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?)



CoPYING A POLYMER (SINGLE-STEP)

(left ) M (right )

A
o
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m< off < on
(left ) m (right) left ) M ( right )
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CoPYING A POLYMER (SINGLE-STEP)

4 on

left ) M (right )




COPYING A POLYMER (CONTACT MAP)




COPYING A POLYMER (MULTI-STEP)

INntermediate state




THE PURPOSE OF MULTI-STEP IS TO ALLOW FOR PROOFREADING

proofreading




FREE ENERGY LANDSCAPE OF PROOFREADING

Ho—1 H1-2

120



THE PURPOSE OF MULTI-STEP IS TO ALLOW FOR PROOFREADING

proofreading




COPYING A POLYMER (MULTI-STEP)

INntermediate state




CoPYING A PoOoLYMER: END CASES

chain start

(left ) M (right )

N\




CoPYING A PoOoLYMER: END CASES

INntermediate state

a problem...




CoPYING A PoOoLYMER: END CASES

“test” unbinding

@ight) (chain C






| ECTURE SIX

6.
Causality



'EGFR.EGFR'
'EGFR/EGFR'
'EGF.EGFR'
'EGF/EGFR'
'Shc.Grb2!
'Shc/Grb2'
'EGFR.Grb2'
'EGFR/Grb2'
'EGFR.Shc'
'EGFR/Shc'
'Grb2.SoS'
'Grb2/SoS'
'EGFR.int'
‘EGFR/int'

'pY1092@EGFR'
PY1172@EGFR'
‘UY1092@EGFR'
'uY1172@EGFR'

'Y @Shc'
'uY @Shc'

‘EQI'

MODELS AS PROGRAMS

EGFR(L[_],CR[.,N[.1,CL]), EGFR(L[_],CR[.IN[.],C[.]) ® EGFR(L[_],CR[1],N[.],C[.]), EGFR(L[ ],CR[1],N[],C[.]) @ 'k_on'/2
EGFR(L[_],CR[1],N[.],CL]), EGFR(L[_],CR[1],N[.],C[.]) @ EGFR(L[_],CR[.,N[.1,CL.]), EGFR(L[ ],CRL.ILN[],CL.]) @ 'k off/2

EGF(r[.]), EGFR(L[.],CR[.]) = EGF(r[1]), EGFR(L[1],CR[.])

EGF(r[1]), EGFR(L[1],CR[.]) = EGF(r[.]), EGFR(L[.],CRI[.])

Shc(Y{p}.]), Grb2(SH2[.]) = Shc(Y{p}[1]), Grb2(SH2[1])

She(Y{p}{1]), Grb2(SH2[1]) = Shc(Y{p}{.]), Grb2(SH2[.])

EGFR(Y1092{p}[.]), Grb2(SH2[.]) = EGFR(Y1092{p}[1]), Grb2(SH2[1])

EGFR(Y1092{p}[1]), Grb2(SH2[1]) = EGFR(Y1092{p}[.]), Grb2(SH2[.])

EGFR(Y1172{p}{.]), Shc(PTBI[.]) = EGFR(Y1172{p}[1]), Shc(PTB[1])

EGFR(Y1172{p}{1]), Shc(PTB[1]) = EGFR(Y1172{p}[.]), Shc(PTBI.])

Grb2(SH3n[.]), SoS(PRI.],S{u}) = Grb2(SH3n[1]), SoS(PR[1],S{u})

Grb2(SH3n[1]), SoS(PR[1]) = Grb2(SH3n[.]), SOS(PR[.])

EGFR(CRJ[1],N[.],C[.]), EGFR(CRJ[1],N[.],C[.]) = EGFR(CR[1],N[2],C[.]), EGFR(CR[1],N[.],C[2])
EGFR(CR[1],N[2],C[.]), EGFR(CR[1],N[.],C[2]) = EGFR(CR[1],N[.],C[.]), EGFR(CR[1],N[.],C[.])
EGFR(N[1]), EGFR(C[1],Y1092{u}[.]) = EGFR(N[1]), EGFR(C[1],Y1092{p}{.])

