. . \
biochemistry. \ ‘\
|
,l .
I
I
/ ]

ey . .
/ \/ A carrier of genetic
/

l="

representation:

%oint along an
evolutionary trajectory.

* This is an imperfect duality



RNA intermediates can be both

objects and representation (tapes and machines)

protein

Stable, slow, digital, almost perfect * Noisy, dissipative, analog *

A Before the DNAprotein schism: Primordi@aRNA worldo
A RNA molecules are both information carriers (DNA) and executers (proteins).

A RNAs have several other functions in the cell*
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Protein are mappings from sequence (genotype) to functions (phenotype)

)
>

N polypeptide

OStructure Protein
3D arrangement *

translation

—

YAVAVAVAVAVAN

Formally, the map is

protein = F(geng =Functiono foldo tranlsategene

Rev ModPhys(in press)



This talk is mostly about a physical approach

trying to explain certain basic features of the map

DNA polypeptide
oStructured Protein
3D arrangement *
translation folding function
——

> >

e

VAVAVAVAVAVAN

protein = F(geng =Hunctiono fold- tranlsategene



Duality allows efficient search in a high -dimensional

genotype space and selection in phenotype space

Stochastic population genetics:
mutation, horizontal transfer, Mendel

Quantitative genetics:
heritability of phenotypes

Phenotype construction:
developmentahnd cellular 1 F
biology, physiology, environment F
"gene' = F Y protein*
protein = F(gene

RichardLewontin 1974

Evolutionary biology of phenotypes:
evolutionary ecology, mating, migratiee)ection é
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The main question about protein isow are the collective interactions

that determine protein function encoded in the gene?

genetic code:

DNA triplet A aa
Non-linear,non-localmany-body

mapdetermines3D arrangement.*

function

translation folding

——

Small set otollective
degreesof-freedom
determines protein function.
(orenormalizationd *)

* We will not discusslding



The genetic code is a smooth one-body map

from DNA codons to amino acids

AA polarity
H~ O ©© 8

. 64codonsi {A,G,C,UY.
« Geneticcode: codon- amino acid.
- Degeneracy :64 codons- 20 amino acids.

« Smoothnessclose codons similar/same amino ac
Rev ModPhyg(in press)



In other words,

What is the geometry of the gene -to-function map?

AVAVAVAVAVAV/A

Gene = sequence oN DNA bases
from 4-letter alphabet {A,C,G,T}

Function typically described by a
few relevant numbers

FAACGT}V- R
F (geng = protein

aat

Phenotype space =

Genotype space = low-dimensional R

N-dimensional hypetetrahedron

This talk is mostly about a physical approach

trying to explain certain basic features of the map

Exercise:draw a6D hypercube.



A general gene -to -function mapping is immensely complex

but biophysical constraints make it much simpler

A Consider general Boolean functions (logical propositions) ariables

F: xx..x, | {0,3" -{0,1

N
A There are 22 such functions because all variaklesay interact

(# of {0, combinations orN-cube)

But in protein
complexity is reduced
A Short-range manybody interactions ardimited to neighboring amino acids .

A A few collective and local degreed-freedom determine the function.

A much fewer physically consisteri functions.
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Physical scales and interactions.

Coarsegrained view of protein.

Longrange deformation and viscoelastidityproteins.
Mechanical models of protein: spring nets.

Amorphous matter: rigidity, spectrum.

V. Mechanical evolution of protein



ENERGY (joules)

At the nanoscale, energy scales converge to ~thermal energy

1010
~ ~ER _
105 _ e’ R? Electrostgtic energy % Bending of | \
4 of a spherical shell/ a 20:1 rod \
\
100 —
Fracture of |*
a 20:1 rod S
10- 5 —
P B ] R
10-10 — rot(.)n 32 2
.,
Nucleus ..
10-15 — = Chemical
bonds
10-20 — Thermal energy
10-25 — —
Binding energy of an Philips & Quake,
electron in a box _
10-30 — Physics Todag2006
| | | |
109 10-6 10-3 100
LENGTH (meters)

Exercise:derive thesescalingsespecially the bending energy.




o o Do Io

N anoscale regime, especially in living matter has many interplays

ENERGY

EAV

10—15 —

1020 —

10-25 —

10—30 —

Nucleus-.
R Chemical

covalent~\bonds

ATP' Thermal energy

Binding energy of an
electron in a box

| | | [ I |
1015 10-12 10-9 10-6 10-3 100

LENGTH (meters) Philips & Quake, Physics Tod2§06

Zoom: convergence zone &4 orders-of-magnitude in each direction.

Typical elastic, electrostatic, chemical are not too many oradnsagnitude apart.

Interplays are expected.

Thermal fluctuations are relevant and excite these degreafsfreedom:soft matter * .



