Systems biology
in the classroom?

Systems biology is one of the fastest
growing fields in the life sciences.
But what is it all about? And does it
have a place in the classroom? Les
Grivell from the European Molecular
Biology Organization (EMBO) in
Heidelberg, Germany, investigates.

If you type

the phrase ‘systems biology” into
the search box of the main biomedical
literature database PubMed"' and
restrict the output to any year before
2000, your query will return only a
handful of hits. Do the same for 2008,
and the outcome will be links to sev-
eral hundred publications dealing
with this rapidly growing area of bio-
logical research. Do the same kind of

search in Google and compare the
outcome (around 36.9 million hits)

with those for areas like high-energy
physics (about 11.4 millions hits), or
aerospace engineering (around 2.5
million hits). Assuming that in each
case the number of hits is a reflection
of the ongoing activity in the respec-
tive area, systems biology is really
quite an active new kid on the block.
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But what is it?

Cynics might reply that ‘systems
biology’ is just another buzzword —
one more way for researchers to tap
into new sources of funding.
Physiologists might say that it is noth-
ing new; just a high-tech way of
doing what they have always done or
have attempted to do. Systems biolo-
gists themselves will tell you that it is
a radically new way of thinking about
biology. Instead of exploring the char-
acteristics of isolated parts of a cell or
organism, as biochemists and molecu-
lar biologists have done for many
years, systems biologists focus on the
whole system.

Let’s look at a radio as an analogy:
a radio transforms electric waves into

Electronic circuits in an old
vacuum tube radio

Image courtesy of Ermin Gutenberger/iStockphoto
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waves, but
we don't
know exactly
how. While
molecular biology
took the radio apart to
identify its parts, sys-
tems biology will now try
to understand how the parts
work together to achieve a func-
tion.
Consider, for example, the ability of
bacteria to detect and swim in the
direction of a source of nutrients
(chemotaxis). The molecular biologist
will try to characterise the individual
components of the chemotaxis
machinery and how each of them
works — by purifying them and the
genes that encode them, and by
studying the effects of mutations on
each component. In contrast, the sys-
tems biologist wants to understand
how the highly complex swimming
and tumbling pattern of the cells™? is
controlled — by looking at the impact
and interactions of as many compo-
nents in the system as possible. The
systems biologists, therefore, may
study everything from the first con-
tact between nutrients and the rele-
vant receptors in the bacterium,
through the entire signal transduction
pathway, to the mechanism that con-
trols the rotation of the bacterial
propulsion motor — its flagellum.
According to Leroy Hood, the
founder of the world’s first dedicated
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Institute for Systems Biology ** in

Seattle, USA, systems biology can be

defined through six essential features:

1. Global measurements: scientists
measure dynamic changes in all
genes, mRNAs and proteins, rather
than in individual genes or mRNAS
or proteins.

2. An integration of data types: infor-
mation about DNA, RNA, proteins
and their interactions are computa-
tionally and mathematically inte-
grated.

3.Dynamic measurements rather than
static ones: across different develop-
mental, physiological, disease and
environmental areas.

Science topics

Chemotactic movements of
bacteria and eukaryotic cells
towards a source of nutrients

4. The research is discovery-driven
and hypothesis-driven, rather than
only one or the other

5.The measurements made are quan-
titative, rather than just qualitative
(you want to know how much more
of a protein is produced under cer-
tain circumstances, rather than just
that there is more)

6. An interactive cycle of data: data —
model — prediction — verification —
modification — data.

At the molecular level, systems
biology often makes use of high-
throughput technologies, such as
massive DNA sequencing, and cell- or
tissue-wide RNA, protein and

Image courtesy of Nicolle Rager Fuller, National Science Foundation; image source: Wikimedia Commons

Escherichia coli cells use long, thin structures called flagella to propel themselves.
These flagella form bundles that rotate counter-clockwise, creating a torque that

causes the bacterium to rotate clockwise
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metabo-
lite analysis, to
assemble comprehensive

data sets that characterise the system
being studied. The ways in which
gene expression or metabolites
change with time, or in response to
genetic mutations and /or stimuli
from the environment, are then used
to construct computational models
that are able to predict behaviour and
thereby to better understand the
molecular principles and strategies
that underlie such changes.

