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Abstract. Living cells are extremely weltbrganized autonomous systs, consisting of discrete
interacting components. Key to understanding amabeling their behavioris modeling their
system organization. Four distinct chemical toolkits (classes of macromolecales) bleen
characterized, each combinatorial in nature. Each toolkit consists of a small humber of simple
components that are assembled (polymerized) into complex stmichateinteract in rich ways.
Each toolkit abstracts away from chemistry; it embodies an abstract machine with its own
instruction set and its own peculiar interaction model. These interaction models are highly
effective, but are not ones commonly useddmputing proteins stick together, genes have fixed
output, membranes carry activity on their surfagéslogists have invented a number of notations
attempting to describthese abstract machines and the processes they impléheing up from
molecula biology, systems biologyaims to understandhow these interaction models work,
separately and together.

Preface to this reprintin this paper from 2005 | tried to summarize what | found most

remarkable about cellular organization, that is the faattdblls computeand that computatiois

one of their most important functiong/e caneasiyunder st and fAwhyo cell s need
unicellular organisms, in thactive search for food ande active avoidance g@iredators, neetb

deploy increasinglyaphisticated and highly optimized biochemiatgorithms in an information

processing arms race with each othe® @& har d f or me ttoanalgesrithmsa di f f er en
although pathwaysand networksare common termp However, we do not really undeasid

fi h o wells compute, except in very basic cases. Among the many, many things thabtare

known about biology, this is the one that should concern us most, particidealyse information

processing at the cellular level is so basic. Unlike more edaivformation processing systems in

higher organismshere we know a lot about cellular information coding and bagsiocessing

steps. And yet, the programming model at ari se from those fAabstract m
are unfamiliar ones. What Infil even more remarkable is that cells have three separate -Turing

complete(in principle) mechanisms at their disposal: proteins, genes, and membvariek, all

often cooperate on information processing tasks

1 Introduction

Following the discovery of thstructure of DNA, just over 50 years ago, molecular biologists
have been unraveling the functioning of cellular components and networks. The amount of
molecularlevel knowledje accumulatedo faris absolutely amazing. And yet we cannot say
that we undersindhow a cell worksat least not to the extent of being atdesasilymodify

or repair a cell. The process of understanding cellular compondatsfiesm finished, but it

is becoming clear thagimply obtaining afull part list will not tell us how acell works
Rather, even forsubstructuresthat have been well characterized, there are significant
difficulties in understandig how components interact agsters to produce the observed
behavios. Moreover there are just too many components, and taoki®logists, to analyze
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each component idepthin reasonable timeSimilar problems occuilso at each ével of
biological organizatiombove the cellular level.

Enter systems biologywhich has two aims. The first is to obtain massweounts of
information aboutwhole biological systers via highthroughput experimentthat provide
relatively shallow and noisy datihe HumanGenome Projeds a prototypicalexampe: the
knowledge itaccumulated is highlyaluable, and was obtained in amomated ancetatively
efficientway, but is just the beginning of understandingltbmangenome. Similar effort are
now underwayin genomics(finding the collection of all genes, famany genome} in
transcriptomicgthe collection of all actively transcribed genes)proteomicgthe collection
of all proteins) andin metabolomicgthe collection of all metabolitesBioinformaticsis the
rapidly growing disciplingasked with collecting ananalyzingsuchomicsdata.

The other aim of systems biologytesbuild, with such dataa science ofhe principles of
operationof biological systems, based on theteractionsbetweencomponentsBiological
systems are obviously wedhgineered: they are very complex and yet highly structured and
robust. They have only omaajor engineering defect: they have not been desjgneany
standard sensand so are ndaid outas to be easily understood. Inist clear that any of the
engineering principles of operations we are currently familiar with are fully applicable.
Undestanding such principles will require an interdisciplinary effort, using ideas from
physics, mathematics, and computififese then, are the promises of systems biology: it
will teach us new principles of operatiptikely applicable to othesciences and it will
leverage other sciences to teasthow cells workn an actionable way.

