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Can a blologist fix a radio?—Or, what |
learned while studying apoptosis

As & freshly mirted Assstant Profeasce, | leared Bat everythng
" my fold would be dscovered before | even had a chance %
S01 uD My labosiory. Indeod, the feld of apopiosis, which | had
moertly joned, was deweicpng & 8 mInd-Dogging peec
Components of the previously mysiencus process were Dong
dacovered armost woekly, lreguen! sceni®c meetngs had ke
overap In howr contonts, and 1 seemed Tat every ssue of Coll
Netue, o SOence had 10 have & Ieadt 0N DADET 0N APOPOSS.
Ny foar lod me 19 seok advico om David Papormassor (cur-
rently at he University of Connectiout), who | knew 10 be a per
SO0 Wih Srofounced COMMON SeNSe And CXINeve XpPerience.
David Istened 10 my outpowring of primal fear and explained
wihy | ShOUM POt worry.

Durvdd s Tat ewery faid he winessed during hs decades
" bologoal resoarch developed gquite simdarly. Al he fest
#2200, 8 3@l number of scentsts would somewhat leurely
GACUSS 8 prodlem ! woUld AP0’ 05340 10 Cthors, such as
whother coll cytie I8 conrolied by an cecilaior o whether cells
G COMIMEE 54000 Al T 51300 the understandng of the prob-
lom INCreases siowiy and scienssts are genendly Nceo 1o each
oher, & fow porsonal antipathies rotwihatesdng. Then,
uneapected obsorvation, such as the decovery of Cycing or the
Indng Tt apopican laiue Can CONrBute 15 Cancer, makes
many el et B provioualy mysierous process et Do -
SOUNT Wi aviaio 1004 and. IMPOrantly, that this etort may
sl In & maacie drug. Al once, the leid & conmveried nio &
Kiondia goid rush with al the chamncir stc Synamics, mentsl-
Iy And Mmorais. A majer Sriving 10008 Dooomes the desre 10 fnd
0 "ugeet That wil secum a place I dbooks. guaranrtes an
unrtlentng envy of peors, and, ot ast, soive af francial prob
s The assumed proaimity of NS Imagnary fugpost casly
atracts bo francial and human resowces, which results n a
o expansion of the Seld. The understanding of Pe bologesl
POCHSS INCTeases accordingly and resuty in Crystal Jear mod-
ols Pat ohon cian everythng and point at tangets for future
misacie Srugs. Peopie o this #3800 are Nt NeCssanly nice,
Pough, a5 anyone who has read about a goid rush Can expect
This descripton §1 the then cument state of the apopioss Seld
rather wel, which made me worder shy Dadd was smiing o
reassusngly. He 100x s e 10 explain

Al soeve poirt, David said, the feld reaches & 32800 af
which models. Pat s0emod 50 complete, Wl agart. predicions
P! wire CONBaared S0 OBwious A lound 10 De wiong, and
Merpis 1 develop wonder deugs egely il This stage s
characherzod by a sense of fustration ot e complexty of the
process, and by & anking feelng Sat deapte al Ba! mierse
dgong the promised owre-al may not matosalize. In other
wOrds, the feld s the wal, oven though he nonsly of
research remans urabated for & while, rescling In thousands
of pubications, many of which a0 CONYRSCINY OF argely
Gescriptive. The 1o0d of pubications i cxpiained, in part, by the
sheor amownt of acowrmuiatnd informaton (about 10,000 papers
Of ADORIOSS wire puliahed yoarly ower e st fow yours),
which makos revewers of B Mmanuscrpts orfused and
ovoraheimed as ther authors. This stage can be summaraed
Dy 5 paradiix tha! the more Rt e arm he lass we under-
$and Hhe process we study

