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Cells as Machines:
towards deciphering
biochemical programs in the cell

Francois Fages

“

Inria Paris-Rocquencourt

http://lifeware.inria.fr

To tackle the complexity of biochemical reaction systems, investigate:
* Programming theory concepts
« Formal methods of circuit and program verification
« Artificial Intelligence techniques

Implemented in BIOCHAM v3.5 (Biochemical Abstract Machine)
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Systems Biology Challenge

Gain system-level understanding of multi-scale biological processes
in terms of their elementary interactions at the molecular level. [Kitano 1999]

Cell mitosis videos [Lodish et al. 03]
Follow-up of Human Genome Project (90s)
- Beyond genomic data: protein-protein interaction databases, RNAs, ...
- Model repositories of cell processes : e.g. biomodels.net 1000 models
- Systems Biology Markup Language (SBML): model exchange format
- Modeling environments (Cell designer, Cytoscape, Copasi, BIOCHAM,...)
- Simulation of a whole-cell mycoplasma genitalium [Karr Covert et al 12]
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Biochemical reaction models

1) Models for representing knowledge : the more detailed the better
2) Models for answering questions : the more abstract the better
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Mammalian cell cycle control interaction map [Kohn 1999]
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Biochemical reactions

« Binding, complexation: A+B - C
cdkl + cycB — cdklcycB

« Unbinding, decomplexation: A-> B+C
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Biochemical reactions

« Binding, complexation: A+B - C
cdkl + cycB — cdklcycB

* Unbinding, decomplexation: A-> B+C

« Transformation, phosphorylation, transport: A - B (A+K - C->B+K)
cdklcycB — cdklcycBp
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Biochemical reactions

Binding, complexation: A+B > C
cdkl + cycB — cdklcycB

Unbinding, decomplexation: A-> B+C

Transformation, phosphorylation, transport: A - B (A+K - C—>B+K)
cdklcycB — cdklcycBp

Gene expression, synthesis: A-> A+B
E2Fa —» E2Fa + RNAcycA
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Biochemical reactions

Binding, complexation: A+B - C
cdkl + cycB — cdklcycB

Unbinding, decomplexation: A-> B+C

Transformation, phosphorylation, transport: A - B
cdklcycB — cdklcycBp

Gene expression, synthesis: A-> A+B
E2Fa— E2Fa + RNAcycA

Degradation: A-

ECAI 2014 -
&Z’Z&d.—-—

(A+K - C>B+K)
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Biochemical reaction rates
Time maftters

Binding, complexation:
cdkl + cycB — cdklcycB

Unbinding, decomplexation:

Transformation, phosphorylation, transport:

cdklcycB — cdklcycBp

Gene expression, synthesis:
E2Fa— E2Fa + RNAcycA

Degradation:

ECAI 2014 -
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Biochemical reaction rates

Time atte
k.A.B
Binding, complexation: A+B — C
cdkl + cycB — cdklcycB @ﬁ“@@
Mass action law KR
o, . k.A
Unbinding, decomplexation: A— B+C
A/(k+A
Transformation, phosphorylation, transport: A M B
cdklcycB — cdklcycBp
_ _ v.A"Y/(k+A™)
Gene expression, synthesis: > A+ B
E2Fa— E2Fa + RNAcycA
k.A
Degradation: A— _
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Biochemical reaction rates

k.A.
Binding, complexation: A+ B = C
cdkl + cycB — cdklcycB “@5
Mass action jaw kinet
k.A
Unbinding, decomplexation: A— B+C k“‘m@;@“@g
pichaells Mere?
v
Transformation, phosphorylation, transport: — > B (A+K - C-B+K)
cdklcycB — cdklcycBp
AT/ (K+AM
Gene expression, synthesis: A e e ) A+B
E2Fa— E2Fa + RNAcycA
k.A
Degradation: A— _
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Biochemical reaction rates
Time matter

k.A.B
Binding, complexation: A+B — C

cdkl + cycB — cdklcycB on “@W k“@@ﬁ“@@

Unbinding, decomplexation: A— B+C M&‘ﬂ@@@g

N
ichasls MeT

Transformation, phosphorylation, transport:
cdklcycB — cdklcycBp

“@i\ ich like pehavior
“;m\“ §ﬁ‘m@ v. A" /(k+A™)