At the fundamental level, all nanoscale interactions are electromagnetic

Primary

Secondary

Electrodynamic (van der Waals):

London, dispersion, Debye,
Induction, Keesom. orientation

Electrostatic (Coulombic)

Polar (acid-base)

Hydrogen bonding

Hydrophobic
Hydration \ T : :
yarat * oThe distinctionis quite arbitrary
Osmotic
Disjoining Secondarynteractions either are
S”S“th”al subsets oprimaryinteractions, specific
teric
Depletion to a class of materials, or are a more

Entropy-driven
Enthalpy-driven
Cross-binding
Specific
Magnetic

macroscopighenomenon

Long range interactions in nanoscalescience Reviews of Modern PhyXd®

FrenchParsegiarPodgornikRajter Jagota_uo, AsthagirjChaudhury Chiang
Granick Kalinin Kardar KjellanderLangreth Lewis LustigWesolowskjWettlaufer,
Ching FinnisHoulihanvon Lilienfeld van OssZemb



Life happens in salty solutions where electrostatic forces are screened

A In principle, electrostatic interactions are lenange -/r.

However:
A Lifebegan in the ocearin saltwater (<500 mM of ions).
A Inside the cell150 mM.

A Strongly screened interactions by charge correlations.

A The typical screening length scale, thebye length * ,

/D:‘/ Al ° nm.
4pne

A This is the scale of the Poiss@oltzmann equation.

sz:__4pne F q - ef (1)
& L 2p — 4PNy - € (F
o Y Df = ex
_aef(n e T
N=r,eXpge— 0O
¢ KT &

* There are other lengtbalesRjerrumGouyChapman)

Exercise:
A Show thate= 1 nm.
A How would Life look ife-~ 1 mm?



At nanoscale, all interactions are zero range*

A From all this hen coarsgrained at a resolution of =nm forces aredzero -range 6:

interaction is only with neighboring molecules.

A We are in a regime otoarse-grained theories such an elasticity and hydrodynamics.

OAnimportant fact in the theory of elasticity is that the moleculfiafer@sry short range of action.

Their effect extends only tortegghborhood of the moleculexerting them, over a distance of the same
order as that between tnelecules.T.he range of action of the molecular forces should therefore

be taken as zeroin the theorgf elasticitiWe can say that the forces which cause the internal stresses are,

as regardthe theorpf elasticitynear-action" forceswhich act from any point onlydighboring poiats

(Landau é&Lifshitz Theory of Elasticiby4)

A Typically*, the dynamics take the form of local conservation laws, e.g. Gaecjuation:

Du_1 5t
Dt r

* Short or lontange iselative to a scade indLongange interactions in nanosseiEnae
(Rev ModPhy2010) longr'ange means relative to bond length



Sugensionof protein

Gravity remains long-range but is irrelevant at the nanoscale

©

o

o O
rrlNatel’ g

o
©

©

o mg O
@
O @

o

A Density in test -tube is ~ constant.

Net force:

m. © Vg (Archirdes)

A What happens after a long time?

net mass:

length scale

pigprotein massm= 10 Da=D010 kg

m_.°m /4& 050 kg

Z

Exercise:what is the sedimentation velocity? Is it relevant?

kT _ 4402
m.g 0.5A0%° 40

100
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Proteins are complex systems made of hundreds to thousands

amino acids arranged in a 3D structure

Hemoglobin,
IrvingGeiss 1978

»

»

»

»

»

Non-random information -rich matter
Long-term evolutionary memory.

Sparsity of data in highD genotype space
Collective interactions: manybody physics.

Small, heterogeneousd no TD limit.



Complementary theoretical approach puts

the protein problem in the  realm of condensed matter physics

Realistic simulations predict dynamics Minimal, coarse -grained models to

examine questionef protein evolution

and function of concrete proteins

oH.

1

force”Z G G response
G

5H,




There is a long history of abstraction and simplification

In modeling living systems*

A DA®Arcy Thompson (1917:

shape transformations as morphogenesis.

SRR 3:::,: R i
: \ P ;_ l { '
Waddington: A Catastrophe Theory of Evolution 3 ;' X | q IJ

* Many aspects these models aredowrongo but they still conceptually useful



Genes and protein structures have many parameters

but protein function is described by only a few

ATG CTG GAG AAC GGG CTG GCG CGG
Met Leu Glu Asn Gly Leu Ala Arg

TGG GAG CGG TTC CGC TGC AAC GTG
Trp Glu Arg Phe Arg Cys Asn Val

TGC ATC AGT GAG ATG CTC TTC ATG
Cys Ile Ser Glu Met Leu Phe Met

GAC GGC TGG AGG GAG CTG GGC TAC .

