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This course will provide an introduction to systems biology by focusing on the 
behaviours expected from interactions between only a few genes, taking 
examples from microbes to mammals.

Cells are dynamic systems, and we will build intuition about the types of 
responses expected from different gene circuits by running, adapting, and 
analysing computer simulations.
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By a system, we simply mean some 
subset of the entire world whose 

behaviour, and whose interaction with 
the rest of the world, we believe can be 

sensibly described. (Kuipers, 1994)

during gene expression can be substantial in both bacteria [3,5] and eukaryotes [6,7], but did not
identify the biochemical processes that principally generate this variation, regardless of whether
the variation is intrinsic or extrinsic.

A general decomposition of variation in biochemical systems

Consider a fluctuating molecular species in a biochemical system and let the random variable Z
be the number of molecules of that species, for example a transcription factor in a gene regulatory
network or the number of active molecules of a protein in a signalling network. Suppose we are
interested in how variation in Z is determined by three stochastic variables, labelled Y1, Y2, and Y3

(Fig. 1). Each Y could be, for example, the number of molecules of another biochemical species,
a property of the intra- or extracellular environment, a characteristic of cell morphology [8], a
reaction rate that depends on the concentration of a cellular component such as ATP, or even
the number of times a particular type of reaction has occurred [?]. We emphasize that the Y
variables are the stochastic variables whose e�ects are of interest: they are not all possible sources
of stochasticity.
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Figure 1. Decomposing fluctuations in the output of a biochemical system using three ex-
planatory variables. In this example, we consider how fluctuations in three variables a�ect fluctuations
in Z, the system’s output. The variables of interest are denoted by Y . Y1 is a biochemical species within
the system being studied; Y2 and Y3 are variables in other stochastic systems that interact with the system
of interest but whose dynamics are principally generated independently of the system. We show Y2 and
Y3 in the same system, but they need not be.

We wish to determine how fluctuations in Y1, Y2, and Y3 a�ect fluctuations in Z, the output
of the network. Intuitively, we can measure the contribution of, say, Y1 to Z by comparing the
size of fluctuations in Z when Y1 is free to fluctuate with the size of these fluctuations when Y1 is
‘fixed’ in some way. Mathematically, we can fix Y1 by conditioning probabilities on the history of
Y1, the value of Y1 at the present time and at all previous times. By using histories, we capture
the influence of the past behaviour of the system on its current behaviour [9, 10]. For example,
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Although systems biology cannot be easily defined, a system can.

These interactions be intra- or extra-cellular.
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Although living systems obey the laws of
physics and chemistry, the notion of
function or purpose differentiates biol-

ogy from other natural sciences. Organisms
exist to reproduce, whereas, outside religious
belief, rocks and stars have no purpose.
Selection for function has produced the liv-
ing cell, with a unique set of properties that
distinguish it from inanimate systems of
interacting molecules. Cells exist far from
thermal equilibrium by harvesting energy
from their environment. They are composed
of thousands of different types of molecule.
They contain information for their survival
and reproduction, in the form of their DNA.
Their interactions with the environment
depend in a byzantine fashion on this infor-
mation, and the information and the
machinery that interprets it are replicated by
reproducing the cell. How do these proper-
ties emerge from the interactions between
the molecules that make up cells and how are
they shaped by evolutionary competition
with other cells?

Much of twentieth-century biology has
been an attempt to reduce biological
phenomena to the behaviour of molecules.
This approach is particularly clear in genet-
ics, which began as an investigation into the
inheritance of variation, such as differences
in the colour of pea seeds and fly eyes. From
these studies, geneticists inferred the exis-
tence of genes and many of their properties,
such as their linear arrangement along the
length of a chromosome. Further analysis led
to the principles that each gene controls the
synthesis of one protein, that DNA contains
genetic information, and that the genetic
code links the sequence of DNA to the 
structure of proteins. 

