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Another reason for the shift in focus was the increas-

ing awareness of the extent of interconnections between 

proteins in a cell, which started to emerge from molecular 

studies of cellular processes. In particular, high-throughput 

techniques (“omics”), which enable highly parallelized ex-

perimental analysis of hundreds or thousands of interactions 

between different proteins, have produced highly complex 

interaction networks, frequently connecting proteins of very 

different functions. Interpreting the significance of these 

networks beyond individual interactions presented a formi-

dable challenge, requiring approaches that were different 

from those provided by conventional molecular biology. All 

of these developments led to the emergence of systems 

biology – which could also be called network biology – as an 

independent branch of modern biological research. 

M AT HE M AT IC A L M ODE L L ING IN S YS T E M S BIOL OGY
As any new discipline, systems biology has not yet been 

strictly defined. In the simplest definition, any analysis that 

takes into account all (or at least multiple) genes or proteins 

that play a role in a particular cellular process can be viewed 

as systems biology. In this sense, systems biology has  

already become well embedded in current biological research, 

which increasingly relies on novel “omics” tools. These 

techniques, however, can only sketch out maps of cellular  

networks providing limited insights into their function. For  

example, propagation of a signal through a network that links 

receptors on a surface of the cell (input) to gene regulation or 

cell behaviour (output) frequently proceeds in multiple steps 

and via several branches. Additionally, such signal transduc-

tion can be modulated by multiple positive and negative feed-

back loops. Although one may be able to intuitively guess the 

significance of some of these regulatory connections, pre-

dicting how such a network will behave upon stimulation by 

simply looking at it is not possible.

Solving these questions will require mathematical modelling 

and computational simulations of biological networks. While 

the mathematical description of natural processes is a funda-

mental part of physics, the application of mathematical mod-

elling in biology remains limited and sometimes controversial. 

A major problem here is the apparent uniqueness of each and 

every biological network, so that the knowledge coming form 

one network cannot be easily transferred to another network. 

This is in stark contrast to physics, where systems of the 

same type can be described using the same mathematical 

model. Moreover, although in many cases modelling of a cel-

lular network can be easily done using a set of coupled ordi-

nary differential equations, it normally requires a large body 

Proteins in the cell never act alone. Even the simplest cellular 

functions, such as transport of a molecule across the cellu-

lar membrane or defining the site of future cell division, are 

normally executed by groups of interacting proteins. These 

groups are best represented as protein networks, where 

nodes correspond to individual proteins and edges represent 

their interactions. The more complex the task, the larger and 

more complex is the underlying network, and ultimately all 

functional networks can be connected into a cell-wide net-

work. The next big challenges for biology is to understand 

the rules by which these functional networks operate in the 

context of a living cell and to use these rules to rationally 

engineer the functions of networks.

F R O M M OL EC U L A R BIOL OGY T O S YS T E M S BIOL OGY
Although a network-centred view of cell biology has be-

come increasingly accepted in recent years, it represents 

a dramatic paradigm shift that still remains to be fully ap-

preciated. Over much of their existence, molecular biology 

and biochemistry have primarily focused on the analysis 

of individual genes or proteins, following an approach that 

aimed at decomposing cellular processes into elementary 

functions that can be ascribed to a single gene/protein. This 

reductionist attitude was immensely powerful and influen-

tial in the early stages of molecular biology, enabling demys-

tification of living matter and putting all modern biology on a 

solid molecular and mechanistic foundation. However, with 

the growing knowledge of cellular systems, it became more 

and more apparent that this view could not adequately de-

scribe the complexity of cellular mechanisms. Indeed, many 

cellular functions simply cannot be reduced to functions of 

individual proteins but only emerge from the interplay be-

tween multiple components, i.e. the whole system is more 

than the sum of its individual parts. As a consequence, the 

focus of biological research started to gradually shift from 

individual proteins to groups or complexes of proteins taken 

as functional units.

