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

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

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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DeELTA / NOTCH: LOoOoPs ALL THE WAY DowN
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THE Do-UNDO Loor: AN "AToM" OF MoLEcuLAR CONTROL

steady-state solution in saturated regime

steady-state solution in
linear regime

B
KA = KB =0.74 uM - _ Ky
H assuming K = = =1



DETAILS MATTER

S(x~p?) / S() at steady-state

——@ smart: S=20,000 /K+P =1000/ Kd =250, Km = 354
——® dumb : S=20,000 /K+P =1000/ Kd =250, Km = 354
—-——- by equation (14)

by equation (18)
———-- by equation (13)

1.5 2
K()/P()



MODELS ARE...

...maps, not the territory
...about converting facts into knowledge

...never right or wrong, only useful or useless

Pablo Picasso: Don Quixote (1955)



|l ECTURE FOUR

4,
Modeling cellular information processing
with rules (Kappa)



SIGNALING: A CIRCULATORY SYSTEM OF INFORMATION
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SIGNALING: A CIRCULATORY SYSTEM OF INFORMATION
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EXTENSIONAL MODELS

d

E:m — X5+ X9+ T4 +T3+ 27+ 28+ T2+ Tg — X1T13 — T1X13 — T1T12 — T1L11
d

o = L — T

py 2 3 2

d

— T3 = T1X11] — T3 — X

py 3 1211 3 3 y

d

s — s —

i 4 5 4

d

— Ty = X1X13 — Ts — &

o 5 1213 5 5

d Ir1 = [K]
%xG — T e L2 = [Kasab]
d X7 = T1T T — x3 = [KqSh)
—T7 = T1T12 — T7 — X7

dt aj4 o [KCLSCL]
d

%5’38 = T9 — Ig x5 = [K,S]
d z = [KpSap)
5569 = X113 — X9 — X9 o [KbSa,]
d . xg = [KpSh)
= pin = T
dt 10 2 6 Tg = [K},9]
d p—
—I1] = T3+ Tg — T1T11 r10 = [Sap)

d
gy P12 = L4 + X7 — 1212 T2 = [Sq]

d 13 = [S]

%3313 =I5 + Tg9g — L1213 — T1TL13



EXTENSIONAL MODELS

d%[K] =0+ 01+0+0+01+0+0+0—-0—-0—0—0
e @® kinase-related terms
& oS —0—0-
i[KaSa] =0-0 .
Ig-e-ee 13 equations
%[Kos.»]=o—o
%[Kbso] =0-0-0
%[K,,s,,]=.—.

%IKbS] =0—-0-0

%[Sd,] =0+@®

%[S»]=o+o‘

%[Sal=o+o

d
gl —e+e-e-o




EXTENSIONAL MODELS

d
7K1 =0+010+0+01010+0-0-0-0-0+0+0+0+0+0+0+0+0-0-0-0-0

%’;S:;jjjm @® kinase-related terms
@® phosphatase-related terms

2 [KaS] ~0—0-+0 .
a-eeee 13 €Quations, each changed !
%[K»S»] =0-0+0+0
%[Kbsa] ~0-0-0+0+0
dit[K,,s,,] —o-0+0
%IKbS] =0-0—-0+0
dit[s,.,] =0+0+0+0
dit[s,,] —eote+0+0—0-0
dit[s.,] —et+o+0+0—0-0
%[S] =0+0-0—0+0+0

%[Kopbsob] =0+0—-0-0-0

%[K..Pssb] =0+0-0-0-0-0
%[KQP:,S..] =0+ 0—0—0
%[KaRS] =0+0-0-0-0

%[Kbposob] =0+0-0-90-0

%[KbP.,Sb] =0+0—-0-0 a d d I n g a
%[K»P.,So] =0+0-0-0-0-0 p h 0 S p h a ta Se

ZIKiP.5 0+ e-0-0-0
%[P] =0+0+0+0+0+0+0+0+0+0+0+0+0+0+0+0+0+0+0+0+0+0+0+0—0—-0—0-0—0—0—-0-0—0-0-0-0
%[PaPaS,b] =0+0—-0-0—-0-0
%[P.,P:,Sb] -0+0-0-0-0
dit[P..PaS.,] -0+0-90-0-0
‘%[PanS] =0+0-0-0
dit[Posob] =0-0-0+0
%[ngb] =0—0+0+0
Y] .
GPsi=e-e-ete + 21 new equations
%[P.,S] =0-0+0
%[Pas.,b] =0—0-0+0
%[P»Sb] =0—-0-0+0
%[RS.;] =0—-0+0