>» A+ B

Gene expression, synthesis:
E2Fa— E2Fa + RNAcycA

. k.A
Degradation: A— _
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: : f(A,B)
Semantics of Reactions A+B—— C

Boolean Semantics: presence-absence of molecules AAB - C AA/-A A B/-B
Asynchronous Transition System
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: : f(A,B)
Semantics of Reactions A+B—— C

Boolean Semantics: presence-absence of molecules AAB - C AA/-A A B/-B
Asynchronous Transition System

Petri Net Semantics: numbers of molecules A, B - C++, A--, B--
Multiset rewriting
CHAM [Berry Boudol 90] [Banatre Le Metayer 86]
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: : f(A,B)
Semantics of Reactions A+B—— C

Boolean Semantics: presence-absence of molecules AAB - C AA/-A A B/-B
Asynchronous Transition System

Petri Net Semantics: numbers of molecules A, B - C++, A--, B--
Multiset rewriting
CHAM [Berry Boudol 90] [Banatre Le Metayer 86]

Stochastic Semantics: reaction probabilities, time of next reaction in a given state S,

. . . p(S), t(Si)
Continuous Time Markov Chain (CTMC) A, B—— C++, A--, B--
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: : f(A,B)
Semantics of Reactions A+B—— C

Boolean Semantics: presence-absence of molecules AAB - C AA/-A A B/-B
Asynchronous Transition System

Logical HIME

Petri Net Semantics: numbers of molecules A, B - C++, A--, B--
Multiset rewriting
CHAM [Berry Boudol 90] [Banatre Le Metayer 86]

Stochastic Semantics: reaction probabilities, time of next reaction in a given state S,

. . . p(S), t(Si)
Continuous Time Markov Chain (CTMC) A, B—— C++, A--, B--

real time
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: : f(A,B)
Semantics of Reactions A+B—— C

Boolean Semantics: presence-absence of molecules AAB - C AA/-A A B/-B
Asynchronous Transition System

Logical HIME

Petri Net Semantics: numbers of molecules A, B - C++, A--, B--
Multiset rewriting
CHAM [Berry Boudol 90] [Banatre Le Metayer 86]

Stochastic Semantics: reaction probabilities, time of next reaction in a given state S,

. . . p(S), t(Si)
Continuous Time Markov Chain (CTMC) A, B—— C++, A--, B--

Rreal time

Continuous Semantics: concentrations, continuous evolution

Ordinary Differential Equations (ODE) A =YY" f x8.(AD)

-
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Abstraction Relationships

abstract Theory of abstract Interpretation

Abstractions as Galois connections
[Cousot Cousot POPL’77]
Thm. Galois connections between the

syntactical, stochastic, Petri Net and
Boolean semantics

[FF Soliman CMSB’06,TCS’08]

Boolean traces

I

Petri net traces
ODE traces

Stochastic traces

Reactions

v concrete
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Abstraction Relationships

abstract Theory of abstract Interpretation

Abstractions as Galois connections
[Cousot Cousot POPL’77]
Thm. Galois connections between the

syntactical, stochastic, Petri Net and
Boolean semantics

[FF Soliman CMSB’06,TCS’08]

Boolean traces

I

Petri net traces
ODE traces

Stochastic traces

Reactions

concrete
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Abstraction Relationships

abstract

Thm. Under large number conditions
the ODE semantics approximates

the mean stochastic behavior
[Gillespie 71]