CANCIR CILL - SIPIDVNR 2000

Lazebnik, Can a biologist fix a radio?,

ESPONDENCE

B DOComes siowly A0pArent that even f e anicipaled goks
deposts exit, findng the= & not guaramised. Al s stage, the
Chinese saying that & is Gfiouk 1o find a biack cat In a dark
100, eipocaly if here & NO Cil, Comes 1 mind 00 ol ¥
yOu wart 10 conirue Meanngiul reseanch at this Sme of wide
spread desporation, David said, learn how 10 make Qood 100k
8°d how 50 9ep your mind Cear UNder A0 CromSlances.
| am grnelud 10 David 101 s advice, which gave me hope and,
ovorlualy, helped Mo 10 ety My resdarch even ahor my feld
dd reach Do stato b predcied

Al s0me pore! | Degan 10 realse Pat Darvid's parsdox has &
moanng that s deogor an 3 survivirl advice. Indoed, & was
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The notion Mat your work will Craste mone confdusion s not
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ish belome | mas Born, and s an author of an excelent series of
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roemengod a contury laler with about 60.000 studies on the
ot publshed duding & single decade. Bver Bough »
prospect of a possbio surgo N acthvily In my fokd was releving,
| Saned 10 wonder whieBhey Aty thing could De done 10 expedte
this ovent, which beought me 10 Tunk about Do rature of Dawvid's
paradox. The genemity of the paradox suggestod some com-
mon fusdamental Raw of how Siclogists sproach peobiens.

To understand what this faw & | decded % ‘ollow the
B3vice of ry Ngh sChodl mathematcs eacher, who fecom.
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a known soltion. To abstract from pecularses of bologos
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hought of e ol Droken Yarssior edo Hat my wie brought

Cancer Cell, 2, 179-182, 2002
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La biologia ofrece un enorme campo para el
analisis, disefo y aplicacion de sistemas de control

Afrontar los retos de control que surgen en las
aplicaciones bio(tecno)logicas requiere una
aproximacion multi-escala.
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@ Controladores y observadores de biorreacciones:

» Control de la velocidad especifica de reaccion
en biorreactores fedbatch

» Control de concentracion en biorreactores
continuos

» Observadores de velocidades de reaccion
o Estimacion de flujos metabolicos
o Biologia sintetica:

> Control de la expresion de proteinas



3 ' A% UNIVERSITAT
T AN ] - Qk,@ POLITECNI@A

i, ol o | gt
QI

o, g o P

T N

-,




NIV I |

|||[ 1 III 1 f.

Problemas a resolver alZ

st e o —— e —

@ Problemas gque un ingeniero
debe resolver:

» Sensorizacion hardware
y software

» Analisis dinamico

» Control automatico:
produccion optima de
metabolitos (p.e.
insulina, biomasa,...)




Control de la velocidad de reaccién a2 -
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Modelo y objetivos:

» Paradigma: modelo minimo

SO
y‘?'

Source: Biopolis S.L.

o Medidas: biomasa y volumen

o Parametros desconocidos, variantes en t

o Estructura de ,u(s) parcialmente desconocida
» Control robusto /,L(S) = Uy

o Invarianza y adaptacion === Controlador Pl no lineal
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ldeas principales: e

» Modelo de referencia (exosistema):
X ==

X = urX, X(to) =Xr0
s=0, S(tg) = sr
ile.X, U(tO) ="Ur,0

A

Zr =Zx ﬂZg
Ly = {(Xa S,V)|zx =X - X0 — %(V —Vr0) = O}

Zs ={(X,s,v)|zs =5 — sy =0}

» Ley de control invariante:

Sin incertidumbre, la alimentacion exponencial F' = \zv

? q A '772 [ ]
con \ — ZsHr T ™ ~5nocido
(qi‘ L 'g."‘

iPero esto implica tener un buen modelo!
9
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Ley de control adaptativo: aid:iss

@ Sistema controlado:

X = (S)Xx — Arx?
2 {S: —ysu,(s)xf—mx+lfx(s,- —5) gl — )\f (t)iB’U
U= AgXV.

o |dea: adaptar \((t) de suerte que la trayectoria del
estado sea siempre tangente al manifold objetivo Z x

Ly = {(Xa S,V)|zx =X —Xr0— %(V —Vr0) = O}

Zs ={(X,s,v)|zs =5 —sr =0}

10
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o Ley de control adaptativo: . aid:s

I~

@ Pros y Cons:

v Robustez frente a incertidumbre en el proceso
v Minimo conocimiento del proceso