Rules for Cooperation in the Cell 
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THE MORE COMPLEX THE TASK, THE LARGER AND
MORE COMPLEX IS THE UNDERLYING NETWORK, 
AND ULTIMATELY ALL FUNCTIONAL NETWORKS CAN
BE CONNECTED INTO A CELL-WIDE NETWORK.
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of knowledge about individual reaction parameters within the 

network that must be obtained through tedious biochemical 

experiments. Thus it is simply unrealistic to obtain such an 

amount of information for each and every cellular network, 

meaning that the detailed modelling can be only performed 

for a relatively small set of selected networks. Although al-

ternative approaches to modelling exist, which only use the 

structure of the networks and do not require knowledge of 

detailed parameters, the precision of these types of models 

and their capability to reliably predict the network response to 

particular stimuli or perturbations is limited.

Given these difficulties, one cannot expect that in the near 

future computational simulations replace biological experi-

ments in the same way that they do in physics. Nevertheless, 

mathematical models are very useful for two purposes: First, 

they provide a clear test as to whether the observed network 

behaviours can in principle be explained by the current knowl-

edge of the network structure. Surprisingly, in most cases 

this is not the case, meaning that we still lack essential com-

ponents of the network structure. Frequently, mathematical 

models can also point to a likely missing connection, such 

as a negative feedback within a network. Second, the math-

ematical models are essential to elucidate general properties 

of cellular networks.

P R OP E R T I E S O F C E L L U L A R N E T W O R K S
Given the apparent individuality of each and every cellular 

network, are there clear reasons to expect the existence of 

properties that most networks share? Although the question

is still open, several such general features have become  

apparent from studies of different systems. 

One such property, which seems to be common to most 

networks, is robustness. The importance of robustness –  

insensitivity to perturbations – for cellular networks is not 

surprising, given that these networks are exposed to exten-

sive internal and external perturbations. Internal perturba-

tions are inherent to biochemical reactions within the cell 

because most reactions involve only a relatively small copy 

number of components. Although the average probability 

of a given reaction (e.g., protein modification) to occur may 

be fixed, the number of proteins that actually collide and re-

act with each other at a given time point and in a particular  

region of the cell may fluctuate substantially, with the noise 

typically scaling as the square root of the copy numbers of 

the involved components. The resulting fluctuations in the 

output of one particular reaction can propagate through 

the networks and generally affect the network behaviour.  

Although in many cases such rapid stochastic fluctuations 

in the network activity can be “filtered out” by the slower 

rate of the downstream output reactions, this is not always 

the case. Particularly the fluctuations in the activity of gene 

transcription can produce sizable variability in the copy num-

bers of the network proteins over time or across the cells in 

a population. Such variation (referred to as gene expression 

noise) normally has direct and long-lasting effects on the 

network performance.

In addition to such inherent stochastic noise, network per-

formance is generally affected by changes of the cellular 

or extracellular environment. For example, the levels of the 

network components vary not only stochastically but also 

deterministically due to changes in gene regulation. More-

over, such external factors as changes in temperature affect

rates of most biochemical reactions, with activity of an  

“average” enzyme doubling for each ten degrees of a tem-

perature change. This means that every cellular network in an 

organism without a body temperature control will be severely  

perturbed by a daily or a seasonal temperature cycle.

As a consequence, it is highly likely that evolution has  

selected networks not only for performing their specific 

function (e.g., transducing a signal), but also for performing 

this function robustly, irrespective of internal and external 

perturbations. In this respect, biological networks are not 

fundamentally different from complex man-made systems, 

such as electrical grids or transportation networks, where 

the system’s robustness is an essential part of its engi-

neering design. However, whereas the principles of robust 

design of engineered systems have been established, the 

mechanisms that underlie robustness of biological networks 

remain to be understood.