Boolean traces

I

Petri net traces

¥ ODE traces

‘0

Stochastfc traces

|

Reactions

v concrete

ECAI 2014 SO — 19
lrrzia



Abstraction Relationships

abstract

Thm. Under large number conditions
the ODE semantics approximates

the mean stochastic behavior
[Gillespie 71]

Boolean traces

I

Petri net traces

2 ODE traces

‘0
*
’Q
*

Stochastic traces

“:“@ﬁ i‘g@@“@%
‘ h“@w @Wd@w WQ:S?@%T.SWW
Reactions @DE for meal

v concrete
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abstract

* Hybrid Boolean-continuous
models (hybrid automata)

Boolean gene expression +
continuous protein activation

Boolean traces

I

Petri net traces

Hybrid stochastic-continuous
models (CTMC+ODE)

Stochastic gene expression +
continuous protein activation

7 ODE traces

‘0
*
’Q
*

Stochastic traces

|

Reactions

Hybrid simulators for free with

SBML’s reactions+events
[Chiang FF Huang Soliman 13 cmsb]

v concrete
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Before going to simulations: structural analyses

 Reaction hypergraph : \\ // Influence graph : I

- A+B-C \ / I

=D

— Large independence of the influence graph from the kinetics [rr soliman 08 fmsb]

« Existence of positive circuits in the influence graph

—> necessary condition for multi-stationarity (cell differentiation, homeostasis) in
Boolean and ODE semantics [Soliman 13 bmb, Soule 03, Thomas 82]

« Existence of negative circuits in the influence graph
- necessary condition for oscillations in ODE semantics [Snoussi 93, Thomas 82]
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Structural analysis: reaction graph reduction

« Subgraph epimorphisms (SEPI) [cay FF Martinez Soliman 13 dam]

— Structural notion of model reduction by deletion & merge of species & reactions in
reaction hypergraphs
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Structural analysis: reaction graph reduction

« Subgraph epimorphisms (SEPI) [cay FF Martinez Soliman 13 dam]

— Structural notion of model reduction by deletion & merge of species & reactions in
reaction hypergraphs

o Sufficient to detect model reductions in biomodels.net
— Reconstructed hierarchy of MAPK models in biomodels.net [cay soliman FF 10 b
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Structural analysis: reaction graph reduction

« Subgraph epimorphisms (SEPI) [cay FF Martinez Soliman 13 dam]

— Structural notion of model reduction by deletion & merge of species & reactions in
reaction hypergraphs

o Sufficient to detect model reductions in biomodels.net
— Reconstructed hierarchy of MAPK models in biomodels.net [cay soliman FF 10 b

« The SEPI existence problem is NP-complete
Quite efficient computation of SEPI by CLP(FD) /SAT solvers [Gay FF santini Soliman 13 wcb]

-
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Structural analysis: Petri net invariants

* P-invariants: linear invariants on the number of tokens in all reachable markings
— linear conservation laws, elimination of variables in ODE
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Structural analysis: Petri net invariants

* P-invariants: linear invariants on the number of tokens in all reachable markings
— linear conservation laws, elimination of variables in ODE

« T-invariants: cyclic behaviors
— extreme fluxes in metabolic network (main tool for analysis and optimization)
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Structural analysis: Petri net invariants

P-invariants: linear invariants on the number of tokens in all reachable markings
— linear conservation laws, elimination of variables in ODE

T-invariants: cyclic behaviors
— extreme fluxes in metabolic network (main tool for analysis and optimization)

Siphons: set of molecules that once empty remain empty

Traps: set of molecules that once populated remain populated
— Sufficient and necessary condition for liveness (absence of deadlock on transitions)
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Structural analysis: Petri net invariants

* P-invariants: linear invariants on the number of tokens in all reachable markings
— linear conservation laws, elimination of variables in ODE

« T-invariants: cyclic behaviors
— extreme fluxes in metabolic network (main tool for analysis and optimization)