d
d—t[PbS] =0—-0+0



LIMITATIONS OF THE ODE FRAMEWORK

the formalism of differential equations does not represent agents, only their concentration

* need to know in advance all molecular species that can occur
 vulnerable to combinatorial explosions
* cumbersome to build and modify large models

the formalism of differential equations entangles kinetics and causation

e physical time is inadequate for describing distributed systems
e hard to reason about “mechanisms of action”

the formalism of differential equations separates model and knowledge

e “| forgot why | put this term in my model...”
* models are not self-documenting and don’t organize knowledge effectively



MODELING IN PHY¥SICS (APPROXIMATELY )

understanding precedes modeling



grn Utzon, 1958




MODELS

Jarn Utzon, 1958




MODELING IN BloLoagy

modeling precedes understanding

A model should be a formal and executable
representation of the facts it rests upon.



THE SCcoOPE: PROTEINS AS "AGENTS"

Domain-domain PPI

Peptide-domain PPI

Protein

Laura Nevola and Ernest Giralt, Chem. Commun., 2015, 51, 3302-3315



THE SCcoOPE: PROTEINS AS "AGENTS"

M. Battles, V. Mas, E. Olmedillas, O. Cano, M. Vazquez, L. Rodriguez, J.
Melero, & J. McLellan. “Structure and immunogenicity of pre-fusion-stabilized
human metapneumovirus F glycoprotein,” Nat Commun 8, 1528 (2017)






ethane ethanol



ABRSTRACTION LEVEL

agent (protein) of type A

complex of “A” and “C” } S site “s” of “A”

state (“phosphorylated”) of site “s” of “A”

bond between site “p” of “A”
and site “u” of “C”

ACsipIL] rpil], pl1] ), COvLLu[1])



GRAPHS AND SITE GRAPHS

plain graph site graph (contact graph) site graph (pattern)



CHEMICAL ABSTRACTION FOrR COMPARISON
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GRAPH REWRITING

chemistry
L R
O—H
N/ H\ /O
> Y
| N
C
c C
c i
I
SR v
O—H
N~ }
@)
: N d
TN -
HZT THQ rewrite Hzc/ \/CH2
SN
H.C CH
2 \C/ 2 HZC\C/CHZ
H, H,
before after

implementation: Mad

match

p X @ y rewrite
r
>

u

“‘molecular biology”

S

y4

before after

implementation: Kappa



DPO GRAPH REWRITING IN CHEMISTRY
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FUSING MODELING AND KNOWLEDGE REPRESENTATION

l ".

‘‘Axin|binds a region in the armadillo

[
»

repeat of PB-catenin, if| P-cateninlis un—!

phosehorylate_d_ at T41 and S29.” }

agent abstraction

S29

Axin ctnnb1 >

S29

CBD Harm1 ctnnb1

an interaction rule



STATICS AND DYNAMICS

static expansion dynamic evolution

Aiv1=(Ai0A;) U A, =40  t=60

2 t=20
t=0




DYNAMICS

dynamic evolution

9 choose initial “soup” of molecules

for each rule

identify all its matchings in the soup;
compute its probability to fire, based on the
# of matchings

determine the time of the next event

choose a rule and a matching according to
probabllity

apply the rule to the matched molecules




THE RATE CONSTANT

L, R,
G9-@P o




THE STOCHASTIC RATE CONSTANT

volume V in which the reaction occurs

AV = 1(r +1r9)*(v)At

volume

k | — M~ 1ts™1
time molecule

mol ts™1

<=

k

Y= = molecule 's

AV

—1



THE STOCHASTIC RATE CONSTANT

AV =7(r1 +1r9)*(v)At  volume swept by collision cross-section by 1 A
rd*(v)At[B] opportunities for that A to hit some B

rd*(v)AtV[A][B] opportunities for some A to hit some B

s N
rd*(v)[A][B] rate per time and volume | k = wd*(v) | M~ls!

