Modeling of biochemical networks
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Cell

Cell = collection of coupled and
tightly controlled biochemical substrates
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Building blocks

— Nucleotides (RNA, DNA, ATP)
— Amino Acids (proteins)

— Carbohydrates (cytoskeleton, chitin, building blocks
energy storage)

— Lipids (membranes, energy storage) energy

Reactions are catalyzed by enzymes
(proteins) that are encoded in DNA.

waste products



Biochemical processes

Processes | Purpose Reactions Examples
Metabolic | « Conversion of food into energy | Enzymatic * Glycolysis
PTOCESSES |« production of building blocks reactions * Synthesis of Lys,
Met, Iso, Thr

Genetic * Production of enzymes Transcription * Lysis-lysogeny
PTOCESSES |« Regulation of metabolic Translation switch

reactions in response to cell needs * Cell cycle

» Replication of DNA
Signaling | * Regulation of genetic and Phosphorylation |« MAPK
processes | metabolic processes in response to  A-kinase

extracellular signals

* Cell differentiation
Mechano- | ¢ Transport of molecules Power stroke  Kinesin motor
chemical | « Chemotaxis

* Flagella




Biochemical regulation
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Gene expression

Genetic network
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Regulatory motifs and modules

Switches
— logical control, computation, signal
integration, memory
Control elements

— continuous adjustment: feedback and
feed-forward loops

Oscillators
— periodic transitions between states:
synchronization, carry signal
Amplitude filters

— amplify signals of intermediate strength:
autoregulation

Noise filters or amplifiers

— precise regulation from noisy
components, source of heterogeneity

Fundamental question — 1s decomposition
possible ?
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Modeling approaches

Metabolic networks

— steady state assumption, network
flow analysis, extreme fluxes,

perturbation analysis

Genetic & signaling networks

graph theory and clustering
techniques

bayesian networks
boolean networks
ODEs

* mass-action kinetics
* piecewise linear kinetics

* delay equations

reaction-diffusion equations

Bottom up

— decomposition into chemical
reactions

— application of mass-action or
Michaelis-Menten kinetics
Top down

— captures essential features of
incompletely known networks

— use of empirical laws (Hill
equation, power law)

Common problem:
incomplete information about
e components

* interactions

« dynamical behavior




Graph theory and clustering

Genetic network = directed graph

Operations on graph

Search for path connecting two genes — clues about missing regulatory
interaction or redundancy

Search for cycles — indication of feedback loops

Global connectivity indicates complexity

Loosely connected subgraphs indicate regulatory modules

Comparison across taxa identifies evolutionary conservation of modules

Clustering techniques

Used to group together genes with similar expression patterns: likely to
regulate each other or be corregulated by the same factor

Methods based on euclidean distance, linear correlation, etc.



Bayesian networks

Components
— Directed acyclic graph G =<V, E>
— Expression levels X, ,
— Conditional probability p(X, | parents(X,))

pP(X) =[] P(X; | parents(X;))

1V

For a given a set of expression data X learning techniques are used to
find networks (G, p) that provide the best match
— NP-hard problem
— Heuristic algorithms are available



Boolean networks

Assumptions
— Gene is active or inactive, X; ={0, 1}, i=1,...,N
— Boolean function b; determines change in time

— Deterministic transitions, synchronous update

X (t+1) = b (x(t)
Properties

— State-space has 2N elements
— Cycles or point attractors

Logical networks
— Generalization to multiple values and asynchronous updates
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