Despite the enormous success of this
approach, a discrete biological function can
only rarely be attributed to an individual
molecule, in the sense that the main purpose
of haemoglobin is to transport gas molecules
in the bloodstream. In contrast, most biolog-
ical functions arise from interactions among

many components. For example, in the 
signal transduction system in yeast that 
converts the detection of a pheromone into
the act of mating, there is no single protein
responsible for amplifying the input signal
provided by the pheromone molecule.

To describe biological functions, we need
a vocabulary that contains concepts such as
amplification, adaptation, robustness, insu-
lation, error correction and coincidence
detection. For example, to decipher how the
binding of a few molecules of an attractant to
receptors on the surface of a bacterium can
make the bacterium move towards the
attractant (chemotaxis) will require under-
standing how cells robustly detect and
amplify signals in a noisy environment. 

Having described such concepts, we need to
explain how they arise from interactions
among components in the cell.

We argue here for the recognition of 
functional ‘modules’ as a critical level of bio-
logical organization. Modules are composed
of many types of molecule. They have dis-
crete functions that arise from interactions
among their components (proteins, DNA,
RNA and small molecules), but these func-
tions cannot easily be predicted by studying
the properties of the isolated components.
We believe that general ‘design principles’ —
profoundly shaped by the constraints of evo-
lution — govern the structure and function
of modules. Finally, the notion of function
and functional properties separates biology

impacts
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From molecular 
to modular cell biology
Leland H. Hartwell, John J. Hopfield, Stanislas Leibler and Andrew W. Murray

Cellular functions, such as signal transmission, are carried out by ‘modules’
made up of many species of interacting molecules. Understanding how
modules work has depended on combining phenomenological analysis with
molecular studies. General principles that govern the structure and
behaviour of modules may be discovered with help from synthetic sciences
such as engineering and computer science, from stronger interactions
between experiment and theory in cell biology, and from an appreciation of
evolutionary constraints.

Action potentials are large, brief, highly nonlinear
pulses of cell electrical potential which are central to
communication between nerve cells. Hodgkin and
Huxley’s analysis of action potentials29 exemplifies
understanding through in silico reconstruction. They
studied the dynamical behaviour of the voltage-
dependent conductivity of a nerve cell membrane
for Na+ and K+ ions, and described this behaviour in
a set of empirically based equations. At the time,
there was no information available about the
channel proteins in nerve cell membranes that are
now known to cause these dynamical conductivities.
From (conceptually) simple experiments on these
individual conductivities, Hodgkin and Huxley
produced simulations that quantitatively described
the dynamics of action potentials, showed that the
action potentials would propagate along an axon
with constant velocity, and correctly described how
the velocity should change with axon radius and
other parameters. Just as explanations of
hydrodynamic phenomena do not require knowledge
of the quantum chemistry of water, those who are interested in the behaviour of neural circuits need not
know how the particular channel proteins give rise to the Hodgkin–Huxley equations.

Box 1Phenomenological analysis of action 
potentials in nerve cells
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Modelling action potentials. The upper 
trace shows three membrane action 
potentials, responding to different strengths 
of stimulus, calculated by Hodgkin and 
Huxley, while the lower trace shows a
corresponding series of experimental
recordings. (Adapted from ref. 29.)

Cellular functions, such as signal transmission, are 
carried out by 'modules' made up of many species of 
interacting molecules ...  

General principles that govern the structure and 
behaviour of modules may be discovered with help 
from synthetic sciences such as engineering and 
computer science, from stronger interactions between 
experiment and theory in cell biology, and from an 
appreciation of evolutionary constraints.