— Transitorio lento =">

anadir accion proporcional

- Requiere estimacion de la tasa de reaccion

==~ expresar error como distancia a Z y

E. Pico-Marco, et al. Sliding mode scheme for adaptive specific growth rate control
in biotechnological fed-batch processes, Int. J. of Control, 78:2, 128-141, 2005.

disenar observadores de la velocidad de reaccion

11
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Adicion de realimentacion P del error de salida: i

@ |ldea clave: mantener estructura de control invariante

F =oNstiizo

).f = A(l —_ f ([,L —_ [,Lr)) hyperbolic tangent function

tanh(x)

io= 22w ;“' Mto) =4, I ..

f = tanh (2-(2 ~ o)

IL r 400 200 0.00 2.00 400 X

H. De Battista et al., Nonlinear Pl control of fed-batch processes for
growth rate regulation, Journal of Process Control, 22:4, 789-797, 2013

o Estabilidad:
v Global: cinética monotona
v Global: cinética no monotona deébil (una raiz j(s) — )

v Local: cinética no monotona

12



Resultados de simulacion

24
hours

hours

Continuous: Pl, Haldane-like kinetics, high initial substrate.
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Control de la concentracion alD==

Modelo y objetivos:

» Paradigma: modelo minimo

SO
y‘?'

Source: Biopolis S.L.

o Medidas: biomasa y volumen

o Parametros desconocidos, variantes en t

o Estructura de ,u(s) parcialmente desconocida
» Control robusto & = &~

o Escalado temporal y adaptacion ===~ Pl no lineal

14
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ldeas principales: ® sl
alZ
» Normalizamos: i =p(z,s)z—D(t)r x € Ry

$=—u(x,s)r+D(t)(1—s) seR,

& = p(z,s)r — D(t)x =€ Ry 5= D@M)(1—2) zeR,

$ = —ypu(z, s)x + D(t)(s; — s)

et ,z |
T - \ > -
o TR ."_ L R : IR 3 \ {" se
W : e S TR A U T L -~ (ﬂ \&
N3, RUANAIN T , AT A8 S AN M’ V |
e : \'.u« }\’ bt "'\.A #.‘u\'i{...“' '-'f“n‘ i \‘{-1. Rtlh.) h ‘[ ]

» Ley de control:

DG, ) = ) = 1

15




¢, Como mejorar la ley de control base? WZ
al ool

» Adaptacion:

= pu(x,s)r—D(t)r xR,
$=—p(x,s)c+D()(1—s) seR,
z=D(t)(1—2) zeR,

16



¢, Gomo definir la ley de adaptacion? LA

» Cambio de escala temporal:
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¢ Es estable? L

» Lyapunov en T mas Stability Preserving Maps :

Wi = /flm

— 1
WQZ Z—I_ )332
a > 1
W =Wy + W5 sl 1

» Control en t original:

¥ = —7*((u— D)z(1 - a) — Db(z — =) f(7) 0 € (2,7

D(p,z) =

18



Observadores de tasa de reaccion ai2==

Modelo y objetivos:

o Modelo (modo fed-batch):

: F
x = p(s)x — X

2 =

b {X=(u—D(x,t))x

: F
§= —Ysu(8)x — mx + 7(3,- — 8)
v=F

po= p(x, p, L)X

Aproximaciones basicas
» Observadores de alta ganancia
R = (ﬂ — D(x, t) + 2Lw(x — )‘c)) X

L= w?(x — R)X

R = (z — D(x, t) + w(1+a(x))(x — 52)+% sign(x — 52)) X

z = (w?a(x)(x — ®) + M sign(x — 8)) x

" M . "
u=z+551gn(x—x)
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Observadores de modo deslizante de 2° orden @2 -

o ldea clave: llevar la derivada un paso atras respecto
a la estimacion de W

@ Observador (variacion de super-twisting):

S P - o oy 1/2 o 5
Oreny - {X—(u D(x, t) +2B(pl(x —X)[) '~ sign(x X))x

it = (apsign(x — &) X

{k=(u—D(x, t))x
Puq .
e U px

H. De Battista et al., Specific growth rate estimation in (fed-)batch bioreactors
using second-order sliding observers, J. of Process Control, 21:7, 1049-1055, 2011

20
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Estabilidad y ajuste Qi

@ (Ganancias del observador

@ |deas clave:

» Usar cambio de variables:

» Usar LMIs
A= COHU(A] , Az)
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Resultados experimentales i

(@) Measured biomass concentration

(b) Estimates of the specific growth
rate obtained by sensor output
differentiation and using B&D and
sliding observers.