EGFR(N[1]), EGFR(C[1],Y1172{u}[.]) = EGFR(N[1]), EGFR(C[1],Y1172{p}[.])
EGFR(Y1092{p}[.]) = EGFR(Y1092{u}[.])

EGFR(Y1172{p}{.]) @ EGFR(Y1172{u}{.])

Shc(PTB[_], Y{u}{.]) = Shc(PTB[_],Y{p}.])

Shc(Y{p}{.]) = Shc(Y{u}l.])

Grb2(S[_],SH3n[2]),S0S(PR[2]) = Grb2(SH2[_],SH3n[2]),S0S(PR[2])

@ 'k_on'
@ 'k_off'
@ 5 'k_on'
@ 'k_off'
@ 'k_on'
@ 'k_off'
@ 'k_on'
@ 'k_off'
@ 'k_on'
@ 'k_off'
@ 'k_on'
@ 'k_off'
@ 'k_cat'
@ 'k_cat'
@ 'k_cat'
@ 'k_cat'
@ 'k_cat'
@ ‘k_cat'

@ 100
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DYNAMICS OF OCCURRENCES OF AN EVENT OF INTEREST
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600
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Z10/0)

300

Number of particles

200

100

EGF, EGFR, Grb2 = 5,000
Sos = 10,000

Shc = 8,000

total agents = 33,000

l

WA

50

volume = 2 10-14 |
Kd = 10 nM (= 2,400 molecules)

100

Time [sec]

150

{0[0)

SOS recruited



SEEKING EXPLANATIONS

{9 Static influence J

Zz Dynamic influence
2z (Causality as “non-independence”

2 (Causality via counterfactuals



DIRECT POSITIVE STATIC INFLUENCE

a gluing

-------------------------------------------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------------------------------------------

a gluing instruction

A direct positive influence exists if the pattern that constitutes the
gluing instruction between R, and L is modified by rule .



DIRECT NEGATIVE STATIC INFLUENCE

a gluing instruction

A direct negative influence exists if the pattern that constitutes the
gluing instruction between L, and L is modified by rule r.



INDIRECT POSITIVE STATIC INFLUENCE

An indirect positive influence of rule r satisfies only part of the £ condition of rule s.

An indirect positive influence exists if the pattern that constitutes the gluing instruction
between R, and L is modified by rule r and the gluing is not a site graph.



INFLUENCE IS NOT TRANSITIVE




THE STATIC INFLUENCE MAP

EGF/EGFR

[/ *

EGFR/EGFR [«—
EGFR.int
K\»
‘ pY1092@EGFR

EGF.EGFR

\

EGFR/int [«—
EGFR.She — / UY1092@EGFR
A
pY1172@EGFR
A4
Grb2.SoS
EGFR.Grb2
EGFR/Shc / A I
pY@ShCc l@— | She/Grb2 Grb2/SoS

EGFR/Grb2

Y
| Shc.Grb2

uY1172@EGFR

A

uY@Shc




SEEKING EXPLANATIONS

2z Static influence

[9 Dynamic inﬂuence}

2z (Causality as “non-independence”

2 (Causality via counterfactuals



DYNAMIC RULE INFLUENCE

static influence map
EGFR.EGFR
/// il
EGFR/EGFR %
N EGFRintfa— |
\\d\’ pY1092@EGFR
r EGFR/int
EGF/EGFR FGFAShe uY1092@EGFR
| 7y
EGFR.EGFR [«— pY1172@EGFR
EGF.EGFR v
EGFR.Grb2
EGFR/Shc ]
EGFR/EGFR pY@She She/Grb2
EGFRint|
: EGFR/Grb2
S : ‘ uY1172@EGFR
R EGFR/int H . uY@She »| She.Grb2
-~ rule r fires
t : : t+ 71
time » ; E ..‘
* 1 r 1 1 1 g
|

