Semantical and Algorithmic Aspects
of the Living

Francois Fages

INRIA Paris-Rocguencourt

To tackle the complexity of biological systems, investigate:
* Programming Theory Concepts

* Formal Methods of Circuit and Program Verification
 Constraint Modeling and Automated Reasoning Tools

Implementation in the Biochemical Abstract Machine BIOCHAM v3.3
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http://contraintes.inria.fr/

Systems Biology

Aims at system-level understanding of multi-scale biological processes in
terms of their elementary interactions at the molecular level.

- Systems Biology Markup Language (SBML): model exchange format
- Model repositories: e.g. biomodels.net 1000 models of cell processes
- Modeling environments (Cell designer, Cytoscape, Copasi, Biocham,...)

The limits on what is observable and uncertainty of data make reasoning with
partial information structures necessary - symbolic, logic, constraints

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Semantics of Living Processes ?

Formally, the semantics of a system depend on our choice of observables.

Mitosis movie [Lodish et al. 03]
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Continuous Differential Semantics

Formally, the semantics of a system depend on our choice of observables.

Concentrations of molecules

Reaction rates

Ordinary Differential Equation (ODE) model

o048

Mitosis movie [Lodish et al. 03]
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Stochastic Semantics

Formally, the semantics of a system depend on our choice of observables.

(Small) numbers of molecules o
Probabilities of reaction
3500 - Eﬁ;{pl}
Continuous Time Markov Chain (CTMC) model - g
Mitosis movie [Lodish et al. 03]
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Boolean Semantics

Formally, the semantics of a system depend on our choice of observables.

 Presence/absence of molecules
- Boolean transition model ] ] B

T

Cde2
ccccccccc
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Mitosis movie [Lodish et al. 03]

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Propositional Temporal Logic

Formally, the semantics of a system depend on our choice of observables.

* Presence/absence of molecules
« Temporal logic formulas on Boolean traces

F x
é@/ FXAF (<X~ Y)

FG (XVYy)

Mitosis movie [Lodish et al. 03]
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Constraint Temporal Logic LTL(R)

Formally, the semantics of a system depend on our choice of observables.

« Concentrations of molecules
 Temporal logic with constraints over R on quantitative traces

F (x >0.2 N F (x<0.1 " y>0.2))

FG (x>0.2 v y>0.2)

Mitosis movie [Lodish et al. 03]
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Models Iin Systems Biology

Models are built in Systems Biology with two contradictory perspectives :
1) Models for representing knowledge : the more detailed the better
2) Models for making predictions : the more abstract the better
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- Organize models and formalisms in hierarchies of abstractions
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Formal Reaction Rules

Complexation: A + B => A-B. Decomplexation A-B => A + B.
cdkl+cycB => cdkl-cycB

Phosphorylation: A =[K]=> A~{p}. Dephosphorylation A~{p} =[P]=> A.
Cdkl-CycB =[Mytl]=> Cdkl~{thrl6l}-CycB
Cdkl~{thrl4,tyrl5}-CycB =[Cdc25~{Nterm}]=> Cdkl-CycB

Synthesis:  =[G]=> A. Degradation: A =[C]=> .
_ =[#E2-E2£f13-Dpl2]=> RNAcycA

Transport: A::L1 => A::L2.
RNAcycA: :nucleus => RNAcycA: :cytoplasm
Cdkl~{p}-CycB: :cytoplasm => Cdkl~{p}-CycB: :nucleus

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages
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Semantics of Reaction Rules{¢: for /;

A+ B=>C
Discrete Semantics: numbers of molecules
Multiset rewriting, Petri net A, B 2 C++ A-- B--
CHAM [Berry Boudol 90] [Banatre Le Metayer 86]
Boolean Semantics: presence-absence of molecules
Asynchronous Transition System AArB -2 CAA/-AAB/-B

k*[A]*[B] for A + B => C

Differential Semantics: concentrations n n
Ordinary Differential Equations dxy /dt = Z ri(Tr) *e; — Z L () * €
Hybrid Automata (ODE+events) i=1 j=1

Stochastic Semantics: numbers of molecules

- . . -"I|" R

Continuous time Markov chain Dij = LJ
Z[S}_.S;L..T.i;ﬂ]ee Tik
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Hierarchy of Semantics

abstraction Theory of abstract Interpretation

Abstractions as Galois connections

Boolean traces [Cousot Cousot POPL'77]