In this paper, w look atthe organization of biological systemfi®m an information
science point of viewThe mainreason is quite pragmatic: as we increasingly map rdt a
understand theomplexinteractions of biological congments we need tavrite downsuch
knowledge in such a way that we can inspecaitimate it, andinderstandts principles For
genes, we can write down lormut structurally simple stringef nudeotidesin a 4letter
alphabet, that can be stored and queried. For proteins we can write down stramys@f
acidsin a 20Gletter alphabet, plus threBmensional information, which can be stored a
queried with a little more difficultyBut how shall we write downbiological processesso
that they can be stored and queried? It turns out that biologists have already developed a
number of informal notation which will be our starting points.These notations are
abstractions over chemistry or, more prelisareabstraction®ver a number of biologically
relevant chemical toolkits.

2 Biochemical Toolkits

Apart from small molecules such as water and spraabolitesthere are four large classes
of macromoleculesn a cell. Each class formed by asmall number of units that can be
combinedsystematicallyto producestructuresof great complexity That is to produceboth
individual molecules oéssentially unboundesize andmulti-molecularcomplexes

Thefour classe®f macromoleculeare as follows. Dferent members of each clasan
have different functions (structure, energy storage,. &ie)focus on the most combinatorial
informationbearingmemberof each class

¢ Nucleic acids Five kinds of nucleotidescombinein ordered sequensgo form two
nucleic acidpolymers: DNA and RNA As data structuredRNA is lists, and DNA is
doubly-linked lists. Their most prominent role is in coding informationthaligh they
also have other important functions



e Proteins About 20 kinds omino acidscombine inearly to form proteins. Each protein
folds in a pecific threedimensional shapésometimes from multiple strings @imino
acid9. The main and most evolutionary stableproperty of a proteinis not the exact
sequence oAmino acidghat make it upnor the exactfolding processbut its collection
of surfacefeaturesthat determine its functio\s data structurespteinsarerecords of
featuresand, since thee features are often activend statefylthey areobjects in the
objectoriented programmingense.

e Lipids: Among the lipidsphospholipds have a modular structure andnselfassemble
into closeddoublelayeredsheets (membranedylembranedliffer in the proportion and
orientationof different phospholipids, andh the kinds of proteinsthat ae attached to
them.As data structures, membrare® containers, but with an active surface that acts
as arninterface to its contents.

e Carbohydrates Among the carbohydratesoligosaccharides are sugarsimked in a
branchingstructure As data structuresjligosacharidesare trees. They have a vast
number of configurationsna acomplex assembly process@®lysaccharidesorm even
bigger structures although usually ofh semiregular kind (rods, meshes). We do not
consider carbohydrates furthetthaudh they are probably just as rich and interessg
the other toolkits Theylargely hae to do withenergy storage and wittell surface and
extracellularstructures But it should be noted thaheytoo have a computational role, in
forming unique surfae structures that are subject @cognition Many proteinsare
grafted with carbohydrates, through a complex assembly process calles)/igitioa.

From MOLECULAR CELL
BIOLOGY, 4/e by Harvey
Lodish, et. al. ©1986,
1990, 1995, 2000 by W.H.
Freeman and Company.
Figure 1-1, Page 1. Used
with permission.

Figure 1 Eukaryotic Cell
Eukaryoticcells have an extsive array of membrardgound compartmats and organelles with up t4
levels of nestingThe nucleus is a double membrafibe external membrane is less than 10% of the total.