Nature, 1999

For many, systems biology started with this 1999 review
Initial definitions of systems biology were mostly operational

To understand complex biological 
systems requires the integration of 
experimental and computational 

research – in other words a systems 
biology approach. (Kitano, 2002)

the objective of systems biology [can be] defined as the understanding of network 
behavior, and in particular their dynamic aspects, which requires the utilization of 

methematical modeling tightly linked to experiment. (Cassman, 2005)

Brehm Center, University of Michigan

Systems biology studies biological systems by 
systematically perturbing them (biologically, 

genetically, or chemically); monitoring the gene, 
protein, and informational pathway responses; 

integrating these data; and ultimately, 
formulating mathematical models that describe 
the structure of the system and its response to 

individual perturbations. (Ideker et al, 2001)



More inspiring definitions emerged later

By discovering how function arises in dynamic 
interactions, systems biology addresses the 

missing links between molecules and physiology. 
(Bruggeman and Westerhoff, 2007)

What distinguishes systems biology from earlier traditions is 
the tendency to define importance less in operational terms 
(e.g., necessary or sufficient to produce a behavior) than in 

terms of relevance to the goals of a system. (Lander, 2007)
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Figure 1: Cellular reactions: nutrient import and metabolism catalysed by the enzymes et and em, degradation of mRNA
and proteins, dilution of all species due to growth, transcription giving rise to mRNA that competitively binds ribosomes for
translation. Binding of the internal nutrient activates the transcription factor ↵ that controls transcription of the enzymes
et and em. Translation: The ribosome-mRNA complex is translated in a reaction, where each elongation step requires the
binding and hydrolysation of one ATP molecule. After nx elongation steps this givis rise to a new protein, freeing up the
ribosome and mRNA.

Why do we need systems biology?

The sequencing of the human genome has 
given us a list of the parts of the cell (the genes 
and proteins).  

We need to understand how these parts 
interact to generate cellular behaviour if we 
wish to improve both medicine and 
biotechnology.
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Biology is complex, and understanding cellular 
behaviours is hard

For example, here are three 
proteins in a “cascade”: Raf-1 
activates MKK1 and MKK1 
activates ERK1

These proteins are part of the innate immune response and the figure is taken from a 
map of the innate immune system by Oda and Kitano.
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Zooming out...
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Biology is complex spatially: cells are packed with proteins and other macromolecules
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It is because biology is so complex that we need a multidisciplinary approach.
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Although living systems obey the laws of
physics and chemistry, the notion of
function or purpose differentiates biol-

ogy from other natural sciences. Organisms
exist to reproduce, whereas, outside religious
belief, rocks and stars have no purpose.
Selection for function has produced the liv-
ing cell, with a unique set of properties that
distinguish it from inanimate systems of
interacting molecules. Cells exist far from
thermal equilibrium by harvesting energy
from their environment. They are composed
of thousands of different types of molecule.
They contain information for their survival
and reproduction, in the form of their DNA.
Their interactions with the environment
depend in a byzantine fashion on this infor-
mation, and the information and the
machinery that interprets it are replicated by
reproducing the cell. How do these proper-
ties emerge from the interactions between
the molecules that make up cells and how are
they shaped by evolutionary competition
with other cells?

Much of twentieth-century biology has
been an attempt to reduce biological
phenomena to the behaviour of molecules.
This approach is particularly clear in genet-
ics, which began as an investigation into the
inheritance of variation, such as differences
in the colour of pea seeds and fly eyes. From
these studies, geneticists inferred the exis-
tence of genes and many of their properties,
such as their linear arrangement along the
length of a chromosome. Further analysis led
to the principles that each gene controls the
synthesis of one protein, that DNA contains
genetic information, and that the genetic
code links the sequence of DNA to the 
structure of proteins. 

Despite the enormous success of this
approach, a discrete biological function can
only rarely be attributed to an individual
molecule, in the sense that the main purpose
of haemoglobin is to transport gas molecules
in the bloodstream. In contrast, most biolog-
ical functions arise from interactions among

many components. For example, in the 
signal transduction system in yeast that 
converts the detection of a pheromone into
the act of mating, there is no single protein
responsible for amplifying the input signal
provided by the pheromone molecule.