(c) Biomass estimation error of the
sliding observer.




Simulaciones en bucle cerrado
Feed-back: A(u)

Zoom in:

.ﬁ

R 2L N

C IR =0, VE > T = 2=/ Al(0)]
2 PXV

1
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Deshaciéndose de las LMI? Qi
o |deas clave:
» Cambio NL de variables + escalado temporal

» Escalado temporal: convergencia en t infinito en nuevas
variables implica convergencia en t finito en originales

» Prueba usando stablility preserving maps

@ Observador super-twisting resultante:

2 i 12 2
t = [ — D(z,t) + (n+ )|z — 3lsgn(z — &))@
: 1 k
= ELi sgn(x — T)x
n+k>2p
nk > 2p°

J. Pico et al., Stability preserving maps for finite-time convergence: Super-twisting
sliding-mode algorithm, Automatica, 49:2, 534-539, 2013.

24
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MFA posibilistico

o TR o T e —— —_—

mDados: .

RUSPcyt «———

23&2
R5Pcyt XUSPcyt

red metabdlica
(estado estacionario)

32
02
02 <— H202>

XUS5Pcyt

5
GAPcyt <> DHAPcyt

restricciones Kemi > AKGe
(capacidad, s — o

irreversibilidad) it o

GOLeyt —> GOLE
CIT(E) —> ICITmit

= Estimar flujos PYRE) > P

METE ——> METcyt

co,

» A 10 .
ETHcyt «<———— ACDeyt PYRcyt

a
<
4

w/

0,

PYRmit

HCOAmit
14 K ! ICITmit 16 17
AcCoAmit
CO, aKGmit

OACcyt 4—> OACmit

M. Tortajada et al., Validation of a constraint-based ”I HCOA“-“ COZ k -
13 mit SUlet
AcCoAcyt

model of Pichia pastoris metabolism under data ACEeyt
scarcity, BMC Systems Biology, 4:115, 2010.

26
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Modelos basados en restricciones (BR) aid:

o Combinar:
1 Conocimiento de la red (estequiometria, irreversibilidad, capacidad,...)
2 Medidas (e.g. flujos extra-celulares medidos vm)

... para estimar la distribucion completa de flujos v

Toy Network

F. Llaneras and J. Pico, Stoichiometric modelling of cell metabolism, J Biosci
Bioeng 105:1, 1-11, 2008.

o Métodos clasicos: tipo Minimos cuadrados, Monte Carlo
» Punto de vista probabilistico (normalidad de los datos)
> Computacionalmente exigentes

27
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Ideas clave ald ==

@ Resolver un modelo BR equivale a un Problema de
Satisfaccion de Restricciones (CSP)

» Factibilidad: en que medida modelo y medidas son
compatibles?
Dado un conjunto de medidas de los flujos
il

medibles v,,,,encontrar el conjunto vm de flujos
factibles que satisfacen las restricciones del modelo, y

son compatibles con las medidas.

» Cada solucion factible (v, v,,) s una distribucién
de flujo factible

o Grado de factibilidad ==

F. Llaneras et al., A possibilistic framework for constraint-based metabolic flux
analysis, BMC Systems Biology, 3:79, 2009.
28

Teoria de posibilidad




Resultados

T
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Estimated

ssibilit poste’B D B

6 measured fluxes

vl, vV34, v36, V37, V38, v39

ﬁ

Poss. distributions
Poss. distributions
(measured fluxes)

Box-plots cond. possibility
t=1,0.8,0.50.1
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; Que es la Biologia Sintéetica? ai2:

@ la ingenieria de la biologia: (re)diseno y construccion de
nuevos dispositivos y sistemas bioldgicos a escala
celular, con el fin de realizar nuevas funciones de
utilidad practica.