Out of these foutoolkits arises all theorganic chemicalscomposing, e.gegukaryotic
cells Figure 1 [32] p.1). Each toolkit has specific structural properties (as emphasized by the
bolded words above)systematic functionsand a peculiarly richand flexible mode of
operation.These peculiar modes of operaticand systematic functionare what we want to
emphasizebeyond their chemical realization



Cells arewithout doubt in many respectsinformation processing devicegVithout
properly processing information from themvironmenttheysoon die for lak of nutrients or
for predation.The blueprintof a cell, needed for its functioning and reproductiserstored as
digital informationin the genomean essential step ofproductionis the copying ofthat
digital information. There are hints thatnformation processing in the genome of higher
organismss much moresophisticatedhan currently generally believ¢a3].

We could say that cells are based on chemistrgt alsoperform some information
processing. Buwve take a more éseme position, namely thaklls are chemistryin the
service of information processingHence we look for information processing machinery
within the cellular machineryandwe try to understandhe functioning of thecell in terms of
information procesing, instead othemistry In fact, we canreadily find such information
processing machineiig thechemical toolkitdhat wejust describedandwe can switch fairly
smoothly from the classicatlescription of cellularfunctioning in terms of classes of
macromoleculedo a description based abstracinformationprocessingnachines

3 Abstract Machines

An abstract machinés a fictionalinformationprocessing devicthatcan, in principlehavea
number of different physical realizations (mechanicadlectronic biological or even
softwarg. An abstract machinis characterized by:

e A collection of discrete states
¢ A collection of operationor events) that causiscretetransitionsbetweerstates

The evolutionof stateshrough transitiongan ingeneral happen concurrentljhe adequacy
of this generic model for describing complex systems is argued, €22].in

Each of thechemical toolkits we have just describeah be seen aa separatabstract
machine withan aropriate setof states and operations. Thadstract interpretations of
chemistryis by definitionfictional, andwe must be aware afs limitation. Howeverwe must
also be aware of thiemitations of not abstracting, because then @ in generaimited to
work at the lowest levedf reality (Qquantum mechanics) without any hope of understanding
higher principles of organizatioihe abstract machines we consider esehgrounded ina
different chemical toolki{nucleotides, amino acidsand phosphgids),andhence have some
grounding inreality. Moreover, each abstract machine corresponds to a different kind of
informal algorithmic notation that biologists haveleveloped (Figure 2 bubbles) this is
furtherevidencehatabstracprinciples of organization are at work.

The Gene Machindgbetter known a$sene RegulatoryNetwork9 performs information
processing tasks within the cellt tegulaés all other activities, includingssembly and
maintenance of the other machinasdthe copying of itself. TheProtein Machine(better
known asBiochemicalNetworks) perform all mechanical and metabolasks, and also some
signal processing. Thielembrane Machind€better known as fnsportNetworks) separates
differentbiochemicalenvironmentsandalso operates dynamically to transport substsnce
complex, discrete, muistep processes
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Figure 2 Abstract Machines, Molecular Basis, and Notations

These three machines operate in concert and are highly interdep&wiess. instruct the
production of proteins and membranes, and direct the embedding of proteins within
membranes. Some proteins actrmasssengerdetween genes, and others perform various
gating andsignaling tasks when embedded in a membrane. Membranesneordllular
materialsand bear proteins on their surfacesetrkaryotesmembranes confine the genome,
so that local conditions are suitable for regulation, and confine other reactions carried out by
proteinsin specializedresicles

Therefore, to undstand the functioning of a cell, one must understand also how the
various machines interact. This involves considerable difficulties (e.g. in simulations) because
of the drastic difference in time and size scgbesteins interacts in tiny fractions ofsacond,
while geneinteractionstake minutes proteins are large moleculebut are dwarfed by
chromosomes, anchembranes are larger stiBefore looking at the interactions among the
different machine in more detailie startoy discussinggach machineeparately

4 The Protein Machine (Biochemical Networks)

4.1 Principles of Operation

Proteins arelong folded-up stringsof amino acidswith precis¢y determineg but often
mechanicallyflexible, threedimensionakhapesif two proteins haveurfaceregionsthat are
complementary(both in shape andn charge), they may stick to eadther like Velcro,
forming a proteincomplex wherea multitude of small atomic forceseates a strong bond
between individual proteinghey can similarly stick highly selectiweto other substances.
During a complexation event, a protein may be bent or opened, thereby revealing new
interaction surface§.hroughcomplexatiormany proteins act as enzymes: they bring together
compoundsincluding other proteingnd greatly faciléte chemical reactiortsetween them
without being themselves affected.