« Siphons: set of molecules that once empty remains empty
« Traps: set of molecules that once populated remains populated
— Sufficient and necessary condition for liveness (absence of deadlock on transitions)

The existence of a minimal siphon containing a given place is NP-complete

However, very efficient enumeration of all minimal siphons in all biomodels.net
by CLP(FD) and/or SAT solvers [Nabli Martinez FF Soliman 12 CP]
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Structural analysis of dynamical behaviors

« Temporal logic FO patterns
— Stability Go
— Reachability F¢ , thresholds F([A]>0.1),
— Peaks of concentration F( [A]<V A X([A]=V A X([A]I<V))
— Amplitude
— Periods and phases as distance between peaks

* More flexible than curve fitting, can deal with imprecise data
« Constraints for model validation/synthesis w.r.t. experimental observations

» Constraints for parameter search
— Good fit > model-based predictions
— No good fit = revisit structure - model-based contribution to biology

ECAI 2014 lonsie Francois Fages



Boolean Semantics Queries

Computation Tree Logic CTL [Emerson Clarke 80]

Non-det. E A
Time exists always
X EX(¢) AX(¢)
next time
F EF(o) AF(0)
finally —AG(—= o) liveness
G EG(o) AG(o)
globally — AF(—=0) safety
U E(eplUo2) | A(pl U
until $2)

Non-determinismE, A




Mammalian Cell Cycle Control Map [Kohn 99
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Kohn’s Map Boolean Model-Checking

800 reactions, 165 proteins and genes, 500 variables, 2°% states.
Biocham NuSMV symbolic model-checker time in seconds [Chabrier et al. TCS 04]

Initial state G2 Query: Time in sec.

compiling 29

Reachability G1 EF CycE 2
Reachability G1 EF CycD 1.9
Reachability G1 EF PCNA-CycD 1.7
Checkpoint — EF (= Cdc25~{Nterm} 2.2

for mitosis complex U Cdk1~{Thr161}-CycB)

Oscillations CycA EG ( (EF = CycA) & (EF CycA)) 31.8

Oscillations CycB EG ( (EF — CycB) & (EF CycB)) 6

rF 4
informaties S mathemoties
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Dynamical Model of Cell Cycle Control [ryson 1]

qQaa

A%

e

G s

/N
aa aa

6 molecular species
8 reactions
8 kinetic parameters

ODE semantics
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Parameter Search from LTL(R) Properties

biocham: search_parameter([k3,k4],[(0,200),(0,200)],20,
oscil(Cdc2-Cyclin~{p1},3),150).

8.3

First values found :

Cdc2
Cyclin™{pl}
Cdog™{pli-Cyclin™{pl}
.43 Cdc2-C lin™~{pl}
parameter(k3,10). s2-tyclin®p
Cdzg™{pl}
parameter(k4,70). 0.4
a.33 F
.3
A.23 F
8.2
d3.15
.1
d.85
B II 1 1 1 1 1
a 28 48 & 2a 188 128 148
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Parameter Search from LTL(R) Properties

biocham: search_parameter([k3,k4],[(0,200),(0,200)],20,
oscil(Cdc2-Cyclin~{p1},3) & F([Cdc2-Cyclin~{p1}]>0.15), 150).

First values found :
parameter(k3,10). 645 - Cane-tholinsiply T
parameter(k4,120). o4 b

8,83 _I.'II .artjj

-
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Parameter Search from LTL(R) Properties

biocham: search_parameter([k3,k4],[(0,200),(0,200)],20,
period(Cdc2-Cyclin~{p1},35), 150).
First values found:

parameter(k3,10). 0.5
parameter(k4,280). oe |

Cdc

Cyclin™4{pli
Cdocg™{pli-Cyclin™{pl}
Cdoc2-Cyclin™{pl:

Cdc2™{pl}

2@ 1@@ 1z@ 14@
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Model-Checking Generalized to Constraint Solving

LTL(R)
O=F([A]27
AF([A]=0))

