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Why?

I Computational systems biology aims to provide a system-level understanding of a
biological system

I Understand the molecular-level mechanisms underlying biological systems using a
combination of experimental and computational techniques

1. Formulate biological networks in mathematical terms
2. Measure biological systems/networks at molecular-level
3. Reconstruct biological network models (or recalibrate their parameters) from experimental

data and/or database information
4. Predict computationally how a network behaves under novel experimental conditions
5. Test the computational predictions experimentally
6. Understand which network mechanisms are altered in a disease
7. Design drugs/external conditions/synthetic “circuits” or molecules/etc. to alter biological

networks
8. . . .

I Similar goals in understanding ecological systems, etc.
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Why?

I In the past, traditional experimental techniques have focused on individual interactions,
e.g.

Systems biology: why?

• Traditional approaches
• Use targeted experiments to solve

protA geneB

regulates?

I Modern systems biology can use different types of measurements to model biological
networks

I Large-scale and small-scale measurements
I High-throughput measurements
I Quantitative and/or qualitative measurements

I Instead of analyzing individual components (genes, proteins), aim to understand the
system as a whole (holistic approach)
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(from KEGG)

    Metabolic pathways - Reference pathway

[ Pathway menu | Pathway entry | User data mapping ]

Reference pathway  Go        

But need to understand something like this...

Figure from KEGG http://www.genome.jp/kegg/

http://www.genome.jp/kegg/


6/ 44

Why modeling?

I Mathematical representation of the current knowledge of a biological system/network
I Elements: genes, transcripts, proteins, metabolites, post-translational modifications, drugs,

other small molecules, . . .
I Interactions: protein-protein, protein-DNA, protein-RNA, RNA-RNA, protein-drug, etc.
I Dynamics

I Test current knowledge
I Compare the current state of knowledge with experimental data

I Learn network models from experimental data
I Different “modeling” aims:

I Mapping large-scale molecular networks: interactions
I Modeling dynamics of biological networks

I Parameter inference and structure selection

I Use models predictively
I Predictive behavior (“virtual experiments”)
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Stochastic modeling

I Biological systems are often (mistakenly) considered as deterministic systems
I Deterministic models are easier to work with

I Dynamics of biological systems at the level of individual molecules are intrinsically
stochastic in nature

I Biological measurements are also noisy, often considerably so

I Statistics and stochastic modeling play an important role in modeling biological systems
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Mathematical formalisms for biological systems

I A biological system can be represented in a number of ways:
I Verbal description
I Diagrams, graphs
I Interaction and dependency graphs
I Regression models
I Probabilistic graphical models
I Ordinary/Stochastic/Partial differential equations (ODEs/SDEs/PDEs)
I Coupled chemical reactions
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Chemical reactions

I Chemical reactions define a full, stochastic dynamic model of a biophysical system

I A chemical reaction with stoichiometric coefficients

m1R1 + m2R2 + . . . + mrRr −→ n1P1 + n2P2 + . . . + npPp

I The chemical species which react: R1, . . . ,Rr

I Their proportions: m1, . . . ,mr

I The chemical species that are produced: P1, . . . ,Pp

I Their proportions n1, . . . , np

I A system of coupled chemical reactions consists of a set of chemical reactions
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An example: protein dimerisation

I Protein dimerisation
2P −→ P2

I Dissociation
P2 −→ 2P

I A reversible reaction can happen in both directions

2P −⇀↽− P2
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Types of biological systems/networks

I Transcriptional networks

I Epigenetic mechanisms

I Signaling networks

I Metabolic networks

I Protein-protein interaction networks

I Neuronal synaptic networks

I Ecological networks

I Epidemiological networks

I . . .

I For each biological system, one needs to choose an appropriate level of modeling details
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Transcriptional networks: A simplistic view

I Transcription of genetic material into RNA molecules
I A process of making mRNA copies of protein-coding genes and various other non-coding

RNA elements

I A simplistic view: transcription is driven largely by transcription factor (TF) proteins2. Introduction to Molecular Biology 5
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Figure 2.1: An illustration of gene expression and regulation. Transcript process begins
when a transcription factor binds to cis-regulatory element, which attracts a RNA poly-
merase and thereby gene is transcribed. After this, the product (mRNA) of transciption
process is translated into protein, which may then regulate some gene or genes.