N Y

s ; N

md?(v) At AV - md“(v) _k

npnAa=—NNA o o

| V | V 5 V Vv )

| | A
probability of encountering a B v = YT molecule ' 571

A =6.02210%2 mol™*
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RULE APPLICATION

rule r

an embedding of L, -7

mixture S mixture S’

rule activity @t = Yy - [Lr; S] (will modify...)



MEMORVYLESS PROCESS

a - dr ... probability density of catching a fish in the time interval [, 7 + d7]

dinner!
|| g

0 ttdt

p(t)dt =7

Po(t + At) = Py(t)(1 — aAt)

dPy(1
At—>0 O( ) :—apo(t)
no dinner up to time t Py(t) = e
dinner within time t Pt)=1—e "
g R
dP(t
probability density of dinner at time t p(t) = _di(f ) _ qe 0t




THE "FIRST" EVENT IN A REACTION CHANNEL

R: A+B -5 something vr = k|A]|B]
o . vt | k
for an individual reaction event p(t) = 7Y€ with Y= AV molecule 15!

that many possible events nNaANg

for the reaction p(t) =aqe with Q= YNANR

p(t) = nAan(t)[l — P(t)]nAnB—l — nAanYQ—Vte—(nAnB—l)yt _ nAanye_nAnth



CTMC

Given: nreactiontypes 7 =1,...,n with activities «;

Want to know: p(i,t) probability that the first reaction happens at time ¢ and it is reaction

(1) probability that reaction / happens at time t and it is the first: p; (%)

pi(t) = ™ Hpt > t) e~ it He_o‘jtzaie_“
J 70 JFt n
with A=Y a;

j=1

@ p(i,t) =p(i|t)p(t) n n
p(t) = sz‘(t) = Z aje” M = \e M
1=1 1=1
p; (1) pi(t) e (o




BAasic CTMC LoorP

initialize ules
r: L, — R, Qn~,
/\ v
update advance time rule activities
all o and A p(At) = Nexp(~AAb R R I

Oy

\ select rule

028

p(r) =~ )\:Z%

system activity
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MODELS AS "EXEcUTABLE KNOWLEDGE"

( )

Structured staging area
for
Knowledge aggregation
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e v A
. " _.,[ Kappa rules ]—o— _______________________________
& Cohere s g Vo
L L ol ) | [ traces (d) ] |
{ debugger J— | >[ fragments (s) ] i
2 | ) |
: [ stories (d) ]4— |
i —»[ influence map (s)] i
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Kappalanguage.org

(includes a detailed language manual)


http://kappalanguage.org

RULE SYMMETRY

Case A

@

R
#1R #2R
1 2
8 9 8 9 8 9 8 9
o9 KW | Ed K-
p" u pY u p' ) v
M My

M M

L
#1L #2L
1 2

indistinguishable microstates; two embeddings represent the same physical event

Case B

#1L #2L #1R #2R

o ®
#1L #2L #1R #2R
A OmO A — v@—- (=
1 2 1 2
1 2 B
u" e u u¥y
M

My

distinguishable microstates; two embeddings represent different physical events



SYMMETRY

number of distinct classes
of connected components

c(P)  C(P)
total symmetries in pattern ~ wp = H n,! H (we )™
c=1 1=1

3121111% 2% 11 = 48 ] \ number of
number of symmetries of
Isomorphic instances component ¢

In component ¢



YOUr OPTIONS?

rule L, — R, Q ~,

activity o = Y| Ly M|,

1
Q, =
# auto(L, - R,)

(1) deterministic view

(2) nondeterministic view 0, = —

(3) “mathematical” view Q, =1



MOLECULAR AMBIGUITY