A~ 5) = (D) if event 7 is due to rule r (Ay(r ~ 8))s = % Z Ai(r ~ )
0 otherwise i

change of s-activity due to r in [t,t + 7]



KAIABC OsCILLATOR (SIMPLIFIED)

stem behavior
8

0.8

0.6

0.4

0.2

54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 B84 86 90



KAIABC SYNCHRONISATION (SIMPLIFIED)

system behavior
[ 1=58




DYNAMIC INFLUENCE NETWORKS IN A MOLECULAR CLOCK (KAI-ABC)

&« c o © @ https://creativecodinglab.github.io/DynamicinfluenceNetworks/ B e & ¥ | Q searct mn & D «

gov soft >« mac rb do hr sfi H share -] trp @ ? 21 * b § ! ToDo ref tex prog stat casa M hm wifi proxy

' CLUSTERING APPEARANCE LAYOUT LEGEND 2]

with Angus Forbes, University of California at Santa Cruz
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The dynamic influence network

&) Q ®a https://creativecodinglab.github.io/DynamicinfluenceNetworks/?MiniKaiRun/flux_0.json
gov soft >« mac rb do hr sfi H share :-) trp @ ? 28 * lb $ ! ToDo ref tex prog stat casa M hm wifi proxy
DATASET + CLUSTERING APPEARANCE LAYOUT

with Angus Forbes Lab @ UCSC
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.ﬂID_2 .ﬂlp_z_op == . , LA
flip_3 : —
o - — BC'Z‘O— L B:Cil 0 o
.,.,IHV_OD__‘ _U_0p
.ﬂlp_4
.ﬂlp_S

.pC So.gPCL 5 op———

.pC__G .,.pC-67op

Influence > 0.00366

Clustering Visibility

Time: 51.3-51.4 1x 4

I
1e+0 1le45 1e+10 0 50 100

N @& @O «

00—y | I I I I I I I
50 60 70 80 90 100 110 120 130

A.Ca incoming influences
log | linear

50,000
40,000
30,000
20,000
10,000

0e+0
50 60 70 80 90 100 110 120 130

A.Ca outgoing influences
log | linear

700 — :
600 — :
500 — !
400 - !
300 -
200 - !
100 - é.‘,
0e+0 —*
50 60 70 80 90 100 110 120 130

T T i T F T -~ T T 1
0 20 40 60 80 100 120 140 160 180




SEEKING EXPLANATIONS

2z Static influence

Zz Dynamic influence

[9 Causality as “non—independence”}

2 (Causality via counterfactuals



CAUSALITY

Type causality

* general statements
e predictions

e forward-looking

Actual causality

e focus on particular events
e |ess useful for prediction, but still useful for intervention

* pbackward-looking



EVENTS AND TRACES

&—006 00 ®0—@ oo

states of the world

S
an event: e , pre(e) C Q , eff(e) : pre(e) — Q
label context context
(before) (after)

L, R,
rule r + embedding — [@



CAUusALITY vViIA NON-INDEPENDENCE

€1 ¢ €9 iff for every context C it is the case that

C I~ €1
el e @ —
implies
P - B — <
c F eies
whether these events are independent,
these events are independent, C |_ €2€1 depends on context:

but cannot occur in this context:

eff(e1es) = eff(eseq)

° " %
L%




TRACE EQUIVALENCE

trace equivalence e, 069 = t.e1ea.t’ ~ t.egey.t’

precedence (mleioes) Ni<j)= e <e;

3

1 2 /

\/ = {123, 213} \/\ = {312546, 231546, ...}
3 \/

precedence-preserving permutations



CAusAL AND NON-CAUSAL PRECEDENCE

With regard to causality, precedence
e; < €5

comes in two flavors:

‘Immediate causality”

er — ey if de chejea Act e

‘non-causal precedence’

er 1ey if de ckey Act ejes



CAusAL AND NON-CAUSAL PRECEDENCE

(1 has to occur before 2, but does not

, non-causal precedence
cause 2; yet contributes causally to 3)




CAusAL AND NON-CAUSAL PRECEDENCE

negative influence
(indicates logical precedence)

no influence relation !

causality
(1 is needed for 3, but
must happen before 2)







FROM TrRACE TO CAUSAL PAsT

swap order
o O el b ()
A . X A o
® e3 u T T
(11 P
N e
o O e4 o é o’ X e e
O—@ O es p T
‘ ‘ e6 4 o : |
# e’ X e—e
O ® e’/ Db
O—e O 8 p b— e e
; e e
e e
® ® e9 u ?
O—0O EOI




FROM TrRACE TO CAUSAL PAsT

O el b
o O ® e2 Db
® e3 u
O ed b
O—@ QO e5 p
@ @ ec u
O ¢ e’/ Db
O—@ O e8 p
. ® e9 u

O—0O EQOI o

EQI



FROM TrRACE TO CAUSAL PAsT

O el b
o O ® e2 Db
® e3 u
O ed b
O—@ QO e5 p
@ @ ec u
O ¢ e’/ Db
A e
O 8 O e8 p (e8] o o U [e9]
8 ® e9 u \ /
EOI o
EQI




FROM TrRACE TO CAUSAL PAsT

O el b
O o e?2 b
o e3 u
o O ed b
O—@ O e5 p
o o eoc U
O o e’/ Db
O—@ O e8 p
p[e8] @ ® U [e9]
. ® e9 u \ /
EOI °
EOI



FROM TrRACE TO CAUSAL PAsT

O el b
O o e?2 b
o e3 u
o O ed D
O—@ O e5 p
o o eoc U
; O e/ b
O—@ N\ e8 p
p[e8] ® l&—— o u [e9]
e9 u \ /
EOI °
EOI




FROM TrRACE TO CAUSAL PAsT

O el b
O o e?2 b
o e3 u
o O ed b
O—@ O e5 p
o o eoc U
O o e’/ Db
O—@ O e8 p
p[e8] ® l&—— o u [e9]
e9 u \ /
EOI °
EOI



FROM TrRACE TO CAUSAL PAsT

O el b

@O ® e2 Db

® e3 u

O ed b

O—@ QO e5 p

® @ ec u
be7] ®

Y

EOI




FROM TrRACE TO CAUSAL PAsT

O el b
O @ e2 b ule3] e
: o e3
O ® ed b
O—@ O es p ® U [eb]
o eoc U
: v /

VAN
Y

EOI




FROM TrRACE TO CAUSAL PAsT

O el b
O o e2 b ule3] e
@ @ e3
e e4 b I b [e4]
O—@ O es p ® U [eb]
eoc u /
\ 4

VAN
Y

EOI




FROM TrRACE TO CAUSAL PAsT

EOI




FROM TrRACE TO CAUSAL PAsT

EOI




FROM TrRACE TO CAUSAL PAsT

EOI




THE CAusAL PAsT DoeEs NOT CAPTURE NECESSITY

—iSZ .\/. _’K‘]
94 b ®
B ul o 31

/ Does not capture necessity!

o y could have occurred before a
a then voided the conditions for vy
® [— o B reintroduced them
o
EQI

causal past



MINIMALITY AND THE CONCEPT OF "STORY"

ovE
u 1\/. - S1
b/ Y
VAVERVAN
VA

causal past “story”