2.1.1 Transcription

Traditionally, transcription is thought to have three stages: initiation, elongation

and termination [9]. Transcription initiation is controlled by transcription factors

which bound to DNA (e.g. cis-regulatory sites) and thereby a RNA polymerase

is attracted to bind to the core promoter. After the RNA polymerase is bound,

it causes breakage of the base pairing and because of this, the DNA helix opens

[9]. During the elongation, the RNA polymerase copies the DNA sequence until it

reaches a suitable position shortly after the end of the gene (termination) [9]. As a

product of transcription an mRNA molecule is synthesized and it is longer than the

transcribed gene. The next step is translation, which will be covered in next section.

In reality the case is not that simple, because there are other factors involved in

transcription, e.g., enhancers and micro RNA (miRNA). Enhancers are short regions

in DNA which may bind proteins and thus have a positive effect on transcription [9].

An important detail in enhancers is the fact that these may be located far away in

DNA from the genes they activate. Silencers are similar to enhancers, but they have

a negative effect on transcription. Whereas miRNA (micro RNA) is a single-stranded

RNA molecule which is not translated into protein and it may down-regulate the

expression of a gene. This happens during transcription when DNA opens up and

thus miRNA may bind and thereby repress transcription.

Figure: From (Äijö, 2009)
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Transcriptional networks: A simplistic view

I Transcriptional regulators (genes/proteins) form cascades/networks

Figure: From (Jothi et al., 2009)
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Transcriptional networks: A more detailed view; initiation and elongationA Primer on Transcription and its Regulation for a Computational Biologist
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Figure 2.1. Regulation of RNA polymerase II transcription initiaton and elonga-
tion. From the initiation phase the phosphorylation of serine 5 of RNAPII by
TFIIH leads to promoter escape. The phosphorylation of serine 2 by positive
transcription elongation factor b (pTEFb) drives RNAPII to active elongation
and transcription. Adapted from (Saunders et al., 2006) with permission from
Macmillan Publishers Ltd.

the next section we will cover some of the known RNA molecule families

with important regulatory functions.

2.2 Transcriptome

The transcriptome of a cell is its catalogue of RNA molecules, along with

the corresponding transcript levels (Ozsolak and Milos, 2011). Transcrip-

tomes are important for cellular behaviour because transcriptomes of dif-

ferent cell types are variable and they are dynamic in nature during cell

differentiation (Rhodes and Chinnaiyan, 2005; Cloonan et al., 2008; Wil-

helm et al., 2008; Wu et al., 2010; Sharov et al., 2003). Although tran-

scriptomes are highly variable between cell types, the genome is highly

stable between different cell types. This emphasizes the importance of

understanding regulation of the transcriptome and the consequent effects

on cell fate.

Only one-fifth of the RNAs in the transcriptome are protein-coding (Kapra-

nov et al., 2007). Several different functional families of RNA molecules

have been described and are distinguished by their size, structure, and

function (see Figure 2.2). The RNAs belonging to the major protein syn-

thesis complex, the ribosome, are referred as rRNAs (ribosomal RNAs).

21

Figure: From Saunders et al., 2006
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Transcriptional networks: A more detailed view; chromatin structure and
epigenetics
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Figure 5 | Non-coding RNAs mediate enhancer function. a | In mouse cortical neurons, 
neuronal activity-regulated enhancers are bound by cyclic AMP-responsive 
element-binding (CREB) and the general transcriptional co-activator CREB protein (CBP) 
in an activity-dependent manner. The transcription of enhancer RNA (eRNA) positively 
correlates with the level of mRNA synthesis at nearby genes, such as activity-regulated 
cytoskeleton-associated (ARC). Transcription of eRNA requires the presence of an intact 
promoter at the gene, suggesting the presence of long-range associations between  
the enhancer and promoter. The type of Mediator (shown by a purple diamond) and the 
specific cofactors (shown by yellow circles) that are involved remain to be determined.  
b | A hypothetical model, based on findings using A549 human alveolar epithelial cells, in 
which the long non-coding RNA (ncRNA-a7) serves as a scaffold for the assembly of 
transcription factors (shown by the yellow circles) or other chromatin remodelling 
enzymes (shown by brown ovals) at the Snail homologue 1a (SNAI1) promoter to facilitate 
gene activation. c | In human foreskin fibroblasts, chromosome looping brings the 
HOTTIP (HOXA transcript at the distal tip) long intergenic ncRNA in close proximity to its 
target genes (homebox A9 (HOXA9), HOXA10, HOXA11, HOXA12 and HOXA13). HOTTIP 
binds WD repeat-containing protein 5 (WDR5), which in turn recruits the mixed-lineage 
leukaemia (MLL) histone methylase complex. Targeting of this complex to the 5! HOXA 
locus by HOTTIP drives histone H3 trimethylation at lysine 4 (H3K4me3) and gene 
transcription. CBP, CREB-binding protein; CREB, cyclic-AMP response element binding 
protein; H3K4me1, histone H3 monomethylation at lysine 4; H3K4me3, histone H3 
trimethylation at lysine 4; RNAPII, RNA polymerase II.