This emphasis on a system as a
whole is a significant one, since it
marks the reversal of a strongly
reductionist approach to research that
started with the earliest biochemical
studies on isolated enzymes at the
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end
of the
19" and
the first half
of the 20" cen-
turies (Cornish-
Bowden & Cardenas,
2005). The reductionist
approach was necessary in this
period: little progress could have
been made without isolating and
studying the properties and behav-
iour of components of cells individu-
ally. However, it is becoming increas-
ingly clear that the behaviour of a sin-
gle cell, or of populations of cells, is
the result of a complex mix of interac-
tions that feeds both upwards to high-
er levels of organisation and back
downwards to individual molecules
or their complexes in such cells.
A good example of this kind of
complexity is the systems biology
studies that have led to the first mod-
els of a human organ — the virtual
heart** (Noble, 2007). Here, biophysi-
cal and biochemical studies on specif-
ic ion channels in heart cells led first
to models of the behaviour of single
cells, then to linked models of two-
and three-dimensional blocks of tis-
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sue in the heart’s
atrium and ventricle,
and eventually to the
simulation of the
electrical and
mechanical behaviour
of the beating heart as
an entire organ, in
which every cell plays
its specific role in concert
with its neighbours.
The results of the
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¢  tioned earlier may give the
&  impression that systems biolo-

gy suddenly appeared some-
time between 1999 and 2000 and

developed rapidly. In reality, sys-
tems biology has existed in one form
or another for much longer and under
different labels. The physiologists
cited earlier on could, with good justi-
fication, be regarded as the forerun-
ners of the field, since physiology is
defined as ‘the study of living organ-
isms and their parts’ and thus is, like
systems biology itself, inherently inte-
grative (Strange, 2005).

So what can systems biology tell
us? Ultimately, of course, this kind of
research offers an understanding of

the system being studied, whether
that is a relatively simple network of
interacting molecules, a cell, a tissue,
or an organ.

Image courtesy of Jacopo Werther and Michael Pereckas;
image source: Wikimedia Commons

A DNA sequencer
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At the level of the individual cell,
Cheong and Levchenko (2008)
analyse the recent data compiled on
the NF-kappaB pathway. This molec-
ular signalling cascade is widely used
by cells in the inflammatory response
to infection. A wealth of data had
been collected on the individual com-
ponents of the system over the past
few decades, but now systems biolo-
gists are integrating them into quanti-
tative computer models of the entire
pathway within a cell, and then test-
ing experimentally if the predictions
made by the model are correct. The
results have led to remarkable insight
into the underlying, highly complex
molecular circuitry that cells use to
detect and combat infection. This
knowledge will eventually help us
understand why individuals differ in
their inflammatory responses and
thereby should lead to more effective
treatment.

At the level of a whole human,
Nicholson (2006) proposes a systems
approach to metabolism including gut
flora. Cellular metabolism is very
much a game of chance in which
metabolites or drug molecules inter-
act with enzymes and other molecules
in a chance fashion. These interactions
can result in many outcomes, some of
which may cause cellular damage.
And this is only for one cell — imagine
how complex it is to predict the meta-
bolic state of an entire human being!
It is only by study and mathematical
modelling of the system as a whole
that we can hope to understand the
complexity of such responses and
develop therapies that are exactly tai-
lored to the system state of any partic-
ular individual.

Should systems biology be included
in the school curriculum? In my opin-
ion — yes. By this I do not imply that
students need to have access to high-
throughput microearray or proteomics
facilities. Rather, I think it important
that they are exposed to some of the
basic principles of systems biology,
and that above all, they are taught to
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Signal transduction pathways in a cell