I

Discrete traces
ODE traces

Stochastic traces

|

Reaction rule

Thm. Galois connections between the
syntactical, stochastic, discrete and
Boolean semantics

[Fages Soliman CMSB’06,TCS’08]

|| concretization
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Hierarchy of Semantics

abstraction Theory of abstract Interpretation

Abstractions as Galois connections

Boolean traces [Cousot Cousot POPL'77]

I

Discrete traces
v ODE traces

e

Stochastic"traces

|

Reaction rule

Thm. Galois connections between the
syntactical, stochastic, discrete and
Boolean semantics

[Fages Soliman CMSB’06,TCS’08]

Thm. Under appropriate conditions the
ODE semantics approximates the

mean stochastic behavior
[Gillespie 71]

|| concretization

-
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Influence Graph Abstraction

A
abstraction

Thm. Positive (resp. negative) circuits in the influence graph

are a necessary condition for multistationarity (resp. oscillations)
[Thomas 81] [Snoussi 93] [Soulé 03] [Remy Ruet Thieffry 05] [Richard 07]

Jacobian matrix
Influence graph

i

ODE model

e

Reaction rule
model

|| concretization
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Influence Graph Abstraction

A
abstraction
Thm. Positive (resp. negative) circuits in the influence graph
are a necessary condition for multistationarity (resp. oscillations)
[Thomas 81] [Snoussi 93] [Soulé 03] [Remy Ruet Thieffry 05] [Richard 07]
Stoichiometric — Jacobian matrix
|nﬂuence graph Inﬂuence gl’aph
4 /
ODE model
/ Thm. For increasing kinetics and in absence
Reaction rule  of double positive-negative influence pairs,
model both influence graphs are identical [Fages
1 concretization Soliman FMSB 08]
25 ans du LIFO, Orléans, 14/03/12 &’z'u&.—
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Model Reductions / Reaction Graph

Subgraph epimorphisms: reductions by deletion/merging of species/reactions
NP-complete existence problem, Constraint Logic Program to solve it

t refinement

009_Huan 028 _Mark 030_Mark 049_Sasa
0O11_Levc 146_Hata 026_Mark
010_Khol 029_Mark 031_Mark

4 simplification 027_Mark

Computed hierarchy of MAPK signaling models in http://www.biomodels.net
[Gay Fages Soliman, A graphical method to reduce and relate models in systems biology 2010 bi]

-
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Cell Cycle Control

Chromosome-segregation
Spindle-assembly checkpoint
checkpoint _J_
Mad2 APC-Cdh1
v polyubiquitination <— Cdc14 — Sic1
J_ of B-type cyclins
| APC-Cdc20 l i
ATM/R polyubiquitination Telooh STV
of securin SrOphase l
4 M
DNA-damage b \ 9% DNA-damage
checkpoint Anaphase checkpoint
p21CIP M *) Cyclin D-CDK4/6 |— p21¢"

Cyclin A/B-CDK1 ———> M-phase

/" entry
Ldeass : S-phase «— Cyclin E/A-CDK?2
] T entry T A
Chk1 -
Jnreplicated-DNA T : p21CH Cdc25A
checkpoint Cyclin A-CDK2 T
ATR 'I' t 053 4b)
e G g
4c] T ATM/R —> Chk1/2
DNA-damage 37
checkpoint T
ATM/R — Chk1/2
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Mammalian Cell Cycle Control Map [Kohn 99]
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Kohn’s map detail for Cdk2

. . p3d pYit
Complexations with CycA and CycE o e p
u+f:;\ _

cdk2~$P + cycA-$C => cdk2~$P-cycA-$C A (v | | A5

e Y. |*cos| | (Ca | \L&Ba/
where $C in {_,cksl} . ~ﬁ§52? o5 _L{ i
cdk2~$P + cycE~$Q-$C => cdk2~$P-cycE~S$Q-$C )?“
where $C in { ,cksl} . '@;ﬁﬂféﬁTT“_* L

p57 + cdk2~$P-cycA-$C => p57-cdk2~$P-cycA-$SC
where $C in {_, cksl}.
cycE-$C =[cdk2~{p2}-cycE-$S]=> cycE~{T380}-SC
where $S in { , cksl} and $C in {_, cdk2~?, cdk2~?-cksl}

147 rule patterns - 2733 expanded rules [Chabrier Chiaverini Danos Fages Schachter 04]

How to query the possible dynamical properties of such a system ?
reachability, checkpoints, steady states, oscillations ?