@ Disciplina ingenieril:
@ deseo de construir dispositivos que no existen
@ orientacion practica

o uso de principios y metodologias ingenieriles en el
disefio, construccion y caracterizacion de sistemas
biologicos.

31
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de variabilidad en la expresion de proteinas

Realimentacién y control celular para el control # .
o Obijetivo: regular expresion (produccion) de proteinas para
evitar heterogeneidad sobre poblaciones celulares

Source: M. Tortajada (Biopolis S.L.)

@ Sub-obijetivos practicos :
» Regular el valor medio de produccion
» Minimizar la varianza de la produccion
o Métodos basicos de diseno:

» Consensus, estabilidad sobre agentes (contractividad)

34
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Circuito genético sintético de regulacion

@ Combina:

» comunicacion celular
basada en quorum

sensing. (Fugua, Ann. Rev.
Genetics, 2001)

» realimentacion negativa

interna. (Egland, J. Bacteriology,
2000) |

35
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Dinamica celular aislada (modelo simplificado) ;> -

&\
"
"

o /Que podemos conseguir solo con control en cada
celula? du; _
Cellz A {

-+ = ag + arh(w;) — y1u;

dy A0

e (O‘2ui s ‘Uz) o= <“Ue R wz)

o w; =[AHL|; — @

o Aproximacion lineal en @

36 _ Grs ~ constant

Saturation /). 1
aproximation (2
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ai’se

N =alll), J =1,d =, de =05, g =0.8187, ¢ =0.32004

FE,—1=0.018
FF,—5 =0012
FF,—3 =0.008

@ Dinamica mas rapida
@ varianza decrece con control mas energico (mayor n)

o Media y varianza estan acopladas

37
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Comunicacion al rescate alds=e

o ;Que podemos conseguir anadiendo comunicacion?

o @ aun atractivo e invariante

o Aproximacion linealen @

A. Vignoni, D.A. Oyarzun, J. Pico and G.B. Stan, Control
of protein concentrations in heterogeneous cell
populations, Procs. ECC 2013, 3633-3639, 2013.

38
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@ Varianza decrece con mayor comunicacion (mayor d)

o Media y varianza (casi) desacopladas

39



;. Que mas hace falta?

. 1 t i ]
n, = km[,uxln'r + amLuxlkmLuxlng - dm;'nl
R ]
Ny = kmLuxRCn - dmn n,
% . i t
3 = kpuxany — dyng

n
(o
Q
(e}

1y = KLuxrny + kl n?;; —dgpng — kd n9n4
1

o
o
o
Molecules
N
o
o
o

Molecules

- kL ( k; ) |
=2k;ng+ ;—ngny — | k n; | n;
: 2 g T 1 ToTls 1 ks :

Vi p-

lux

kz k— i i

k (nr,) (k +dRa, +kdlux ") Ng (LuxR.AHL),

. . k-~ .

=k nt — —MX.pnin?
nall kdlux o

i lux i1
ng + A ngn,
dlux

n
Q
Q
(e}
-
o
o

Molecules
@
8
Molecules

—ki,

o
=}

lux

: V, ~ ky : : ,
2— D (VCC“nw - n;,) (kdl ny + d,i) ng + k;y n; + kan
ext

Luxl, 0=0.01 AHL, 0 = 0.01

. cell
nyg=D V nyo + E nq —dj Ny

cxt i—1

-1
—_—
o)} o 0) o

SN

Translation rate pl [min]

—_— o ND

750 2500 7500 100 250 750 2500 7500

02 04 06 038

Dissociation constant Kqiux
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Conclusiones L i
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o Bioprocesos: escalas multiples
» Macroscopica (biorreactor)

» Metabolica (flujos)

» Regulacion genética
@ |deas Uutiles de control:

» Invarianza, adaptacion, cambios de escala
temporal, modos deslizantes, consensus

» Analisis estocastico, robustez/incertidumbre

> Integracion de escalas
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