Asp Gly Trp Arg Glu Leu Gly Tyr

TGG GCC GCC AAG CAG CGT GAC ACT
Trp Ala Ala Lys Gln Arg Asp Thr

Genotype

Information ~ gene length =———>

dimen sional
reduction

compression

rate

substrate

energy

reaction coordinate

Phenotype

Information ~ a few bits



Hint about degrees -of-freedom:

Many proteins use large-scale collective motions to function

Induced fit: C '

ligand

'

product

functional
site

dlosteric

Allostery: Rl

l.. o

@
LTS L

effector

A Slow global changes in enzymes, ishannels, ribosoné



Protein sequences are also remarkably collective,
with correlations indicating structure and function

* B * E
Q5E940 BO¥IN ----—---—---—- MPREDEATWKSNYFLEKITI LDD ECFIVGA] IBEMSLEGK-AVY LMGK MEEKATRG
RLRO:HUMRN ——————————— MPREDEATWKSNYFLEKITI LDD KCFIVGA] IEMSLEGK-AVV LMGEK MEKATRG
RLA0 MOUSE MPREDEATWKSNYFLEIT LDD KCFIVGA] ITEMSLEGK-AVV LMGEK MEKATRG
RLEO_RBT -= -MPREDRATWKSNYFLEKITI LDD KCFIVGA IEMSLEGK-AVY LMGE MEKATRG

-

BLAO0 CHICK --—---—--—---- MPREDRATWKSNYFMKIIQLLDDEPKCFY VGA IEMSLEGK-AVY LMGE MEKATRG
RLAO0 RANSY ------—-—-—--- MPREDRATWKSNYFLEKIIQLLDDEPKCFIVGA IEMSLEGK-AVY LMGE MEKATRG
QTZUGB:BRBRE *********** MPREDRATWKSNYFLEKIIQLLDDY¥PECFIVGA IRLSLERGK-AVYLMGK MEKATRG
BLAO TICTPU ----------- MPREDRATWKSHNYFLEIIQLLNDEPKCFIVGA IRLSLEGK-ATYLMGEK MEKATRG

RLAQ DBOME ----------- MYEENKAAWKARQYFIKVYY FDEFPECFIVGA
RLAQ0 DICDI ----------- MSGAG-SKEKKLFIEKATELFTT KEMIVAEA]

