Nov 8: Eric Deeds, University of California at Los Angeles
"The evolution of cellular individuality”

Nov 15: Daniel Merkle, University of Southern Denmark
"Graph rewriting and chemistry"

Nov 22: Jean Krivine, IRIF, Université de Paris
"From molecules to systems: the problem of knowledge representation in
molecular biology"

Nov 29: Eric Smith, Earth Life Sciences Institute, Tokyo
“Easy and Hard in the Origin of Life"

Dec 13: Yarden Katz, Harvard Medical School, Boston
"Cells as cognitive creatures”

Jan 10: Massimiliano Esposito, University of Luxembourg
"Thermodynamics of Open Chemical Reaction Networks: Theory and Applications”

Jan 17: Aleksandra Walczak, ENS Paris
"Prediction in immune repertoires”

Jan 24 Tommy Kirchhausen, Harvard Medical School
"Imaging sub-cellular dynamics from molecules to multicellular organisms”




PREVIOUS LECTURES AND LOOK-AHEAD

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)

3. Modeling cellular information processing the classical way
(Modeélisation ‘classique’ du traitement de l'information cellulaire)

4. Modeling cellular information processing the rule-based way
(Modélisation basé sur les regles; introduction)

5. Examples of rule-based models
(Modélisation basé sur les regles; examples)

6. Causality in rule-based dynamics
(Causalite)

/. Combinatorial scaffolding
(Echafaudage combinatoire)

8. Cellular learning?
(Apprentissage cellulaire?)
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"INUS CAusALITY" (MACKIE)

EGF.EGFR EGF.EGFR \ EGF.EGFR EGF.EGFR
}FF}EGFR I — rU|eS necessary — EGFRlEGFR(
' for the EO| '

l l

EGFR.int EGFR.int

l

EGFR.Grb2 Grb2.So0S

rules necessary
for this pathway

to the EOI

’

Grb2.So0S

rules necessary
for this pathway
to the EOI

story 2 story 1



STORY INTERACTION

EGF.EGFR EGF.EGFR \ EGF.EGFR EGF.EGFR
}FR.EGFR EGFR.EGFR{

l l

EGFR.int EGFR.int

l
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EGFR.Grb2 Grb2.So0S
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SEEKING EXPLANATIONS

2z Static influence
Zz Dynamic influence

2z (Causality as “non-independence”

{9 Causality via counterfactuals J

via Jonathan Laurent @ CMU !



Note: some slides in the next segment rely heavily on
animation, which is absent from this pdf. They might
be thus hard to decipher...



COUNTERFACTUALS

Had the green ball not hit the red ball,
‘ /. would the red ball have entered goal?
N

Yes.

Does the green ball cause the red ball to enter goal?

‘ Had the green ball not hit the red ball,

/‘ would the red ball have entered goal?
N No.
S EETTTTTRREE <—‘
Does the green ball cause the red ball to enter goal?



A "BloLoGIcAL" SCENARIO: INHIBITION OF AN INHIBITION

Brick blocks goal a fraction of the time.

Sometimes Red avoids it and reaches goal.




STANDARD ANALYSIS OF THE FACcTUAL HISTORY

The factual history “F”

Green moves Red moves

l

Green displaces Brick

Red enters goal

The Story



STANDARD ANALYSIS OF THE COUNTERFACTUAL HISTORY

-----------------
4
4
4
4
4
4
4
4
4

Green moves Red moves:

The factual history °F Green displaces Brick

Home of .
Supercounterfax

|
®
.

The counterfactual history “CF”

(No Story)



PREVENTION SHOWS UP BETWEEN F AND CF HISTORIES

Green moves

The factual history “F”

Green displaces Brick

Red enters goal

The counterfactual history “CF” The better Story The original Story



pK 0.01
b 1
u 1000
u” 0.01
p 1




LIMITATIONS OF A STORY AS EXPLANATION

actual trace: init b u pK b P u”®

init — b — p

This story is not a satisfactory explanation of ‘p’.

ikely alttrace: 1nit b u b u

PK' prevented a ‘u’ that would have prevented 'p’:



A BETTER EXPLANATION

the factualtrace F:  1nit b u pK b Iu*

a likely counterfactual trace CF: = 1nit b u b : U

11 direct causal influence
lnlt ............. between E1 < E2

— " within F or within CF
pK

preventative influence

between E1 <E2 - : X b (E1 is the last event
acrossFandCF L .7 betfore E2 that sets a site
E to a value tested by E2)
(E1in F is the last event 2 U

before E2 in CF that sets a \,
site to a value different P
than required by E2 )



A METAPHYSICAL CLIFF

"It kangaroos had no tails, they would topple over’ seems to
me to mean something like this: in any possible state of affairs
INn which kangaroos have no tails, and which resembles our
actual state of affairs as much as kangaroos having no tails
permits it to, the kangaroos topple over.

