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for other processes such as movement.
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We understand how the genes encode metabolism. But how do
we exploit that understanding to predict metabolic responses?
Biotechnological applications: for designing metabolic
engineering and synthetic biology strategies.

Another: design of effective drug therapies.

Other cell processes yield to similar approaches: signal

transduction; cell cycle; apoptosis. |
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Industrial Biotechnology and Synthetic Biology

Targets for biological production of “platform chemicals” (green chemistry):

Chemical Derivatives Chemical Derivatives
Succinate 1,4 butanediol Isoprene Synthetic rubber
3-OH propionate  Acrylate Farnesene

ltaconic acid Methylmethacrylate Glycerol Propylene glycol
Ethanol ethylene, biofuel Sorbitol

Lactate Polylactic acid Xylitol

Biohydrocarbons Biofuel Furfural

Choi et al, Metabolic Engineering, 28, 223—239 (2015)
Raw materials include: lignocellulosic biomass, starch, syngas and flue gases
(CO2/CO/H4y mixtures), methane, CO9 and light in algae.
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The Metabolic Network — More Detail

A B D

From Expasy Biochemical Pathways: http://www.expasy.ch/cgi-bin/search-biochem-index
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phosphoglycerate kinase
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(2) Phosphoenolpyruvate

pyruvate kinase
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From Nelson & Cox, Lehninbger’s Biochemistry, 4th ed.
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v = or v= f(9)

1.0 .

Rate

0 5
Substrate concentration

10

The Ky and V' have arbitarily been set to 1, where V' is the limiting rate (or maximum velocity, Vi1, ) and K, is the

Michaelis constant.
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The Reversible M-M Eqn.

(Vf/Km S) (S - P/Keq)
p— ! _ P
Unet 1+ S/lim,S + P/]im,P o f(Sj )

rate

75}

2.5

10 10

Simultaneous dependence of enzyme rate on both substrate and product. The parameters have been setto: K, g =1;

Vm’f =10; Km,p = 2,and Keq = 4. I
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Summary

In a metabolic network there is a flow of matter from the source to the
sink. At steady state, the concentrations of the intermediates remain
constant because their rates of formation exactly equal their rates of
degradation. The flow through the pathway also remains constant.

If there are very slow changes in the concentrations of metabolites,
or the pathway flux, because of slow changes in the source or sink,
the pathway may be regarded as being in quasi steady state
provided the time scale of the changes is very much longer than the
time taken by the pathway to approach steady state.
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The source and sink are instances of external metabolites in a
model: those whose effective concentration is not appreciably

modified by metabolic system.

Though extracellular metabolites may be external on account of
the extracellular space being larger than the intracellular, some

external metabolites can be intracellular.
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e The source and sink are instances of external metabolites in a
model: those whose effective concentration is not appreciably
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e Though extracellular metabolites may be external on account of
the extracellular space being larger than the intracellular, some
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Summary

e The source and sink are instances of external metabolites in a
model: those whose effective concentration is not appreciably

modified by metabolic system.

e Though extracellular metabolites may be external on account of
the extracellular space being larger than the intracellular, some

external metabolites can be intracellular.

e Examples include lipid droplets and starch granules that are only

slowly depleted.

e Internal metabolites are those whose concentrations respond to
the balance of formation and consumption and therefore are the

variables of a metabolic model.

e Most intracellular metabolites of a model will count as internal,
but it is not impossible for an extracellular metabolite to be

internal to the model.
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Summary

e Structural — needs reaction list; gives existence and number of
routes; optimal stoichiometries; network flux values.

e Dynamic or Kinetic — needs full kinetic description of each
enzyme/step; predicts time—courses, steady—states, sensitivity
analysis or control distribution ... Can be deterministic or
stochastic.

e Sensitivity analysis / Control analysis / S—systems — needs
effective kinetics near steady—state; predicts control distribution,
response of steady state to perturbations.
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Consider a simple metabolic network, e.g.:
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Summary r: XO -> Sl ~
2: Sy -> Sg ~
r3: Sg -> 51 ~
r4: So -> X1 ~

5: So <> S3 ~
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Summary

Consider a simple metabolic network, e.g.:

X

ri: Xo -> S1 ~
2. S; -> Sg ~
r3: Sg -> 51 ~
r4: So -> X1 ~
5: So <> S3 ~

r2 r3
—1 1
1 -1
0 0

rd rd
0 0
-1 -1
0 1
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Xo

By inspection of the diagram:

dS1
= V1 — V2 R U3

dt

d.S9

E — V2 — V3 — Vg4 — Vj
sy

a0

How can we generalize this?
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dSy

dt
dS2

dt
dS3

dt

by N.v, where N is the stoichiometry matrix, and v is a vector of
enzyme kinetic functions. So for our substrate cycle network:

v1
0 ] V92
—1 : U3
1 Vg

i | s
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The rate at which the substrate concentrations are changing is given
by N.v, where N is the stoichiometry matrix, and v is a vector of
enzyme kinetic functions. So for our substrate cycle network:

where each v; is the rate function for enzyme 7, depending on the
variable metabolites and the parameters Vi, i, K, ; etc, as fi(S).

dSy

dt
dS2

dt
dS3

dt

U1
U2
v3
U4
U5
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Summary

The rate at which the substrate concentrations are changing is given
by N.v, where N is the stoichiometry matrix, and v is a vector of
enzyme kinetic functions. So for our substrate cycle network:

where each v; is the rate function for enzyme 7, depending on the
variable metabolites and the parameters Vi, i, K, ; etc, as fi(S).

Integrating this set of non—linear differential equations gives a
dynamic model of our network.

dSy

dt
dS2

dt
dS3

dt

U1
U2
v3
U4
U5
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Summary

The rate at which the substrate concentrations are changing is given
by N.v, where N is the stoichiometry matrix, and v is a vector of
enzyme kinetic functions. So for our substrate cycle network:

where each v; is the rate function for enzyme 7, depending on the
variable metabolites and the parameters Vi, i, K, ; etc, as fi(S).

Integrating this set of non—linear differential equations gives a
dynamic model of our network.

The steady state is a set of non—linear simultaneous equations that

dSy

dt
dS2

dt
dS3

dt

can be solved for the steady state values of S.

U1
U2
v3
U4
U5
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Summary

Any metabolic network at steady state satisfies the relationship
N.v = 0, where N is the stoichiometry matrix, exemplified by our

model network:

U1

V2 | 0 ]

U3 — 0

Uy 0
| Y | -
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Summary

Any metabolic network at steady state satisfies the relationship
N.v = 0, where N is the stoichiometry matrix, exemplified by our

model network:

_1)1_
V2 _O_
U3 — 0
Uy 0
| Y | -

Structural modelling involves exploring the solutions of this equation,

regarding the v; as the unknown variables.
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Summary

Any metabolic network at steady state satisfies the relationship
N.v = 0, where N is the stoichiometry matrix, exemplified by our

model network:

_Ul_
V2 _O_
U3 — 0
Uy 0
| Y | -

Structural modelling involves exploring the solutions of this equation,

regarding the v; as the unknown variables.

The equation is linear, but under—determined. Though solutions are
not unique, they distinguish between feasible and non—feasible

states of the network.

CCnet Wshop, 2024, L2: — 26 /30 -



-1

Preamble

Advantages of Structural Analysis

Model Formulation

A little mathematics

® Reaction Network to
Mathematical Object

o Kinetics of the
Metabolites

e Separation of
Structure and Kinetics
e Steady State
Structural Modelling

e Advantages of
Structural Analysis

e Structural Analysis
Methods

e Aren’t Graph
Algorithms the Answer?

Summary

e Knowledge is more complete for network structure than for
enzyme Kinetics.

e Structural analysis involves simple linear equations; dynamic
analysis involves non—linear enzyme kinetic functions.

e The network structure places limitations that constrain the
network dynamics, irrespective of the kinetics, e.g.:

o Whether viable routes exist from nutrients to stated metabolic
products;

o Whether some routes remain after deletion (knock—out
mutation) of the steps catalysed by a particular enzyme;

o What the maximum obtainable conversion yield is for
formation of any metabolite from a given set of sources, and

e Structural models underlie kinetic models, and other techniques
such as Metabolic Flux Analysis and Metabolic Control Analysis.
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Summary

e Null space vectors Fell, Palsson et al

e Computer construction of transformation routes Serriotsis &
Bailey; Mavrovouniotis et al

e Graph analysis techniques various

e Elementary modes Schuster et al

e (Convex basis / Extreme pathways Palsson et al

e Reaction (enzyme) subsets

e Linear programming - single optimal route Small & Fell, Palsson
et al. Became Flux Balance Analysis and gave rise to
genome—scale metabolic modelling.
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® Summary

e Metabolic modelling is feasible and potentially useful.

e Mathematical representation of a metabolic network allows us to
separate the network structure and the kinetics.

e Network structure places constraints on the feasible behaviour of

a network at steady state.

e These constraints underlie kinetic models of metabolism.

e Structural modelling investigates the implications of these

network constraints.
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