~
Model-checking

~

the formula is false
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Model-Checking Generalized to Constraint Solving

the formula is false

[:i«] T
10p=--- R R
t o4
-||-+ + + 7 ¥
.l.
73 P e
II"'time
LTLR) . QFLTL(R)
O=F([A]=7 O*=F([A]=x
AF([AI0) + AR(Alsy))
~ ! ™~
Model-checking : Constraint solving
/ E -
the formula is true for any

x<10 A y=2
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Model-Checking Generalized to Constraint Solving

LTL(R) | QFLTL(R)
O=F([A]=7 . O*=F([A]=x
AF([A]<0)) 1+ AF([Alsy))
~ ! N
Model-checking : Constraint solving
e i N
_ | the formula is true for any
the formula is false vd=2 sd=1/3 ! x<10 A y22

Validity domain Dy (T) for the free variables in ¢* [Fages Rizk CMSB'07]

Violation degree vd( T, ¢) = distance(val(o), Dy (T))

Satisfaction degree sd(T.0) = m < 0. 1]

-
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LTL(R) Continuous Satisfaction Degree in [0,1]

1000

1000

T 100 -

100

k4 , min‘1

1o NG

10t

0.1 1 10

01 1.0 10 K6

min™!
Bifurcation diké'gram on k4, k6 Continuous satisfaction degree in [0,1]
[Tyson 91] of the LTL(R) formula for oscillation

with amplitude constraint [Rizk Batt FF Soliman CMSB 08]

« Parameter search under LTL(R) constraints in high dimension (100 parameters)
by continuous optimization (evolutionary algorithm CMA-ES)

* Robustness and sensitivity analyses w.r.t. LTL(R) specification

&Z’;J,m.



Covariance Matrix Adaptation Evolutionary Strategy

@ CMA-ES maximizes a black box fitness function (sd(¢)) in
continuous domain (ks) [Hansen Osermeier 01, Hansen 08]

@ CMA-ES uses a probabilistic neighborhood and updates
information in covariance matrix at each move

Generation 1

Generation 2 Generation 3
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Success Story in GPCR Signaling

A. — simulated CTL siRNA B.
157 — simulated Barr2 siRNA 1.5 == simulated CTL sIRNA
o experimental CTL sSiRNA — simulated Ro-31-8425
- e experimental Bam2 siRNA P [ * experimental Ro-31-8425
X E10 o2 HER
Te10 FT1Y
w w
b g
xS X s
H 8051 48 05
=]
] 00 T T T T 0. T T T T
0 20 40 60 80 0 20 40 60 80
Time (min) Time (min)
[}
o c weee simulated CTL SIRNA - Simulated CTL SIRNA
’ . — simulated GRK2/3 siRNA ) 15 — Ssimulated GRK56 SIRNA
154 ® experimental GRK2/3 siRNA . o experimental GRKS6 SiRNA
) \ o8 R
<€ - YE
& =1 odF e [V
L
SEO T $7
gs | T x5
e v T w
B 2§
00 ’ ’ ' . 0.0 . . ' '
0 20 40 60 80 0 20 40 60 80
Time (min) Time (min)

Failure to find parameters fitting the data under perturbed conditions in BIOCHAM
with CMAES-LTL(R) was the key to revisit the structure of the interactions

[D. Heitzler, ..., FF, R. Lefkowitz, E. Reiter 2012 Molecular Systems Biology]

-
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Model-based control of gene expression in yeast

Perception - learning - action loop

1. Microscope, cell tracking

2. Model fitting (parametrer opt.)

3. Osmotic pressure (parameter opt.)

[Uhlendorf ... Batt Hersen PNAS 109(35) 2012]

SM 5 : Real time yeast single cell control to a
constant target profile

Long-term model predictive control of gene expression at the popu-
lation and single-cell levels