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Temporal Logic Queries

Temporal logics introduced for program verification by [Pnueli 77]

Computation Tree Logic CTL [Emerson Clarlje 80]

- Non-det. E A Non-determinism E, A
Time exists always T
X EX(9) AX(¢) \ .
next time K G ) |
F EF (o) AF (o) D R B
finally —AG(—=0) liveness \ \ ;
g < P )
G EG(op) AG(op) - /
globally —AF(= @) safety N =
P F.G,U - EE
U E(@lUe2) [A(@LUQ2)| Time
until
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Kohn’'s Map Model-Checking

147-2733 rules, 165 proteins and genes, 500 variables, 2°% states.
Biocham NuSMV model-checker time in seconds [Chabrier Fages CMSB 03]

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)) false'! 6

25 ans du LIFO, Orléans, 14/03/12
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Constraint Linear Time Logic LTL(R)

e F(JA]>10) : the concentration of A eventually gets above 10.

e FG([A]>10) : the concentration of A eventually reaches and
remains above value 10.

o F(Time=t1IA[A]=vl A F(.... A F(Time=tNA[A]=VN)...))

Numerical data time series (e.g. experimental curves)

o G([A]+[B]<[C]) : the concentration of C is always greater than the
sum of the concentrations of A and B.

o F([M] < V A X([M] = V) A X([M] < V)))) : local maximum V

@ oscillations, period constraints, etc.

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Quantitative Model of Cell Cycle Control rryson o1

7
-" g3 Cdo2
_ P 6/ f. ) T s
I,’ Em B.45 Coe2-Cyclin™{pl}
{ P ~P PI ~P L Coc2™{pl:
\\\-. jks ? ° B
~p o
P‘ L 3 EE 0.3
cdc2 \ L
. P B.25
k1 for _ => Cyclin. /N
k3*[Cyclin]*[Cdc2~{p1}] for aa aa -l
Cyclin + Cdc2~{p1} => Cdc2~{p1}-Cyclin~{p1}. **[
k6*[Cdc2-Cyclin~{p1}] for T
Cdc2-Cyclin~{p1} => Cdc2 + Cyclin~{p1}.
k7*[CyCIIn~{p1}] for CyCIIn~{p1} => — ? 1] 1868 12a 148

k8*[Cdc2] for Cdc2 => Cdc2~{p1}.
k9*[Cdc2~{p1}] for Cdc2~{pl} => Cdc2.
k4p*[Cdc2~{p1}-Cyclin~{p1}] for Cdc2~{p1}-Cyclin~{pl1} => Cdc2-Cyclin~{p1}.
k4*[Cdc2-Cyclin~{p1}]"2*[Cdc2~{p1}-Cyclin~{p1}] for
Cdc2~{p1}-Cyclin~{p1} =[Cdc2-Cyclin~{p1}]=> Cdc2-Cyclin~{p1}.

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Parameter Search from LTL(R) Properties

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

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Parameter Search from LTL(R) Properties

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

First values found :
parameter(k3,10). |
parameter(k4,70). |

1 1 1 1 1
a f=1] 48 &g t=1t] laa 1za i14@
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Parameter Search from LTL(R) Properties

biocham: learn_parameter([k3,k4],[(0,200),(0,200)],20,
oscil(Cdc2- CycI|n~{p1} 3) & F([Cdc2-Cyclin~{p1}]>0.15), 150).
First values found : — E:z? 1111111

parameter(k3,10). a5 | ﬁ acac
parameter(k4,120). T

@.35 -
a.3 -
a.25 -
a.2 -
@a.15
a.1 -

_J

A i

@ om 48

B,083 _.'II
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Parameter Search from LTL(R) Properties

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

First values found:

parameter(kS’lo)_ B.45 - : E:Z:fs:in“{pl}
parameter(k4,280). '

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Model-Checking Generalized to Constraint Solving

LTL(R)
O=F([A]=7
AF([A]=0))

//
Model-checking

~

the formula is false

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Model-Checking Generalized to Constraint Solving