David Lewis, Counterfactuals, 1973




AVOIDING THE METAPHYSICAL CLIFF

Lewis is saying that a counterfactual experiment...

f-trace o—0 000000  — @ —

\?/

cf-trace —0—0-0—0—@X S

...cannot simply be a fresh simulation after the intervention.

The new simulation has to hug the factual trace probabilistically.
It has to be an instance conditioned on the factual trace.



CONDITIONING ON THE FACTUAL TRACE

factual trajectory t T To T3 fime
O O—0O O O O -
counter-factual
e—0-5 -
t' =t+ At with At ~ Exp(ay)
]
_ p activity of divergent interactions
(i) if t' <m

e— o o — R

(i) if t' > 71 and factual event is possible
v

@ — @ >

(iiiy if ' > 7 and f-event is not possible, do nothing

@ —C >




HARD AND SOFT CAUSALITY

Dependency on kinetics, i.e. timing ...



HARD AND SOFT CAUSALITY
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A Bg8 S (g8 B

500

400

300

200

100

HARD AND SOFT CAUSALITY
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2000 A, 500 B, independent
“soft causality”

1 500 A, 500 B, independent



HARD AND SOFT CAUSALITY

500 i I I I I I I I I I I I I I I I I I |
400 — —:
[ M*‘ »‘ MW,M,M § 500 A, 500 B, sequentialized
. i “hard causality”
300 [ .
i { 2000 A, 500 B, independent
. i “soft causality”
200 |- .
100 - N
- 1 500 A, 500 B, independent
O | | | | | I | | | | | I | | | | | I | | ]
0) 1000 2000 3000



| ECTURE SEVEN
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WNT SIGNALING

Wnt signaling inactive

Whnt signaling active
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A PIECE OF WNT SIGNALING

18 agent types
57 binding sites

/6 taggable sites
31 rule families
1300+ rules

~ (50,000 agents

1:1 scale
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PLEIOMORPHIC ENSEMBLES

A dynamically changing collection of assemblies that are
incomplete in reference to the blueprint of a large multi-
subunit molecular machine.

Yet, the ensemble as a whole might nonetheless function
as If it was a fully assembled machine.

Mayer BJ, Blinov ML, Loew LM. Molecular machines or pleiomorphic ensembles:
signaling complexes revisited. Journal of Biology 8(9):81 (2009)



SCAFFOLD TYPES

protomer

mono-valent multi-valent
scaffold scaffold

polymerizing scaffold



CATALYTIC POTENTIAL

substrates

catalytic event occurs with rate

kcat
—
\

rate of an AB interaction

polymerizing scaffold protomers

“catalytic potential” Q of this configuration
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GENERALIZING MICHAELIS-MENTEN

free substrate (B)

k
[A—FB:fABJMP—F--- d—P:kcat ta

r

equilibrium constant o = k—f

initial rate of product formation



GENERALIZING MICHAELIS-MENTEN

fraction of enzyme (A) bound W

[ )
ArBLLag [Fegpy APy | et ata s Lt Vialp t(alp —ala — 1)
- di OétB—OétA—FlJr\/4atB+(atB_atA_1)2
- Y,
—_ kg
equilibrium constant a = .

initial rate of product formation

major assumption: the contents of the are in equilibrium



GENERALIZING MICHAELIS-MENTEN

:

A—FBTAB] P+

€Q

uilibrium constant o = -
T

polymerizing scaffold

Ky
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> ONO >
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- QNQ » Q)
- QO »
- Q@O »

© s O O,
)
OO
0 5 oXR0 s ORR0 5 O v 0
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a

pleiomorphic ensemble

fraction of enzyme (A) bound

v
a - \\
dP L , oztB—atA—1+\/4OztB+(oztB—oztA—1)2
—, — Mea A
dt ! atp —ata + 1+ /datp + (atp — atg — 1)?
> <)