THE CAusAL PAsST OF S0s RECRUITMENT

- o

EGF.EGFR

EGFR/EGFR

[e2sos]
Grb2/SoS

EGF.EGFR EGF.EGFR

-—n -

EGFR.EGFR

Grb2/SoS

- -

EGFR/EGFR

EGFR.EGFR

Grb2/SoS

PY1092@EGFR

- 3 € O — O G— N — O — O

16

17

18



COMPRESSING THE CAUsAL PAsT

“keep event E; in the causal past” e; € {T, F'}

value of quark x in the precondition of E; (CE‘, U) c pl“e(Ez’)




COMPRESSING THE CAUsAL PAsT

“keep event E; in the causal past” e; € {T, F'}

value of quark x in the precondition of E; (CE‘, U) c pl“e(Ez’)

O 0 9 O (. o
Ej E; EOI
sets

(x,v) € pre(e;)



COMPRESSING THE CAUsAL PAsT

“keep event E; in the causal past” e; € {T, F'}

value of quark x in the precondition of E; (x, U) c pl“e(Ez’)

O @ > O () o
o E E; EO
sets destroys

(x,v) € pre(e;) (x,v) € pre(e;)

€; = e; N—ej



COMPRESSING THE CAUsAL PAsT

“keep event E; in the causal past” e; € {T, F'}

value of quark x in the precondition of E; (x, U) c pl“e(Ez’)

O @ @ O @ o
L E F; EO
sets destroys
(x,v) € pre(e;) (x,v) € pre(e;)
e; = e;j N [/\liji—lel]

with Bji ={l]j <l <iA(z,v) € eff(E)) ANV # v}



COMPRESSING THE CAUsAL PAsT

“keep event E; in the causal past” e; € {T, F'}

value of quark x in the precondition of E; (x, U) c pl“e(Ez’)

O 0 @ O @ o
o E E; EO
sets destroys

(x,v) € pre(e;) (x,v) € pre(e;)

Cizp = € = VjcAy, (ej A [/\ZGBﬂﬁel])

with Aji = {] ‘j <1 A (513,”0) c eff(E])}
with Bji ={l]j <l <iA(z,v) € eff(E)) ANV # v}



COMPRESSING THE CAUsAL PAsT

“keep event E; in the causal past” e; € {T, F'}

value of quark x in the precondition of E; (x, U) c pl“e(Ez’)

O 0 @ O @ o
o E E; EO
sets destroys

(x,v) € pre(e;) (x,v) € pre(e;)

find the minimum number of truth-value

Ni .z Ci N e . BT
( L&, v "@7"’) EOI assignments such that this is satisfied!

with Cj 20 = € = VjeAy, (ej A [/\liji_‘el])

with Aji = {] ‘j <1 A (513,”0) c eff(E])}
with Bji ={l]j <l <iA(z,v) € eff(E)) ANV # v}



S505 RECRUITMENT COMPRESSED

STV CSETTETTTR

compression
with SAT solver

EEEEEE

R

Grb2. SOS

EEEEEEEEE

Shc.Grb2

DV aleranind aied e
2 £

EEEEEEEEE

RS T

| EGFEGFR | | EGFEGFR |

EGFR EGFR

pY1172@EGFR




A FORMAL PATHWAY

- o g

EGF EGFR EGF EGFR

EGFR EGFR

i

EGFR.int
pY1172@EGFR
N\ ,
EGFR.Shc
pY@Shc
N\ , ! }
A formal pathway is a compressed precedence
relation among events that were necessary

story 1 l
Shc.Grb2 Grb2.S0S
to obtain an instance of the EOI




ANOTHER FORMAL PATHWAY

- o g

EGF EGFR EGF EGFR

EGFR EGFR

story 2 l

EGFR.int

Y 1092aEGrR R ’

EGFR.Grb2 Grb2.SoS




"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

1052 @EaR R ’

EGFR.Grb2 Grb2.So0S

Grb2.So0S

story 2 story 1

/




S50s RECRUITMENT D¥YNAMICS REVISTED
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Sos = 10,000

Shc = 8,000

total agents = 33,000
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long (with short)



