











Economic potentials should also determine the flux directions

Sign constraint:

Energy
dissipation > 0

Infeasible

Energy
dissipation > 0

Energy
dissipation > 0

Feasible

Enzyme benefit = enzyme cost

Sign constraint:

Enzyme cost >0 Enzyme cost >0 Enzyme cost >0




A condition for enzyme optimality: the reaction balance equation
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Reaction balance equation
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Kinetic models with optimal enzyme levels

Metabolic Return g(u)
= net production rate
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Enzyme investment h(u)

Fitness f = Return g - Investment h
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Optimality condition for active enzymes:
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“Enzyme benefit” = “enzyme cost”
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The economic potentials can be defined by control coefficients

Objective:
Production of external metabolites

External External

, , Internal
metabolite metabolite

metabolite
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Virtual influx d(

Economic potential: Economic potential: 5z
Directly from production objective “Control coefficient” W = —



Reaction balance ... and compound balance

Metabolic objective function:
Net production of some external metabolites

Reaction balance equation Compound balance equation
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Economic potential Flux Enzyme Scaled Enzyme
difference cost elasticity cost



General metabolic objectives lead to exira terms

Metabolic objective function:

Some function of the steady-state fluxes and concentrations

Reaction balance equation

>(w)—>

—@®

5

[z}" + Awlvp =1y > 0

Direct Economic potential Flux Enzyme
flux gain difference cost

Compound balance equation
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Concentration Concentration Scaled Enzyme
gain elasticity cost



Two simple rules for the enzyme costs in a linear pathway

Production benefit b

Elasticity E E.. t
O—™0O0—0—@

1. Along the pathway: Reaction balance § Y = b
“Total enzyme cost = Total flux benefit” I

2. Around each metabolite: Compound balance Yi+1 El
“Enzyme costs scale inversely to elasticities” Y o El+1




The economic reaction balance can be used as a constraint in FBA

Stationarity

Nv=0 O—O—C—®

Energy dissipation

—Ap; -v; >0

Benefit principle @_>.—>.

Aw; -v; > 0



Economical flux distributions must be free of futile cycles

Beneficial, economical flux distribution
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Futile test mode
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Beneficial, but uneconomical flux distribution

Definition “Futile flux mode”

A set of active reactions in v that
can support a stationary, futile flux
with the same flux directions as in v




FBA with flux minimisation covers all enzyme-optimal flux distributions

FBA model (weighted flux minimisation) Kinetic model (optimal enzyme levels)
1. Fixed linear benefit b(v) @
2. Minimise flux cost Z ar|vi|
] Kinetic model with beneficial
enzyme levels (benefit = cost)

All possible choices
of flux cost weights

Flux
distributions



FBA with minimal fluxes and enzyme-optimal kinetic models

FBA model (weighted flux minimisation) Kinetic model (optimal enzyme levels)
1. Fixed linear benefit b(v) @
2. Minimise flux cost Z ar|v|
] Kinetic model with beneficial
enzyme levels (benefit = cost)

All possible choices
of enzyme cost weights
and rate laws

All possible choices
of flux cost weights

Economical
flux distributions:

Flux
distributions




Stefan's minimal model of fermentation and respiration

Respiration (high yield)
w=2 .w=2
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Economic variables show enzyme-optimal states from a new angle

O—0O0—0—©@ AD—X—@— @
- ® o @

* Notions of economic value and cost for metabolic systems

» Local balance relations

* Futile flux modes

« Economic relationships between flux analysis and kinetic models

» Analogies between enzyme economy and thermodynamics

“Enzyme economy in metabolic networks” arXiv:1404.5252
“How enzyme economy shapes metabolic fluxes” arXiv:1404.5072


http://arxiv.org/abs/1404.5252
http://arxiv.org/abs/1404.5072
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Gain conditions and economical flux distributions

Gain conditions 99 Oh Flux gain 2] = 0z/0v
(from cost-benefit balance = >0) Concentration 2V = 9z /d¢;

Enzyme cost yi = Oh/0Inu

Flux gain condition KTdiag(y) v 1=KTz cernel matrix K

i _ . _ Link matrix L
Concentration (E L)leag(y) vl = _Lgz¢ o -
gain condition Elasticity E

matrix
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Beneficial flux distribution v Economical flux distribution v:
Positive flux benefitb =2z" - v > 0 Flux gain condition can be satisfied
with positive costs v




Enzyme-beneficial kinetic models can be constructed

from given flux distributions

Sampled economic potentials in yeast central metabolism
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* Flux minimization or

removal of futile modes o Trehal iy cerone phosB&Iyceraldenyde 3 phosphate Cb Ribose 5 phosphate
Economical Oy o Trehajose 3 Phospho D glyceroyl phosphate
flux distribution n Glycerol 3 ph°sa‘§hospho b glycerate
Q lycerol 2 Phospho D glycerate
* Choose economic variables hosphoenolpyruvate @ thanolExt
Q lycerolE

thanol
e

. 0 cetaldehyd
Enzyme costs and ..m
I A B0
cetat @ AlanineExt

economic potentials '.' Acetate
@ Alanine
S Malate Chtyoyyts ')). Glutamate

* Choose elasticities / rate laws
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