realise the limitations of the reduc-
tionist approaches that have dominat-
ed biological research for so long.
Starting with questions like “What
is a gene?”, “How many genes do you
need to make a minimal self-main-
taining organism?” and “How can I
make a biological clock?”, it is possi-
ble to introduce typical systems con-
cepts. These include, for example,
non-linearity of biological systems, a
broad, but important concept: many
metabolic and signalling pathways
are organised in a cyclic, non-linear
fashion. There are negative and posi-
tive feedback loops within a cell, and
more often than not they will interact
with each other at several levels.
Besides, the relationships between an
input into a biological process and its
outcome are often non-linear. So it is
quite difficult to predict off the top of
your head what will happen if you
tweak one component of a p_a’?w’éy
to be slightly more or slightly less
active, and how this will in,ﬂ}lllence all
the other components.
Modularity is-another important
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concept: that is, biological systems are
complex, but they can be regarded as
networks of smaller and simpler units
(modules) that perform defined func-
tions. Other central themes of a sys-
tem are robustness (continued func-
tion despite genetic or environmental
perturbations) and evolvability (the
potential for change).

The international Genetically
Engineered Machine competition
(iGEM)*® challenges university stu-
dents to put a number of these sys-
tems biology principles into practice
through the design and use of stan-
dardised, biological components. The
register of these components™ is a fas-
cinating web resource that also shows
that systems and synthetic biology is
fun! Alongside an intriguing
BacteriO’Clock"” — a simple test tube
containing modified bacteria that
change colour according to the time
of day (Paris team) — current iGEM
team projects include the engineering
of Lactobacillus to produce yoghurt
that cleans your teeth™® (MIT team), a
bacterial biosensor that can be directly
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(Harvard team) and an E. coli cell that
glows when it detects pathogenic bac-
teria in drinking water (Sheffield
team).

Finally, upcoming generations need
to be made aware that there are
tremendous opportunities for tackling
a wide range of intriguing problems
about the living world that will be of
utmost importance to society. Systems
biology requires systems biologists
and there is a real need for scientists
in the disciplines of physics, comput-
er science and biology to work togeth-
er to develop the field to a stage at
which it can begin to return benefits
to society as a whole.
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Resources

In an insightful historical overview of
the evolution of systems biology,
Westerhoff and Palsson (2004) show
how ideas on molecular and cellu-
lar self-organisation were subse-
quently extended to modelling and
quantitative analysis of metabolic
networks. These small-scale
approaches constitute important
preludes to the development of
present-day systems biology.

Westerhoff HV, Palsson BO (2004)
The evolution of molecular biology
into systems biology. Nature
Biotechnology 22: 1249-1252.

See the blog ‘What is systems biolo-
gy?’ at http:/ /blog-msb.embo.org/
blog/2007/07 /what_is_systems_
biology_3.html

|,

For a review of a more reductionist
but nonetheless cutting-edge
approach to biology — protein
crystallography - see:

Cornuéjols D (2009) Biological
crystals: at the interface between
physics, chemistry and biology.
Science in School 11: 70-76.
www.scienceinschool.org /2009 /
issuell/crystallography

Les Grivell is a molecular biologist.
Before joining EMBO, the European
Molecular Biology Organization, he
headed a research laboratory at the
University of Amsterdam, the
Netherlands, with interests in yeast
genetics, genomics and bioenergetics.
At EMBO he coordinated a European

» Physiology considers how biological systems work. This article

describes how the molecular approach to biology demonstrates how
cells and even systems work together to perform systems functions.
The virtual heart model on the cited website is worth watching, as it
illustrates how the cells perform as a system. The iGEM competition
website can be accessed to investigate novel applications of genetic
engineering and systems biology. This could provoke some interest-
ing discussion and may motivate some students to come up with
their own ideas.

The article could be used to discuss the following topics:

e Heart structure and function

* Genetic engineering: social, ethical, and commercial applications
(of products such as tooth cleaning yogurt!)

* Physiology: integration of systems.

Possible comprehension questions to ask the students include:
e What is the purpose of systems biology?

e State what is meant by a molecular signalling cascade.

* Do individuals exhibit the same inflammatory responses?

* Explain how systems biology could be useful in predicting an
individual’s response to drug therapies.
Shelley Goodman, UK
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research network that focused on text-
mining, semantic tagging, and inte-
grating information in the scientific
literature better with the many differ-
ent types of bioinformatics data gen-
erated by molecular biology research.
He is currently manager of the EMBO
publications, and is also associate edi-
tor of the journal Molecular Systems
Biology.
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