analyses have revealed that stimulus-dependent binding  
of CBP occurs at approximately 12,000 enhancers  
that are pre-marked by H3K4me1 modification. 
Interestingly, CBP recruits RNAPII at a subset of these 
enhancers to transcribe a novel class of non-coding 
RNA84. The transcription of this enhancer RNA (eRNA) 
positively correlates with the level of mRNA synthesis 
at nearby genes and requires the presence of an intact 
promoter. This suggests that the long-range association 
between enhancers and promoters of actively tran-
scribed genes might be necessary for the synthesis of 
eRNAs (FIG. 5a). Although the significance of eRNAs has 
not been addressed experimentally, it is possible that 
transcription of eRNAs establishes a chromatin land-
scape at the enhancer that in turn facilitates gene acti-
vation. Alternatively, eRNAs may play an integral part 
in forming a chromatin hub by interacting with other 
factors — analogous to the role of RNA in the formation 
of chromatin insulator complexes85,86.

A second class of ncRNAs that exhibit enhancer-
like function has been found in a recent survey of the 
human genome with GENCODE annotation13. These long 
intergenic ncRNAs (lincRNAs) are necessary for robust 
expression of their neighbouring protein-coding genes 
in multiple cell lines as well as transcription activa-
tion from the thymidine kinase promoter in luciferase 
reporter assays. The activating role of these ncRNAs on 
heterologous promoters can be explained if the ncRNAs 
serve as a scaffold for the assembly of transcription fac-
tors or other chromatin remodelling enzymes at the pro-
moter (FIG. 5b). This mechanism would be similar to that 
of the human HOX antisense intergenic RNA (HOTAIR 
RNA): this ncRNA mediates the assembly of different 
histone-modifying complexes and is necessary for their 
DNA binding and the resulting silencing of homeobox 
D cluster (HOXD) gene expression87. Indeed, recent 
data indicate that transcription of the HOXA transcript 
at the distal tip (HOTTIP) lincRNA from the 5! end of 
the HOXA locus is required for the activation of multi-
ple 5! HOXA genes88 (FIG. 5c). HOTTIP binds the adaptor 
protein WD repeat-containing protein (WDR5), which 
in turn recruits the mixed-lineage leukaemia (MLL) his-
tone methyltransferase complex. HOTTIP is brought 
into close contact with its target genes through chro-
mosome looping, targeting bound WDR5 and MLL1 
complexes to these genes, and resulting in trimethyla-
tion of H3K4 and transcription activation. Interestingly, 
the activity of HOTTIP is cis-restricted and distance-
dependent. These results suggest that lincRNAs 
can recruit specific chromatin-modifying factors to  
different genomic locations by organizing higher-order  
chromosome structures through DNA looping.

Enhancer–promoter communication
Distinct chromatin signatures at enhancers are proposed 
to act as epigenetic marks that poise specific genes for 
rapid induction11,47. Studies aimed at testing this hypoth-
esis indicate that different signalling pathways may 
employ distinct molecular strategies to disseminate the 
epigenetic information embedded at the enhancer to  
the core promoters during transcriptional activation.

REVIEWS

290 | APRIL 2011 | VOLUME 12  www.nature.com/reviews/genetics

© 2011 Macmillan Publishers Limited. All rights reserved

Figure: From Wikipedia and (Ong and Corces, 2012)
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© 2011 Macmillan Publishers Limited. All rights reserved

Figure: From Wikipedia and (Ong and Corces, 2012)
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Transcriptional networks: A more detailed view

I A more detailed view
I Chromatin accessibility
I Nucleosome locations
I Post-translational modifications
I Sequence dependent protein-DNA binding
I DNA methylation states
I Histone modifications
I DNA looping/3-D structures
I RNAPII recruitment
I Elongation initiation
I . . .