Another fundamental property of cellular networks is their 

modularity. Modularity essentially means that cellular net-

works that execute specific cellular tasks (e.g., partitioning 

of chromosomes during cell division) are relatively insulat-

ed and function autonomously from each other. Network  

FREQUENTLY,  MATHEMATICAL MODELS CAN ALSO
POINT TO A LIKELY MISSING CONNECTION, SUCH AS 
A NEGATIVE FEEDBACK WITHIN A NETWORK.
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modularity essentially creates a level of functionality within 

the cell (modules) that is intermediate between the whole-

cell protein network and individual proteins. This again finds 

clear parallels in engineering, where most complex ma-

chines, such as cars or airplanes, are built from functional 

modules that can be optimized, produced, controlled and 

exchanged independently from the rest of the machine. The 

advantage of modular design of biological networks is argu-

ably the same, with evolution optimizing the functionality 

of individual modules, rewiring and also exchanging them 

without much effect on the rest of the network. The modu-

larity further facilitates tuning of individual functions and en-

hances network robustness, because perturbations in one 

module do not propagate to the rest of the cellular network.

F R O M S YS T E M S T O S Y N T HE T IC BIOL OGY
Given the parallels between the engineered systems and 

cellular networks, the natural step in bioengineering was 

to attempt rational design of novel cellular networks with 

predetermined properties. At a certain level, such work has 

been already going on for decades in the fields of molecular 

biology, genetic engineering and biotechnology. However, 

such network modifications were typically fairly simple, with 

just one or a few genes being replaced or inserted within an 

organism. The advances in systems biology thus far promise 

to revolutionize biotechnology, advancing network design to 

a qualitatively new level in the form of synthetic biology. In 

its pure form, which was promoted by its early proponents 

at the turn of this century, synthetic biology would be a truly 

engineering discipline, where the network design from fully 

standardized parts would be done by computer (in silico) 

using a specialized software. The computer would further 

verify the functionality of the designed networks by simu-

lating their behaviour – in much the same way as a car or 

an airplane is designed nowadays. Importantly, such design 

would not necessarily have anything to do with the naturally 

existing cellular networks of a related function, but would 

create a fully artificial network. 

It rapidly became clear that this initial promise of synthetic 

biology was overly optimistic. Such rational design of novel 

networks needs to overcome a number of formidable chal-

lenges. The biological parts proved to be extremely difficult 

to standardize and to insulate from the undesirable influences 

within the cell, which affected their activities in unpredictable 

ways. As a result, the networks that were designed in silico 

were in most cases non-functional within the cell, because 

the protein levels or activities deviated too strongly from de-

sired values. These problems became increasingly apparent 

with a larger number of network components, since even 

modest deviations from the desired behavior became am-

plified within the network. Moreover, even those synthetic 

networks that did function under specific conditions became 

non-functional under different conditions, obviously lacking 

robustness to perturbations. As a consequence, current  

rational design of functional synthetic networks is limited to 

relatively small and simple circuits, not even approaching the 

complexity of most natural cellular networks.

R U L E S O F C E L L U L A R N E T W O R K S
This obvious discrepancy between the natural networks and 

our current achievements in artificial network design empha-

sizes that we still do not understand what constitutes a func-

tional network. While it is clear that biology does not have 

its own special laws – beyond the laws of physics – there 

might well be certain rules behind the evolved design of 

cellular networks. Different from the man-made machinery, 

where the design rules are established rationally, the rules 

for the cellular network design could emerge naturally as 

the product of the evolutionary selection process. Although 

the process of network modification is not directional and 

occurs by random modification of existing parts or addition 

of new parts and modules, evolution ultimately selects for 

those networks that optimally perform their function under 

physiological constraints that generally affect network func-

tion in the cell. For example, networks may be selected for 

meeting the criteria of robustness and modularity mentioned 

above. Despite the apparent randomness of the evolutionary 

process, such selection may nevertheless result in certain 

common rules of how an evolutionary successful network is 

structured and functions. 

To illustrate this, one can draw certain parallels to human 

language. Indeed, cellular systems can be thought of as a 

kind of language, with individual amino acids as letters, pro-

teins as words, and the entire cell as a text. In this scheme, 

cellular networks or modules executing particular functions 

will represent sentences. Sentences in a human language 

BIOLOGICAL NETWORKS ARE NOT FUNDAMENTALLY
DIFFERENT FROM COMPLEX MAN-MADE SYSTEMS,
SUCH AS ELECTRICAL GRIDS OR TRANSPORTATION
NETWORKS.
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are constructed according to certain rules – although there 

is no natural law that enforces language sentences to have a 

particular grammatical structure. Nevertheless, grammatical 

rules may naturally emerge as a result of our cognitive pro-

cesses, as has been proposed in Noam Chomsky’s concept 

of universal grammar. Similarly, universal rules that govern 

the organization of cellular networks might emerge as a re-

sult of the nature of the evolutionary process and of general 

constraints on the network functions.

