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Nov 22: Jean Krivine, Paris Diderot
"From molecules to systems: the problem of knowledge representation in
molecular biology"
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"Thermodynamics of Open Chemical Reaction Networks: Theory and Applications”
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"Cells as cognitive creatures”
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Jan 24 Tommy Kirchhausen, Harvard Medical School
"Imaging sub-cellular dynamics from molecules to multicellular organisms”




PREVIOUS LECTURES

1. The Topology of the Possible
(La représentation de l'information biologique)

2. Propagation of Genetic, Phenotypic, and Molecular information
(Limites de la transmission de l'information biologique)



MUTATION AND (SIMPLE ) DARWINIAN SELECTION

materials in excess sequences
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ERROR THRESHOLDS
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PUTTING IT ALL TOGETHER

folding I l“representation” of phenotype by an equivalence class
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2. (part 2)
The Propagation of
Molecular information



reaction velocity (flux)

Kinetic

thermodynamic
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equilibrium constant

Cconnects energetics with kinetics)
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Gibbs free energy

- //’i§ ______________________________________________ R P
AGE ., = AG* AGE ., = AG* — AG®
____________________ k =wexp(~AG™ |RT)
AG®

Reaction coordinate

ki =wexp(-AG"/RT) =w'
k- =wexp(~AG"/RT) exp(AG°/RT) = w' exp(AG°® /RT)
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drawing after Jeremy Owen



PROOFREADING SCHEMES

Energetic discrimination Kinetic discrimination
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S. Pigolotti & P. Sartori. J Stat Phys (2016) 162:1167-1182



|l ECTURE THREE

3.
Modeling cellular information processing



SIGNALING: A CIRCULATORY SYSTEM OF INFORMATION

w—
3
«Q
K
o
(&)
°
o
DS'D

Orai1
(CRAC Channel) %
e

s

o:o':::::o.»o“@ !!! @,@% —>->l3 1¢
S / \ 9
| ¥
G

i — @i ™ (e
Aggregation —~

BCR

Internalization CD45

S

@
@D

Cytoskeletal /
Rearrangements and \
AN

Integrin Activation €———

Glycolysis

¥
A
B3
lucose
/ Uptake
v

ATP
Generation

Ca?
/ \ l / - .@
‘ \ ‘ . N {- K.,{' : Protein
. N ‘ ’l ProteaSOmal ’l I.‘ @ SyntheSIS
Cytoplasm T ! Degradation \ :
00000008 ooo, Weceeseoeeey 4
o;,’::.l‘ 0600060

k Transcription
Y. . Growth Arrest,
Transcription Apoptosis

© Cell-Signaling Technology

tasks:

cell fate,
division,
repair,
cell death,
motility,
morphology,



SIGNALING: A CIRCULATORY SYSTEM OF INFORMATION
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WHERE TO BEGIN ?

Start with simplicity...



BINDING

k1
B+ A — BA

|
0.8 I~
0.6 [
[BA]
By
0.4 B
1
4
0




BINDING

k1
B+ A — BA

k_1
1
0.8 -
0.6 -
[BA] i collapse all binding curves into one
By ! by using the dimensionless variable
BA 4]
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BINDING

k1
B+ A — BA

k_1
! I b = 0.1
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BINDING EQuiLIBRIA AS "PREFIXES"

k1 k dP QL
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BINDING EQuiLIBRIA AS "PREFIXES"

k1
B+A <= BA b2 B4 P
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MULTIPLE BINDING SITES: SCAFFOLDS
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a scaffold protein with n binding partners
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LosT IN (COMBINATORIAL ) SPACE

n binding sites (disordered)

[BAn]:( o )”

(551) ~mr
a+ 1 _(1+%)n ,

for any finite « > 0 as n — o0
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LosT IN (COMBINATORIAL ) SPACE

n binding sites (disordered)

()
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SEQUENTIAL BINDING & ALL-OR-NONE

sequential binding all-or-none cooperativity (Hill)
BA,] o"(1-a) BA,]  a"
Bt - 1 — Oén+1 Bt - 1 —|— 0%k

a (1 — «) \ {0 for a <1, a” {O for a < 1,

1 — o™l oo | (a—1)/a  for a>1 l4+a® n—co |1 fora>1

a threshold for large n a step-function for large n



BINDING LOGIC
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(this is non-competitive inhibition)




Increase total B. What happens?



THE B SIDE
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A Do-UNDO LOOP
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k24 T° T*

® A (e.g.akinase)

/\ dT*] _ k3 ATy — [T°]) k3’ B[T*]

TOO . TO

\/ dt ~— KA4+T,—[T*] KB+I[T°

B (e.g a phosphatase)




LoorPs EVERYWHERE

guanine nucleotide
exchange factor

GEF
GTP ® GDP

|

GDPRasO ® CTPRas

P; P Hy0O
GAP

G TPase-activating
protein

small G proteins

active
receptor

regulator of
G-protein signaling

heterotrimeric G proteins

(a variety of combinations from 23 G, 6Gg, 12G., subunits)



A Do-UNDO LOOP
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THE Do-UNDO Loor: AN "AToM" OF MoLEcuLAR CONTROL

A B
=Bl ey - e
(linear regime)
1] r




THE Do-UNDO Loopr CHAIN

sequential binding sequential phosphorylation w/ linear kinetics
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THE Do-UNDO Loor CAscADE

ks T .
Ty = 2Bz1 and 1, =7r 1=2,...,n
ky B;
kéélA the input variabl
"= 5 e input variable
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the “output”



THE Do-UNDO Loor CAscADE

T°] B r1 rvl(r — 1)
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notice the scale difference between n=3 and n=5



steady-state readout

THE Do-UNDO Loor CAscADE WITH "DEPTH" AND "WIDTH"

LI II 1
parameters from Huang/Ferrell
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THE Do-UNDO Loor WITH FEEDBACK: MEMORY
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DoOuUBLE-WELL ANALOGY
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