J. Ulhendorf, A. Miermont, T. Delaveau, G. Charvin, F. Fages, S.
Bottani, G. Batt* & P. Hersen”

PARIS @
DIDEROT

ECAI 2014
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SM 7 : Real time yeast single cell control to a
trapeze target profile

Long-term model predictive control of gene expression at the popu-
lation and single-cell levels

J. Ulhendorf, A. Miermont, T. Delaveau, G. Charvin, F. Fages, S.
Bottani, G. Batt* & P. Hersen*

PARIS Lot
DIDEROT U

MPC controller

state
estimator

AAAAA %
2
U '

X1 =uft - 1)

aixi(n

0 40 80 100 120
400 |
- ]
- | 5 6 7 8
l l l l shock length color code [min]
I I | I | I
-100 0 +200 +400
time [min]

SM 6 : Real time yeast single cell control to a
sine wave target profile

Long-term model predictive control of gene expression at the popu-
lation and single-cell levels

J. Ulhendorf, A, Miermont, T. Delaveau, G. Charvin, F. Fages, S.
Bottani, G. Batt* & P. Hersen®

? hitp:Htiny

DIDEROT lnrlar
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Wrap-up

« Chemical reaction network theory
— Sufficient/necessary conditions for dynamical behaviors

odels
— Hybrid models and hybrid simulations @N\@“@“ for w@@@dﬂgm
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Wrap-up

« Chemical reaction network theory

— Sufficient/necessary conditions for dynamical behaviors m@“g
— Hybrid models and hybrid simulations crucial gor redV ucing

- Static analyzgrs qf reaction programs mg@“d W@m@““ 7
— Structural invariants What cal sction REtwWo
— Model reduction relationships structure ofare

— Efficient CLP(FD) and SAT solvers
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Wrap-up

Chemical reaction network theory
— Sufficient/necessary conditions for dynamical behaviors

— Hybrid models and hybrid simulations @N@“@

Static analyzgrs qf reaction programs can be said {from %“‘“@Wk
— Structural invariants What reaction REtWO
— Model reduction relationships seructure of®

— Efficient CLP(FD) and SAT solvers

Dynamic analyzers of behaviors using temporal logic patterns
— Parameter search for model building and control
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Chemical reaction network theory

— Sufficient/necessary conditions for dynamical behaviors m@“g
— Hybrid models and hybrid simulations @N@“a“ for w@d\@dﬂg

Static analyzgrs qf reaction programs \b@gﬁ\“d mm{;h P
— Structural invariants What cal sction REtwWo
— Model reduction relationships structure ofare

— Efficient CLP(FD) and SAT solvers

Dynamic analyzers of behaviors using temporal logic patterns
— Parameter search for model building and control

The nerveé of

odeling
war in} plological MOC
Biochemical programming
— Synthetic biology: correct or implement new functions in the cell or in non living vesicles
— Systems biology: elucidate natural circuits as optimized biochemical code
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Lifeware team at Inria

Research Scientists
Grégory Batt (Inria, Researcher, Synthetic Biology Principal Investigator)

Sylvain Soliman (Inria, Researcher)
Associates

Pascal Hersen (CNRS MSC lab, Researcher)
Denis Thieffry (ENS Paris, Professor)

PhD students
Francois Bertaux (AMX, Ecole Polytechnique, with EPI Bang)
Katherine Chiang (National Taiwan University)
Xavier Duportet (Inria, CORDI-S, MIT Weiss lab)

David Fournier (Cifre General Electric Transportation)
Steven Gay (Inria, Post doc Univ. Louvain la Neuve, Belgium)
Jean-Baptiste Lugagne (Inria, CORDI-C, CNRS MSC lab)
Artemis Llamosi (CNRS MSC lab, Inria)

Pauline Traynard (AMX, Ecole Polytechnique, with ENS)
Engineers
Francois-Marie Floch (Inria ADT, Engineer)

Thierry Martinez (Research Engineer, SED, Inria Rocquencourt)
Philippe Morignot (Inria, Engineer)
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