To describe biological functions, we need
a vocabulary that contains concepts such as
amplification, adaptation, robustness, insu-
lation, error correction and coincidence
detection. For example, to decipher how the
binding of a few molecules of an attractant to
receptors on the surface of a bacterium can
make the bacterium move towards the
attractant (chemotaxis) will require under-
standing how cells robustly detect and
amplify signals in a noisy environment. 

Having described such concepts, we need to
explain how they arise from interactions
among components in the cell.

We argue here for the recognition of 
functional ‘modules’ as a critical level of bio-
logical organization. Modules are composed
of many types of molecule. They have dis-
crete functions that arise from interactions
among their components (proteins, DNA,
RNA and small molecules), but these func-
tions cannot easily be predicted by studying
the properties of the isolated components.
We believe that general ‘design principles’ —
profoundly shaped by the constraints of evo-
lution — govern the structure and function
of modules. Finally, the notion of function
and functional properties separates biology

impacts
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From molecular 
to modular cell biology
Leland H. Hartwell, John J. Hopfield, Stanislas Leibler and Andrew W. Murray

Cellular functions, such as signal transmission, are carried out by ‘modules’
made up of many species of interacting molecules. Understanding how
modules work has depended on combining phenomenological analysis with
molecular studies. General principles that govern the structure and
behaviour of modules may be discovered with help from synthetic sciences
such as engineering and computer science, from stronger interactions
between experiment and theory in cell biology, and from an appreciation of
evolutionary constraints.

Action potentials are large, brief, highly nonlinear
pulses of cell electrical potential which are central to
communication between nerve cells. Hodgkin and
Huxley’s analysis of action potentials29 exemplifies
understanding through in silico reconstruction. They
studied the dynamical behaviour of the voltage-
dependent conductivity of a nerve cell membrane
for Na+ and K+ ions, and described this behaviour in
a set of empirically based equations. At the time,
there was no information available about the
channel proteins in nerve cell membranes that are
now known to cause these dynamical conductivities.
From (conceptually) simple experiments on these
individual conductivities, Hodgkin and Huxley
produced simulations that quantitatively described
the dynamics of action potentials, showed that the
action potentials would propagate along an axon
with constant velocity, and correctly described how
the velocity should change with axon radius and
other parameters. Just as explanations of
hydrodynamic phenomena do not require knowledge
of the quantum chemistry of water, those who are interested in the behaviour of neural circuits need not
know how the particular channel proteins give rise to the Hodgkin–Huxley equations.

Box 1Phenomenological analysis of action 
potentials in nerve cells
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Modelling action potentials. The upper 
trace shows three membrane action 
potentials, responding to different strengths 
of stimulus, calculated by Hodgkin and 
Huxley, while the lower trace shows a
corresponding series of experimental
recordings. (Adapted from ref. 29.)

Cellular functions, such as signal transmission, are carried out by 
'modules' made up of many species of interacting molecules ...  

General principles that govern the structure and behaviour of 
modules may be discovered with help from synthetic sciences 
such as engineering and computer science, from stronger 
interactions between experiment and theory in cell biology, and 
from an appreciation of evolutionary constraints.

Nature, 1999

Outcomes of the course

(i) design a systems approach – think like a systems 
biologist 

(ii) understand and predict the dynamics of simple 
modules 

(iii) formulate and simulate mathematical models 

(iv) write programs in Python to test biological 
hypotheses

You will be able to:



Main learning outcome:

To use the free computer language Python to test 
biological hypotheses by creating, simulating and 
analysing mathematical models of biological processes.

Assessment:

Two assignments (step-by-step computational analyses of a model of 
a biological system – 20% each) 

A research project (selecting a model from the literature and 
simulating and adapting that mode to test a novel hypothesis – 60%)

 

practical purposes can be considered to be in G2-phase—transcrip-
tion is taking place and the M-phase cyclins are present but locked
in inactive complexes with CDK1—and its default fate is to remain
arrested indefinitely in this state, with all its various opposing pro-
cesses (protein synthesis/degradation, phosphorylation/dephos-
phorylation, anabolism/catabolism, etc.) in balance.