[ﬁ] T
10f - - - - R R R
t o4
+
+ + £ 7 ¥
.'.
3 S P
I"'tir'r'ue
LTLR) . QFLTL(R)
O=F([A]l=7 O*=F([A]=x
AF([A]=0)) AF([Al=Y))
~ ! o~
Model-checking : Constraint solving
: : the formula is true for any
the formula is false | x<10 A y=2

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Model-Checking Generalized to Constraint Solving

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

Validity domain D, ( T) for the free variables in ¢* [Fages Rizk CMSB'07]
Violation degree vd(T. ¢) = distance(val(®), Dy« (T))
Satisfaction degree sd( T, ¢) = l—l—vd}{T,c,f}] < [0, 1]

-
infermtics #Fmathemaics

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



LTL(R) Satisfaction Degree

1000 1000 L
‘é:- 100} 3 100 - -
10° 10 L L
0j1 1.‘0 Ib 0.1 1 10
kﬁ' min" k6
Bifurcation diagram on k4, k6 Continuous satisfaction degree in [0,1]
[Tyson 91] of the LTL(R) formula for oscillation

with amplitude constraint
[Rizk Batt Fages Soliman CMSB 08]

-
infermtics #Fmathemaics

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages
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Black-box Randomized Non-linear Optimization Method

@ Use existing non-linear optimization toolbox for kinetic parameter
search using satisfaction degree as fitness function

@ We use the state-of-the-art Covariance Matrix Adaptation Evolution
Strategy (CMA-ES) [Hansen Osermeier 01, Hansen 08]

@ CMA-ES maximizes an objective function in continuous domain in a
black box scenario

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

infermtics #Fmathemaics

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Learning kinetic parameter values from LTL specifications

@ simple model of the yeast cell cycle from [Tyson PNAS 91]

@ models Cdc2 and Cyclin interactions (6 variables, 8 kinetic
parameters)

@ Pb : find values of 8 parameters such that amplitude is > 0.3
&% F([AI>x A F([A]<y) )
amplitude z=x-y
goal : z=0.3

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Learning kinetic parameter values from LTL specifications

@ simple model of the yeast cell cycle from [Tyson PNAS 91]
e models Cdc2 and Cyclin interactions (6 variables, 8 kinetic

parame te rS
f l---jl
a2l [MP Fil | p —I--},-u‘)'.c s I | |
_ “'u 'i — m L_.il_.\_:n - Jn"'{":,u;_ i _,ED

@ Pb : find values of 8 parameters such that amplitude is > 0.3
F([A]>x A F([A]<y) )
amplitude z=x-y
goal: z=10.3
@ — solution found after 30s (100 calls to the fitness function)

-

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Learning Parameter Values from Period Constraints in LTL

@ Pb : find values of 8 parameters such that period is 20
é*:F(MPFIOCQJImBan?UHT ATime=t1A F(MPF!ocafmax.fmum /\Time:t2) )
( with MPF o coimaximum © d([MPF])/dt>0 A X(d([MPF])/dt<0) )
period z=t2-tl
goal z=20

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Learning Parameter Values from Period Constraints in LTL

NANNNANAN

@ Pb : find values of 8 parameters such that period is 20
lr?i)#::F(MPF!’Dca;'rn.a.'m'r.'rm“n ATime=t1A F(MPF.’ocafmax.-'mum /\Time:tz) )
( with MPF jyeaimaximum © d([MPF])/dt>0 A X(d([MPF])/dt<0) )
period z=t2-t1
goal z=20

e — Solution found after 60s (200 calls to the fitness function)

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Oscillations in MAPK signal transduction cascade

e MAPK signaling model [Huang Ferrel PNAS 93]

B
RAF RAF~{p1}
[} i
¥ - Tea -
( MEK L T MEK~p1} | [ MEK~{pi p2} |
‘HH‘- -"" p—
¥, .,
( mark | [ MAPK—p1} | [ MAPK—p1,02) )
— .

e
‘-\_\. -
~ -
ST
MAPKPH

o search for oscillations in 37 dimensions (30 parameters and 7
initial conditions)
— solution found after 3 min (200 calls to the fitness function)
Oscillations already observed by simulation [Qiao et al. 07]