IRTSLERGL-AVVLMGK MEEKATRG
IRKSTRGI-GAV LMGEKK IRKYIRDLADSEKE

mMmEAEREEERRRA
=

Q541P0 DICDI -------—--—- MEGAG-SKEKNYFIEKATKLFTTYDEMIVAER ITRKESIRGI-GAVLMGKKTMIRKYIRDLADSK
RLRO:PLBFB ——————————— MAKLSKQQEKQMYTEKLSSLIQQOYSKILIVHY H HSVRKSLRGK—HIILMGK IRTRLKKNLIRV
BLAO0 SULAC -“MIGLAVTTT KKIAKWKVDEVAELT LETHKTIIIANIEGFPADKLHETIREKLREGK-BADIKY LFNIALENAG-- -
RLAO0 SBULTO ----MRIMAVITQERKIAKWKIEEYKELE LEEYHTIIIANIEGFPADKLHDIREKMEGHM-AETKY FGTAAENAG-—- -
RLHO:SULSO ———--MERLALALEQREKYASWKLEEYEKELT IKENSHTILIGNLEGFPADKELHETREKLRGE - IKVIE FETAARENAG - -
BRLAO0 AERPE MSY¥SLYGOMYKREKPIPEWKTLMLEELE FSK VVLFHDLTGIP FVVIRVRKKLWKK*JMMVBKKRIILRBMKBBGLE*
RLAQ0 PYRAE —MMLBIGKRRYVRTRQIPHRKVKIVSEBT LOK¥PYYFLFDLHGLS RILHE.RYRLRRY—GVIKIIKE FKIBFTKVIGG—
BRLA0 METAC ------ MAEERHHT EHIPQWKKEDETIENIK IQSHKVFGMVGIEGILATKEMOKTREDLED Y -AVLKY BRALNQLG-- -
RLRO:METMR —————— MAEERHHT EHIPQWKEDETIENTIK IQs VFGMVRIEILHTKI IRRDLKDV—HVLKVK ERRLNQLG———
BLAO0 ARCFU ------ MBRVRGS———PPEIKVRBVEEIKRMISSKPVVBIVSFRNVPHG IRREFRGK-AETIKYVEK LERALDALG-— -
BRLAO0 METEKA MRVKRKGQPPSGYEPKVHEWKRREVKELKILMDEIENVGLVDLIGIPHP IRBKLRERDIIIR ME TATLEEKLDER
BLAO0 METTH ----—--———---—--— MAHYAEWKKKEVOQELHDLIKGYEVYVGIANLADIFA MEQTLREDS-ALIRI KFLISLALEKEAGREL
RLAO0 METTL MITAESEHKIAPWKIEEYNKLEKELLENGOIVALVYDMMEYP A IRDKIR-GTMTLK IERATKEYAEET
RLHO:METVB ******* MIDHKSEHKIHPWKIEEVNBLKIELKSBNVIBLIDMMEVPHV IRDKIR*DQMI{K IKRAVEEYAEET
RLAO0 METJA --——-———— METKYKAHYAPWKIEEVETLEKGLIKSKPYYATIVDMMDYPAP IRDKETIR-DKYKLEI ITRALKEAAEET
RLHU:PYRBB ————————————— MAHYAEWKKKEVEELANLIKSYPVIALYDYSSMPAYPLSOMRREL TRENGGLLEY IELATKEAAQEL
BRLA0 PYRHO - - - —--—-------— MAHYAEWKKKEVEELAKLIKSYPVIALVDYSSMPAYPLSQOMREL TRENGGLLEY IELATKEAAKEL
BLAO PYRFU ————————————— MAHYAEWKKKEVEELANLIKSYPVVALVYDY¥SSMPAYPLSQMREL TRENNGLLEY IELATKEYAQEL
BELA0 PYREKO ————————————— MAHYAEWKKKEVEELANTITKSYPVIALYDYVAGYPAYPLSKMRDKLR-GKALLREY IELRIKRBRIEI
RLAO:HHLMR ————— MSBESERKTETIPEWKQEEVDBIV.MIES SYGYVNIAGTIP MERDLHGT -AELRY LERATLDD¥D-— -
RLAO0 HALYO -- -~MSESEVROTEVIPQWKREEVDELVDFIES S¥YGVVGYAGIP SMERELHGS - AAY R YNRALDE¥HN-- -
RLHO:HHLSB ————— MSAEEQRTTEE¥PEWKEQEVAELVDLLET SYGVYVNYIGIPSK MERGLHGO- AALRI LYRALEEAG-— -
BRLAO0 THEAC --—-—-——-—————-——— MKEVSQQKKELVNEITIEIKHSRSVBIVD.HGIR TODTRGKNRGK - TNLEVIKEKFLLFEALENLGD - —
RLAQ THEYO ------------- MEKINPEKKE IVSELAQD ITESKAVAIVDIKGYE ITRAKHNRDE-YEKIKVYVYEKFLLFEKALDSIHND- -
RLAQ PICTO ------------- MTEPAQWKIDFYENLENE INSREKVAATIVSTKGLENHN IRNSIRDK—HRIKV.RBRLLRLBIEN.GK——

ruler 1....... AL P Zlocooocooa o coocooa 40........ Blccoccooc 60..... ... Ul o e s oo g0....

A Epistasis = interaction among mutations.

A How isepistasisencoded in the gene?



How to get long -range interaction from zero -range forces?

A Maxwell & elastic model of
electromagnetism ( Phil Mag 1861):

To

Space is filled with vortex tubeadther)
Charges are frictionlesbalbbearingé

In conductors: charges flow between the
vortices and rotate them.

A Ininsulators and free space: charges areg
displaced and deform the vortices .

A Maxwell calls thisilectric elasticity &

o o

More earthly example: waves in a pond.
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Motivation: Looking at dynamics suggests a mechanical basis for
mapping genetic information to collective function

Motion = agStructure)
unbound A bound

Mitchell LeiblePNAS2016 Glucokinase = —
Dutta Eckmann Libchabé&RX2018 (PDB: 1v4s A 1v4t) 1 nm
EckmanrLibchabePNAS2017



Motivation: The shear highlights the relative motion
of amino acids within the protein

Shear= a&eMotion =ae aStructure
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Q: why do we look at noHinear terms?
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Motivation: Proteins are soft and viscousat low frequency

Protein flowslike
viscous fluid

g
o
J

4 Gold nanopatrticle 4

1
|
|
—
(o))
L

Protein vibratedike
elastic spring .

-
N

. 1 M
]

Amplitude (A)

| 0 50 100 150 200 250
Zocchiet al, 20122018
Frequency (Hz)



Viscoelastic dynamics in protein are similar to Maxwell & dashpot model
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|. Introduction

Il. Imperfect duality in living matter

lll. Protein: amorphous evolvingmatter
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Physical scales and interactions.

Coarsegrained view of protein.

Longrange deformation and viscoelasticity in proteins.
Mechanical models of protein: spring nets.

Amorphous matter: rigidity, spectrum.

V. Mechanical evolution of protein



Simplifications translate questions of biology to

analogous questions in the physics of amorphous networks

A Coarse grained: amino acid are points.

A X-ray andcryo-EM see proteins A Simplified forces and energies.
structure at angstrom resolution. A Fewer types of amino acids.

A Detailed interatomic force fields.






















































































































