I Important to choose ‘a good’ modeling framework with an appropriate level of
approximation!
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Prokaryotic transcription

Figure 1.4 from (Wilkinson, 2011)
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Prokaryotic transcription (2)

I Gene g (not modeled explicitly), promoter p, transcript r , RNA polymerase RNAP (see
Fig. 1.4)

p + RNAP −→ p · RNAP

p · RNAP −→ p + RNAP + r

I Reactions do not necessarily form a closed system

I Linear chain of reactions can sometimes be summarized as

p + RNAP −→ p + RNAP + r
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Prokaryotic transcription (3)

I Transcription including elongation: RNA polymerase moves along the DNA and
transcribes the transcript one residue ri at a time

p + RNAP −→ p · RNAP

p · RNAP −→ p · RNAP · r1
p · RNAP · r1 −→ p · RNAP · r2

... −→
...

p · RNAP · rn−1 −→ p · RNAP · rn
p · RNAP · rn −→ p + RNAP + r

I Gene/promoter is blocked when a single RNAP binds/transcribes a gene/promoter
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Eukaryotic transcription

Figure 1.5 from (Wilkinson, 2011)
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Eukaryotic transcription (2)

I Eukaryotic transcription is much more complex: see Fig. 1.5 for a simple model with
transcription factors TF1 and TF2

g + TF1 −⇀↽− g · TF1

g · TF1 + TF2 −⇀↽− g · TF1 · TF2

g · TF1 · TF2 + RNAP −⇀↽− g · TF1 · TF2 · RNAP

g · TF1 · TF2 · RNAP −→ g · TF1 · TF2 + RNAP + r

I Recall from the introductory slides that even this is a huge simplification

I But coupled chemical reactions provide a flexible modeling framework for complex
biological systems too
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biological systems too
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Prokaryotic transcription repression

Figure 1.6 from (Wilkinson, 2011)
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Prokaryotic transcription repression (2)

I Transcriptional regulation necessarily involves feedback (a definition for biological
networks)

I An example of repression: see Fig. 1.6

g + R −⇀↽− g · R
g + RNAP −⇀↽− g · RNAP

g · RNAP −→ g + RNAP + r

I g and g · R are different chemical species
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Translation

I Simplified reactions to produce an unfolded protein Pu from an mRNA molecule with the
help of ribosome Rib, folded protein P, and active form of the protein Pa with a kinase

r + Rib −⇀↽− r · Rib
r · Rib −→ r + Rib + Pu

Pu −→ P

P + kinase −→ Pa + kinase
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mRNA degradation

I Simply
r −→ ∅

or

r + RNase −⇀↽− r · RNase

r · RNase −→ RNase

I Similar reactions for protein degradation and mRNA transport
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Prokaryotic auto-regulation

Figure 1.7 from (Wilkinson, 2011)
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Prokaryotic auto-regulation (2)

I Combine the previous building blocks of simple reactions into an auto-regulatory model
(see Fig. 1.7)

g + P2 −⇀↽− g · P2

g + RNAP −→ g + RNAP + r

r + Rib −→ r + Rib + P

2P −⇀↽− P2

r −→ ∅
P −→ ∅
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Lac operon

Figure 1.8 from (Wilkinson, 2011)
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Lac operon (2)

I See Fig. 1.8

i −→ i + rI

rI −→ rI + I

I + Lactose −⇀↽− I · Lactose
o + I −⇀↽− o · I

o + RNAP −→ o · RNAP

o · RNAP −→ o + RNAP + r

r −→ r + A + Z + Y

Lactose + Z −→ Z
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Coupled chemical reactions: summary

I Coupled chemical reaction network model formulation

I A flexible way of specifying a quantitative model is to write down coupled chemical
reactions corresponding to a model

I We still need to have
I Rate laws for every reaction: quantify the “probability” of a certain reaction to happen
I Initial amounts of all chemical species
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Graphical representations: graphs

I Displaying a model graphically helps in understanding
Figure from (Wilkinson, 2006)

I Can be formalized using directed graphs G(V ,E ), where V = {v1, . . . , vn} and
E = {(vi , vj) | vi , vj ∈ V , vi → vj} are nodes and the directed edges respectively
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Graphical representations, graphs (2)

