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Proclaimer

Economic Principles in Cell Physiology
Goals of this talk

» Motivate what is about to follow, i.e. the economy-of-the-cell
analogy

» Establish ‘our’ view on ‘economic principles’, and ‘our’ subset
of ‘cell physiology’

» Set the mathematical background (mostly: optimization) and
cell modeling via the constraint-based framework

www.menti.com, Code: 7059 8798
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Non-goals/Beyond the book/talk

(Molecular-) Simulation

» “High-level” physics and
chemistry

» spatially distributed
phenomena

» (Some) applications:
» DNA folding
» diffusion processes
» information theory

=

(© BIOVISIONS at Harvard, animation/
2011 the-inner-life-of-the-cell

» http://www.xvivo.net/
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Outline

Book chapter “OPT" Outline of this session
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v
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A Primer on Optimization
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Optimization Problems (1)

Optimization problems (f. ex. 1-D)

Choose z such that some value
f(x) becomes maximal /minimal.

fﬂ

» ‘Choose ‘the best’ out
of possible decisions.’

» ‘Find ‘the best’
possible
configuration.’

» ‘Pick ‘the best’,
according to your
preferences and/or
quantifiable criteria.’

min f(z) or max f(z)
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Optimization Problems (I1)

Optimization problems (f. ex. 2-D)

Choose x such that some value

. - » ‘Choose ‘the best’ out
f(x) becomes maximal/minimal.

of possible decisions.’
0 » ‘Find ‘the best’
’ possible
configuration.’
> ‘Pick ‘the best’,
\ . according to your
Az preferences and/or
B quantifiable criteria.’

v

min f(x) or max f(x)
xzeS xesS
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Optimization Problems (III)

min f(x) or max f(x)
xes zeS

Optimization Problems (f. ex. n-D) ing bt
= - il |/

T1T2T3TLTs

T2 >
s x? h f@)
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+ LB 7=

4 T1T2T3TL4TH
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Optimization Problems (IV)

min _ f(x)

x eSS

Constraining the Feasible Points

Z2
2 Constraint by means of
1 » (non-) linear inequalities
1 >0
% % ; ; » (non-) linear equalities
-2 -1 (I T, + 9 =0
-1 ° > set inclusions
To €7
=2 °
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Optimization Algorithms: Some theory

Simplest Case: Gradient Descent for min,, f(x)

f

Iteration:

2"t =" — V,f(z")

_2 | | |
-2 -1 0 1 2

If necessary: Gradient
approximation:
of _ [z +he) — f(=z)

8xi h
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Optimization Algorithms: Some theory

min f(x) or max f(x)
zes zeS

So-called ‘genetic’ (global optimization) algorithms

0,1

0,0 201

0. Pick a sample of initial guesses «
1. Calculate function values

2. Sort out the worst cases, adapt/mix the best performers, goto 1.

Tizaw3TLTS

1 waT3T4TS

T T2 T3TATS
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Optimization Algorithms: ‘Practice’

fminsearch.m
linprog.m
fmincon.m
scipy.optimize
cvxopt.py
APMonitor

CPLEX
GUROBI

IPOPT

NLopt
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Connection to ‘Economy’ and ‘Evolution’
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Our understanding of ‘economy’
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Our understanding of ‘economy’
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Evolution

“Case study ‘Plant eater’ " ;-)

X W
oL =

—_—

)
P

) S :

Quintessentially

» Even if “Cells don't optimize”, they have been optimized by
evolution.

> “Optimization is the last religion in science.”
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Back to the Mentimeter

Evolution

filter v/
chaos v/
improvement v’
optimization v/
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Primer on Metabolic Network Modeling
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Metabolic Network Models

CoH50H +20, — 2C0O5 4+ 3H,0 J

Input-Output (Time-) Dynamical System

Description as an ODE/IVP
B 1 out -1

y=S-v
2 out -2 _g
2 in 9 | T y(0) =y
3in 3

plus rate laws, enzymes, genes,

regulation, etc.

v
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Metabolic Network Models

The “well-stirred” metabolism

Flow dependent on quota

Dynamics 34+ B« C

g =501 @ T
o=san @ ==

(Quasi) Steady State

Simple rate laws Approximation

» Mass action: fi(t) oc y%(t) - yn(t) 3BA_>> C » Some reactions

» Michaelis-Menten: f;(t) % A (r)nrjz:itztie faster

» Hill-function (act.): fi = fi - ﬁ S8 - than others

> Hill-function (inh.): fi = fi - gaiye £20 4 g m:v‘:?saasts“mptionz
equilibrium.
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Constraint-based Modeling

Description Constraint-Based J

Discrete DescriptionJ

Continuous J

L=

_/ Z Sijv; +

Ug] 1
= SU:O,H)S’US’UIJ

dyz Z Sijv;

= §=S-v(y,p)
+ Very accurate

» Consider just the
data ‘you know’

> Add
(consecutively) as
constraints

» hard/soft
constraints

- Computationally
expensive

- Not sufficient
information

Y("‘H)
K3
=IFY;" A=Y V..
=55 Y("H-l) = q;.(Y(")
+ Single simulations
easy
- Very crude

- Just rough
qualitative
understanding

source: https://doi.org/10.3390/metabo3010001
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Examples
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Examples (1)

Tuesday: Flux Balance Analysis

Covert/Schilling/Palsson, 2001
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Examples (1)

Flux Balance Analysis

» Collect what you know (stoichiometrics plus lower/upper flux
bounds)

» Find flux distribution from linear optimization
max f(v) =b' -w
v
st. 0=S-v
b<v<uw
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Examples (1)

Growth (i.e. Bio) maximization
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Examples (1)

“E" maximization
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Examples (II)

Optimal enzyme levels

A linear reaction chain

Ey, ky Es, ks Es, ks
<>v1<>v2<>v3

Klipp et al. 2002

Network's constraints: S-v =0, 0 < v

Ey
v S diag(kzl, kJQ, ]{55) ° E2
Es

» Goal: Maximize growth reaction vg

» ‘Costs’: Enzyme activation E? + F3 + E3
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Examples (II)

Optimal enzyme levels
(Toy-) example: k1 =3, ke =2, k3 = 1.