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Oscillations in MAPK signal transduction cascade

e MAPK signaling model [Huang Ferrel PNAS 93]

v
RAF RAF-{p1}

[} i
1
1 -
S B —

( MEK L T MEK~<p1} | [ MEK~{pi p2} |
‘HH‘- -"" p—
j‘,' - L -
[ wark | [ mark—p1: | | MAPK—=p1,02) |
= ¥

e search for oscillations in 37 dimensions (30 parameters and 7
initial conditions)
— solution found after 3 min (200 calls to the fitness function)
Oscillations already observed by simulation [Qiao et al. 07]

@ No negative feedback in the reaction graph, but negative circuits in
the influence graph [Fages Soliman FMSB’'08, CMSB'06]

rd
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Robustness Measure Definition

Robustness defined with respect to :
@ a biological system
e a functionality property D,

@ a set P of perturbations

@ General notion of robustness proposed in [Kitano MSB 07]:

Rap = / D.(p) prob(p) dp
peP

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Robustness Measure Definition

Robustness defined with respect to :
@ a biological system
@ a functionality property D,

@ a set P of perturbations

@ General notion of robustness proposed in [Kitano MSB 07]:

Ra.p :/ D,(p) prob(p) dp
peP

@ Our computational measure of robustness w.r.t. LTL(R) spec:
Given an ODE model with initial conditions, a TL formula ¢ and a
set of perturbations P (on initial conditions or parameters),

Rop= [ sd(T(p).4) prob(p) dp
peP

where T(p) is the trace obtained by numerical integration of the
ODE for perturbation p

25 ans du LIFO, Orléans, 14/03/12 V2777, 5 Francois Fages



Application to Synthetic Biology in E. Coli

Cascade of transcriptional inhibitions implemented in E.coli [Weiss et al
PNAS 05]

alc

l

LacT CT

’—o TetR <
teth lacl el eyfp

The output protein EYFP is controlled by the small input molecule aTc

] 10

fluorescence

1]

1,:--' i LA i ¥ . i i i i
i) 100 200 300 400 500 600 T00 ano 200

i iy —

time

The system is well-timed if EYFP remains below 10 for at least 150
min., then exceeds 10° after at most 450 min., and switches from low to
high levels in less than 150 min.

rd
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Specifying the expected behavior in LTL(RR)

The timing specifications can be formalized in temporal logic as follows:

o(t1, ) = G(time < t; — [EYFP] < 10°)
A G(time > t, — [EYFP] > 10°)
At > 150Nt <450ANt — t;7 < 150

which is abstracted into

o(t1, ta, by, bo. b3) = G(time < t; — [EYFP] < 10°)
A G(time > t; — [EYFP] > 10°)
AN t1>blANth < byANtr—1t1 < b3

for computing validity domains for by, by, by
with the objective by = 150, bo = 450, bs = 150 for computing the
satisfaction degree in a given trace.
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Variance-based global sensitivity indices

s, 202 % - 8.7%

C 7.4% Sw 6.2 %

S 6.1% 5.0 5.0 %

5.0 3.3% Sk e 2.8 %

S: = Vaf&af(RIP e [0,1] S0 2.0% Skel Fayty 1.8%
. 1.5% 5.0 1.5%

S0 0.9% 5.0 ) 1.1%

Su . 0.4% <O 0.5 %

total first order | 40.7% || total second order | 31.2%

Improving robustness

degradation factor 4 has the strongest impact on the cascade.

a I c variations have a very low impact

different importance of the basal x? . and regulated rioyn, EYFP

production rates

evfp

the basal production of EYFP is due to an incomplete repression of the
promoter by Cl (high effect of (/) rather than a constitutive leakage of

the promoter (low effect of £, ). [Rizk Batt Fages Soliman ISMB'09 Bioinformatics]
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Conclusion

* New focus in Systems Biology: formal methods from Computer Science
— Beyond diagrammatic notations: formal semantics, abstract interpretation
— Beyond simulation: symbolic execution
— Beyond curve fitting: high-level specifications in temporal logic
— Automatic model-checking, parameter optimization, model reductions

« New focus in Programming: numerical methods
— Beyond discrete machines: stochastic or continuous or hybrid dynamics
— Quantitative transition systems, hybrid systems
— Continuous satisfaction degree of Temporal Logic specifications, optimization
— From model checking (back) to model synthesis [Pnueli 77]
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