How can these rules be understood? Again similar to lan-

guage analysis, the first step must be to analyse a sufficient 

number of “sentences” – examples of cellular networks –  

using a combination of experimental and computational 

methods. Experimentally, it would require mapping the 

structure of a network (i.e., protein-protein interactions and 

protein reactions) and exploring how these interactions are 

affected by the stimulation or perturbation of the network, 

such as changes in the levels or activities of individual pro-

teins. Computational analysis is then necessary to extract 

general rules from the structure and function of individual 

networks, despite their dissimilarity. Such analyses can 

help to understand what it is that ensures the robustness 

or modularity of a network. Secondly, the computational 

analysis can also be used to explore the whole space of pos-

sible networks that may perform a particular function – by  

randomly rewiring a set of proteins and subsequently testing 

their functions in silico, in a process that resembles natu-

ral evolution. Those networks that happen to show proper 

functionality can be further tested for their secondary prop-

erties, such as robustness, and subsequently compared to 

the natural networks with the same function. Ideally, these 

two sets would overlap, demonstrating that we understand 

how these natural networks are selected by evolution. This 

should enable us to uncover further general principles of the 

evolutionary network designs – which might be useful not 

only for synthetic biology but also for engineering. 

M IC R OO RG A N IS M S A S M ODE L S YS T E M S
Learning the common principles behind natural networks 

and the rules of their evolutionary design will mean a huge 

advance for studies of any cellular organism. To this end, 

microorganisms are particularly attractive models for sys-

tems and synthetic biology. First and foremost, their cellular 

networks – particularly those in bacteria – are significantly 

simpler than those in animal or plant cells. Along with the 

advantage of much easier genetic manipulation in microbial 

models, this means that the operation of these networks can 

indeed be analysed at very high detail both experimentally 

and computationally. Moreover, the functions of the net-

works are typically more easily defined in microorganisms, 

with most of them being directly involved in sensing either 

the extracellular environment or the intracellular cell state. 

Finally, microorganisms have been the only organisms that 

have populated the Earth for most of its history and are thus 

evolutionarily much older than animals or plants. This means 

that the evolutionary optimization of microbial networks has 

proceeded for much longer and has presumably converged 

to a (locally) best possible solution. Such defined functions 

and presumed optimality facilitate theoretical analysis of 

these networks, since we know (or at least can guess) what 

properties and functions of the network were evolutionarily 

selected and how evolution has solved these questions.

OU T L OO K
The fields of network analysis and design, systems and 

synthetic biology, are becoming mature. Their birth around 

the turn of this century was met with much enthusiasm but 

also with scepticism. The early promises of systems biol-

ogy replacing much of the routine biological experimenta-

tion within a decade in hindsight look indeed rather naïve. 

The progress in understanding cellular networks still largely 

comes from small-scale molecular biology and biochemis-

try experiments that focus on details of specific processes. 

Nevertheless, systems biology has transformed biological 

research, by shifting its focus from molecules to networks 

and by emphasizing the importance of quantitative analysis. 

Similarly, although the current achievements of synthetic 

biology are relatively modest in comparison to the initially 

defined goals, thinking about cellular networks from the en-

gineering perspective will have a long-lasting transformative 

effect on biology. These changes may not be apparent at 

present, but they will help to put cell biology on more solid 

theoretical footing, creating a set of empirical rules that can 

be used to understand and design cellular networks.

 
MICROORGANISMS HAVE BEEN THE ONLY ORGANISMS
THAT HAVE POPULATED THE EARTH FOR MOST OF
ITS HISTORY AND ARE THUS EVOLUTIONARILY MUCH
OLDER THAN ANIMALS OR PLANTS.