In response to gonadotropins released from the frog pituitary,
the ovarian epithelial cells surrounding the oocyte release matura-
tion-promoting hormones, which cause the immature oocyte to re-
sume the process of meiosis. The classical maturation-inducing
hormone is progesterone, and Xenopus oocytes possess both classi-
cal progesterone receptors [2–5] and seven-transmembrane G-pro-
tein-coupled progesterone receptors [6]. However, progesterone
undergoes metabolism in the oocyte, and there is evidence that
androgens and androgen receptors may ultimately mediate pro-
gesterone’s effects [7]. Regardless of whether a progestin or an
androgen is the ultimate trigger, the effects of progesterone on
immature oocytes are striking. The oocyte leaves its G2-arrest
state, carries out the first asymmetrical meiotic division, enters
meiosis 2, and then arrests in metaphase of meiosis 2. This pro-
gression from the G2-arrest state to the meiosis 2-arrest state is
termed maturation. After maturation the oocyte is ovulated, ac-
quires a jelly coat, and is laid by the frog. It then drifts in the pond
in this arrested state until either it is fertilized, which allows it to
complete meiosis and commence embryogenesis, or it undergoes
apoptosis.

In some respects oocyte maturation is an unusual example of a
cell fate switch. Transcription is not absolutely required, and at
least some aspects of maturation can even proceed in an enucle-
ated oocyte [8]. However, in other respects it is absolutely typical:
the cell responds to an external trigger by undergoing an all-or-
none, irreversible change in its appearance, its biochemical state,
and its developmental potential.

2.2. Mos, p42 MAPK, and CDK1 activation

Although many details remain to be worked out, in broad
outline the signaling network that mediates progesterone-induced
oocyte maturation is well-understood (Fig. 2). Progesterone stimu-
lates the translation of the Mos oncoprotein, a MAP kinase kinase
kinase (MAPKKK). Active Mos phosphorylates and activates the
MAPKK MEK1, which then phosphorylates and activates ERK2
(which in Xenopus is often called p42 MAPK). Inhibitors of these
MAPK cascade proteins inhibit oocyte maturation, and activated
forms of the proteins can initiate maturation in the absence of pro-
gesterone.1 p42 MAPK activation then brings about the dephos-
phorylation and activation of cyclin B-CDK1 complexes
(sometimes termed ‘‘latent MPF”, for latent maturation-promoting

factor, or ‘‘pre-MPF”). Activated cyclin B-CDK1 complexes then
cause the oocyte to re-enter meiotic M-phase.

Cyclin–CDK complexes are thought to function as near perfect
switches at the level of the individual complex: for example, a fully
activated cyclin A-CDK2 complex is approximately 109-fold more
active than an ‘‘inactive” CDK2 monomer [9]. But an oocyte pos-
sesses !1010 cyclin B-CDK1 complexes, meaning that even if an
individual complex is perfectly all-or-none in its activity state,
the population of cyclin B-CDK1 complexes could, in principle, set-
tle into a nearly continuous range of graded activities. This raises
the question of how the all-or-none character of oocyte maturation
arises. Is the process all-or-none at the level of p42 MAPK activa-
tion and/or CDK1 activation? And how do these reversible activa-
tion processes culminate in an irreversible cell fate change?

2.3. The all-or-none, irreversible response depends upon positive
feedback

Analysis of individual oocytes treated with various concentra-
tions of progesterone demonstrated that the steady-state response
of the oocyte’s MAPK cascade is essentially all-or-none (Fig. 3). At
intermediate concentrations of progesterone, individual oocytes
were found to have either all of their p42 MAPK non-phosphory-
lated or all of it phosphorylated. Thus, somewhere between the
progesterone receptor and the bottom of the MAPK cascade, a
graded ‘‘analog” progesterone stimulus is converted to a ‘‘digital”
MAPK response. Moreover, the steady-state response of MAPK to
microinjected Mos is also all-or-none [10]. This demonstrates that
the MAPK cascade can generate an all-or-none response, not sim-
ply propagate one. A plausible mechanism for the generation of
the all-or-none response was suggested by the discovery that, in
oocytes, p42 MAPK and CDK1 are organized in positive feedback

Fig. 1. Xenopus oocyte maturation as a switch between two cell fates.