J= (B2 +E3+E3) —  u3

Gain:
0.3673
Cost:
0.3673
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Examples (I1)

Optimal enzyme levels
(Toy-) example: k1 =3, ko =2, ks = 1.

J=(1=)\)-(Ef +E5+E3) - \-vs

‘ F T T E|
].O [ ] 101 K
E: : |
< - 100 g 1
E 5 s ) R 1
E 1071 ; é
(0] F E
—2 |
0 : 107
: ‘ ‘ L \ L
0 05 1 0 1,000 2,000

A cost
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Examples (111)
Wednesday: “Optimality in Time"

Time-optimal behavior in a

0.1 T T T T i
—M—T R — biomass

0.08

2 006 —
S S
g £
23 %
= 2 2
g E

Z20.04 E
= =}
£” 2
=}

0.02F
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Potential Objective Functions
Given: stoichiometrics, flux bounds, some dyn. data, ...

Biologically inspired optimization principles

1. Cell efficiency: “Minimize fluxes” (“Tikhonov regularization™)

J = [|lv(-)|2dt plus minimum growth conditions
2. Growth (a): Maximize biomass/macro molecule production of the

e 7= = [lwons()T - (o)
3. Growth (b): Maximize flux through biomass reaction(s)
T = = [V @Il
4. Robustness (a, b): Maximize survival time, minimize response times
J = —tena = — [1dt and cell survival

5. Robustness (c): Maximize nutrient uptake
J == [llwor; (1) T - w(t)|Zdt

6. “Multiobjective” optimization, inverse optimality, etc.
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Historical Notes
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Historical Notes (1)

Optimization Methods in the Natural Sciences

1600 1850 1700 1750 1800 1850
i Gt I f I f |
Principle of
Min or Max 1‘
A M
|
1 . >
1 A 2
Galilei Leibniz ! Maupertuis d'Alembert Gauss
1564-1642 16464716 | 16981759 1717-1783 17771855
1
1
1
- Principle
of Least
Constraint
Aristoteles Format Newton Euler
384-3228.C. 1607-1665 16434727 1707-1783
-
-
Johann Bernoulli Lagrange Hamilton
m7|.|m 1736-1813 1805-1865
Principle of Principle of | | Brachistochrone| | Principle of | | Principle of D'Alembert | | Hamilton
\Virtual Velocities, | Least Timefor [ | Pathof Least ||Virwal Displ| | | east Action Principle | |principle
Law of Lever Ray of Light Time (Work) P-of V. Work)

Fig. 1 Evolution of Extremum Principles.

Ramm, E. (2011) GAMM-Mitteilungen 34(2), 164-182 (recommended by J. Banga)
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Historical Notes (I1)

Optimization Methods in Economy

> 1881: Edgeworth, Mathematical Psychics

» 1939: Production Planning using linear optimization
(Kantorovich)

» 1939-1945: World War Il (Operations Planning)

» 1944: von Neumann, Morgenstern, Theory of games and
economic behavior

» 1947: Simplex Algorithm (Dantzig)

» 1954: Markowitz (quadratic programming, portfolio analysis,
later: risk measures)

» 1973: Maynard, Price The logic of animal conflict

CC Wikipedia
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Historical Notes (I11)

Optimization Methods in (Systems) Biology

OPTIMALITY
PRINCIPLES
IN BIOLOGY

ROSEN

Springer Science+Business Media, LLC

REVISED EDITION
R. McNeill Alexander

1967 1996 1996

» Flux balance analysis: 1990
» (Modern) systems biology full established: 2000-2010
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Concluding Remarks/Discussion
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Conclusion (1)

Central issue: Lack of first principles in (systems) biology

Optimization in Constraint-based Modeling

» Optimization itself not necessarily driving force but often as a
proxy based on
» the viewpoint of cells as ‘economic actors’
» "cells do not optimize”, BUT "cells have been optimized by
evolution”

> “Sometimes, things look optimal.”

In theory and application (e.g. network reconstruction, parameter

fitting, a.i., multi-objective, game theory, robustness, inverse
problems, control problems, etc.)

Optimization techniques go beyond this

A\
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Conclusion (lII)

‘Essentially, all models are wrong, but some are useful.’
George Box, Norman Draper, Empirical Model-Building and Response Surfaces
(1987) cc wikipedia

Thank You!
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Discussion

e.g. Mentimeter, part 2(?)

Economic goals
Money v'7?
Survival/Competition v?
Long-term prosperity v'7
Innovation/Sustainability v'?
Efficiency v'7
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i Mentimeter

Evolutioniis...

33% Nature's optimization strategy in biology

20% Afilter (i.e. the process of filtering poorly adapted individuals out)

20% A chaotic and unpredictable process full of random perturbations
A

17% The process of steady improvement of a species' traits
A
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i Mentimeter

The main goal of economic actionsiis...

long term

31%

Innovating and improving overall well-being and sustainability of your solutions

22%

Surviving in the shark tank of competitors

16%

Increasing efficiency to the very last bit

16%

Making alot of money in a very short time.

15%

» B
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