I Contains the same information as reaction list

I Loops in the graph

I Can be difficult to distinguish reactants and products
I Each node represents either a chemical species or a reaction and arcs specify a reaction

pathway
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Petri nets

I Perti nets are a mathematical framework to systems modeling together with
I An associated graphical representation
I A matrix formalism

I Petri net (graphical representation) corresponding to the prokaryotic auto-regulatory
model is shown in Figure 2.3

I Rectangular boxes represent reactions
I Circles/Edges in and out of boxes correspond to reactants and products
I Weights on edges specify the stoichiometries
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Petri nets (2)

Figure 2.3 from (Wilkinson, 2011)
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Matrix formalism of Petri nets

I Formal definition N = (P,T ,Pre,Post,M)
I P is the list of chemical species: the number of species is u
I T is the list of reactions: the number of reactions is v
I Matrix Pre defines the stoichiometry of reactants

I Size is reactions-by-chemical species, v -by-u
I Preij many copies of molecule Pj are needed in reaction i

I Matrix Post defines the stoichiometry of products
I Size is reactions-by-chemical species, v -by-u
I Postij many copies of molecule Pj are produced in reaction i

I M is an initial state (vector)

I A reaction ti can happen only if Mj ≥ Preij for all j
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Matrix formalism of Petri nets (2)

I Stoichiometry of the prokaryotic auto-regulation example
Table 2.1 from (Wilkinson, 2011)
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Matrix formalism of Petri nets (3)

I Petri net (matrix formalism) corresponding to the prokaryotic auto-regulation example
From (Wilkinson, 2011), equations below Table 2.1.
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Matrix formalism (4)

I The molecular counts decrease and increase according to matrices Pre and Post,
respectively

I Reaction matrix: A = Post − Pre
I Rows represent the effect of individual reactions
I See Table 2.2 in (Wilkinson, 2011) for an example

I Stoichiometry matrix S = AT

I Given an initial state M and transitions vector r ∈ Zv
+ the new state M∗ is

M∗ = M + Sr ,

where v is the number of reactions
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Conservation law

I Definition: P-invariant is a non-zero vector y (∈ Ru) that is a solution to the matrix
equation Ay = 0

I P-invariant defines the conservation laws of the network

I Physical interpretation: total number of copies of molecular species which remain constant

I E.g. in the previous example y = (1, 1, 0, 0, 0)T is a P-invariant
I I.e. g · P2 + g = Constant
I This P-invariance simply says that the prokaryotic auto-regulation systems contains only

genome (or gene g)

I If y is a P-invariant then the linear combination of states, yTM, is conserved

yTM∗ − yTM = yT (M∗ −M) = yTSr

= rTST y = rTAy = 0
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Conservation law (2)

I Definition: T -invariant is a non-zero, non-negative, integer-valued vector x (∈ Zv
+) that

is a solution to the matrix equation Sx = 0

I Physical interpretation:
I Corresponds to sequence of transitions that return to the initial state (recall: M∗ = M + Sr)

I E.g. reversible reactions

I T -invariance is trivial to verify but less straightforward to find (SVD)



40/ 44

Conservation law (2)

I Definition: T -invariant is a non-zero, non-negative, integer-valued vector x (∈ Zv
+) that

is a solution to the matrix equation Sx = 0

I Physical interpretation:
I Corresponds to sequence of transitions that return to the initial state (recall: M∗ = M + Sr)

I E.g. reversible reactions

I T -invariance is trivial to verify but less straightforward to find (SVD)



41/ 44

Reachability

I Definition: a state M∗ is reachable from state M if there exists a finite sequence of
reactions so that M∗ = M + Sr

I Note that existence of solution to M∗ = M + Sr does not guarantee reachability
I Each reaction in the finite sequence must have enough reactants for the reactions to be

possible
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Represent chemical reactions in computer

I SBML – systems biology markup language
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Represent chemical reactions in computer

I SBML - systems biology markup language

Figure: Structure of SBML

Structure of SBML
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Summary

I Computational systems biology = (dynamical) systems theory + molecular cell biology

I Mathematical models: abstraction of biological systems
I Coupled chemical reactions
I Graphical representations: graphs and Petri nets

I Stoichiometry
I Conservation laws
I Reachability
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