L “catalytic potential” Q of Michaelis-Menten

initial rate of product formation

N\

dP
3, kcat

— 27
dt “ Q="

major assumption: the contents of the are in equilibrium



CRITICALITY

just polymerization

Sy = O S = —> 3 =1
" 1—o0s ds S

K n-lgn —» Wi(s) = ian_lsn i dW (s) X

u S:$<\/4+%_ 0_15"))

polymerizing scaffold with ligands

~

Wia,b,s) =a+b+

s(1 4 aa)(1+ 5b)
1 —os(1+ aa)(1l+ 8b)

0~ 1+ o0s(1+ aa)(l+ 8b)

only:abaaabW:aaﬁbs (1 — o s(1 + aa)(1+ Bb))

C explicit expressions for a, b, and s (that are ugly & tedious) J




AT CoONSTANT CHEMICAL POTENTIAL

length distribution
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THE EQuILIBRIUM Q-SURFACE

affinity o [M™1] x108
1.0

0.5

—l
o

o
&

catalytic potential Q [nM]

;0L [IN] O renusiod onAjeres

0 0.2 0.4 0.6 0.8 1.0
substrate concentration £, [uM]

2.0

protomer t [M] x10°°

a=3=10" M1 t4, =15-10"2 M, and ¢ = 10® M~!



MULTIVALENT SCAFFOLDS AS STEPPING STONES

Qmulti — p(ntS7 tAa oz)p(nts, tB? 6) ’I’L2 tS

. Vtx — Ytsiv — L+ /dytx + (vix — Vtsie — 1)?
with  p(tsit, tx,y) = : v S 5
Yix — Ytsie + 1+ V4AvEx + (Yix — ytsie — 1)




MM FLASHBACK

Qmax of Michaelis-Menten / fraction of enzyme (A) bound
v v ~
2\
A+ B ° AR Keat C Ezkcat Ly atB—atA—1+\/4oztB+(oztB—oztA—1)
dt atp —ata+ 1+ +/datp + (atp — ats — 1)?
. k‘f - JJ
equilibrium constant a = 7 \

“catalytic potential” Q of Michaelis-Menten



MULTIVALENT SCAFFOLDS AS STEPPING STONES

not dependent on partitioning of sites
Qrulti {(nts,m, p(nts,tp, Bj& t% only dependent on ligand binding
Q = e, ta, 0)p(tais, t5 5 Qma (Ts) not dependent on ligand binding
~ - ~ ‘ only dependent on partitioning of sites
s(1+ os)

Wpoly = P(ls,ta, a)p(ts,tp, B) ZRQ "™ = plts, ta, a)p(ts,tp, B)

(1 —0s)3

Yix — Ytsit — 1+ /47t x + (vtx — ytsis — 1)?
Vix — Ytsit + 1+ /4vtx + (Yix — Yt — 1)?

with  p(tsit, tx,y) =




MULTIVALENT SCAFFOLDS AS STEPPING STONES

not dependent on partitioning of sites
Qrulti {(nts,m, p(nts,tp, Bj& t% only dependent on ligand binding
Q = e, ta, 0)p(tais, t5 5 Qma (Ts) not dependent on ligand binding
~ - ~ ‘ only dependent on partitioning of sites
s(1+ os)

Wpoly = P(ls,ta, a)p(ts,tp, B) ZRQ "™ = plts, ta, a)p(ts,tp, B)

(1 —0s)3

Yix — Ytsit — 1+ /47t x + (vtx — ytsis — 1)?
Vix — Ytsit + 1+ /4vtx + (Yix — Yt — 1)?

with  p(tsit, tx,y) =




MULTIVALENT SCAFFOLDS AND PoOLY-SCAFFOLD

10° ¢ mixture of bi- and tri-valent scaffolds
i x107
= 108 ¢ 4 [S(3)][M]
@] . S
T 1070} ‘
= [ |
[} : |
8 | |
O 1072 |
> I ,_
S f
S 107 ¢
1016 _

10" 10" 10" 10®° 107 10° 103
sites [M]

a=8=100M1to=10 M1ty =15-10""M,t5 =0.5-107° M