Fig. 2. Signal transduction pathways involved in Xenopus oocyte maturation.

1 There is some disagreement on whether the Mos/MEK/MAPK cascade is required
or dispensable for progesterone-induced oocyte maturation. See for example, Refs.
[9–11].
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complete meiosis and commence embryogenesis, or it undergoes
apoptosis.

In some respects oocyte maturation is an unusual example of a
cell fate switch. Transcription is not absolutely required, and at
least some aspects of maturation can even proceed in an enucle-
ated oocyte [8]. However, in other respects it is absolutely typical:
the cell responds to an external trigger by undergoing an all-or-
none, irreversible change in its appearance, its biochemical state,
and its developmental potential.

2.2. Mos, p42 MAPK, and CDK1 activation

Although many details remain to be worked out, in broad
outline the signaling network that mediates progesterone-induced
oocyte maturation is well-understood (Fig. 2). Progesterone stimu-
lates the translation of the Mos oncoprotein, a MAP kinase kinase
kinase (MAPKKK). Active Mos phosphorylates and activates the
MAPKK MEK1, which then phosphorylates and activates ERK2
(which in Xenopus is often called p42 MAPK). Inhibitors of these
MAPK cascade proteins inhibit oocyte maturation, and activated
forms of the proteins can initiate maturation in the absence of pro-
gesterone.1 p42 MAPK activation then brings about the dephos-
phorylation and activation of cyclin B-CDK1 complexes
(sometimes termed ‘‘latent MPF”, for latent maturation-promoting

factor, or ‘‘pre-MPF”). Activated cyclin B-CDK1 complexes then
cause the oocyte to re-enter meiotic M-phase.

Cyclin–CDK complexes are thought to function as near perfect
switches at the level of the individual complex: for example, a fully
activated cyclin A-CDK2 complex is approximately 109-fold more
active than an ‘‘inactive” CDK2 monomer [9]. But an oocyte pos-
sesses !1010 cyclin B-CDK1 complexes, meaning that even if an
individual complex is perfectly all-or-none in its activity state,
the population of cyclin B-CDK1 complexes could, in principle, set-
tle into a nearly continuous range of graded activities. This raises
the question of how the all-or-none character of oocyte maturation
arises. Is the process all-or-none at the level of p42 MAPK activa-
tion and/or CDK1 activation? And how do these reversible activa-
tion processes culminate in an irreversible cell fate change?

2.3. The all-or-none, irreversible response depends upon positive
feedback

Analysis of individual oocytes treated with various concentra-
tions of progesterone demonstrated that the steady-state response
of the oocyte’s MAPK cascade is essentially all-or-none (Fig. 3). At
intermediate concentrations of progesterone, individual oocytes
were found to have either all of their p42 MAPK non-phosphory-
lated or all of it phosphorylated. Thus, somewhere between the
progesterone receptor and the bottom of the MAPK cascade, a
graded ‘‘analog” progesterone stimulus is converted to a ‘‘digital”
MAPK response. Moreover, the steady-state response of MAPK to
microinjected Mos is also all-or-none [10]. This demonstrates that
the MAPK cascade can generate an all-or-none response, not sim-
ply propagate one. A plausible mechanism for the generation of
the all-or-none response was suggested by the discovery that, in
oocytes, p42 MAPK and CDK1 are organized in positive feedback

Fig. 1. Xenopus oocyte maturation as a switch between two cell fates.

Fig. 2. Signal transduction pathways involved in Xenopus oocyte maturation.

1 There is some disagreement on whether the Mos/MEK/MAPK cascade is required
or dispensable for progesterone-induced oocyte maturation. See for example, Refs.
[9–11].
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