Proteins may also chemically modify each other by attaching or removing small
phoghate groups at specific sitdsach such site acts as a boolean switch: over a dozen of
them can benmgsent on a single proteiAddition of a phosphate groyphosphorylation) is
performedby an enzyme that is then calledkammase Removal of a phosphate group
(dephosphowylation) is performed by an enzyme that is theslled aphosphatase For
example, grotein phosphatase kinase kindsea protein that phosphgdates a protein that
phosphoylates a protein that dephospyates a proteinEach (de)phosphoylation may
reveal new interaction surfaces, aathsurfaceinteractionmay eyose newhosphoriation
sites

It turns out that a large number of protein interactions work at the level of abstraction just
described. That is, we can largéyorechemistry and the protein folding process, and think
of each protein as a collection of features (bindsitgs andphosphorylatiorsites) whose
availability is affected by (dgcomplexation and (diphosphorylationinteractions. This
abstraction levels emphasizedn K o h nMlecular Interaction Mapgraphical notation
[29][27] (Figure J.

We can describe theperation of therotein machines follows Figure 3. Each protein
is a collection ofsitesandswitches each of those can be, at anyamviime, eitheavailable
or unavailabk. Proteins can join ahatchingsites, to form bigger and biggeomplexesThe
availability of sites and switches in a complex is hate of the complex. Asystemis a
multiset of (disjoint) complexes, each inigen state.

The protein machine has two kinds of operations. (1) An available switch on a complex
can be turned on or off, resulting in a new state whemnscollection of switches and sites is
available. (2) Two protein complexes can combine at aveaikites, or one complex can split
into two, resulting in a new state wheraew collection of switches and sites is available.

On/Off switches Each protein has a structure

s - Inaccessible. ¢ binary switches and binding sites.
o But not all may always be accessible.
Protein

Inaccessible
Binding Sites
Switching of accessible switches.
- May cause other switches and
binding sites to become (in)accessible.
- May be triggered or inhibited by nearby specific
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Binding on accessible sites.
- May cause other switches and
binding sites to become (in)accessible.

- May be triggered or inhibited by nearby specific
proteins in specific states.

Figure 3 The Protein Machine Instruction Set

Who is driving the switching and binding? Other proteins do. Thereeaseof thousands
of proteins in a cell, so the protein machir
each with a specific way of acting on othewoteins (or metabolitg¢s For each cellular



subsystem one must list the proteingolved and low each protein interacts with the other
proteins in terms of switching and binding.
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Figure 4 Molecular Interaction Map s Notation
From [29]. A: graphical primitives.B: complexation andphosphorylation C: enzymaic diagram and
equivalent chemical reactiorid: map of thgg53-Mdm2 and DNA Repair Regulatory Network

4.2 Notations

Finding a suitable language in which to cast such an abstraction istavmntask. Kohn
designed a graphical notation, resulting irctgies such asigure 4 [29]. This wasa
tremendous achievement, summarizing hundreds of technical papers isizEh@ictures,
while providing a sophisticated and expressive notation that coutdabslatedback into
chemical equationaccading to semiformal guidelines Because of this intended chemical
semantics, the dynamics of a systems is i mpl
chemical (and hence kinetic) equations. The nmtatself has no dynamics, and this is one of
its main limitation. The other major limitation is that, although graplyiadpealing, it tends
to stop being useful wheoverflowing the bordersof a page or of a whiteboard (the original
Kohn maps span seng pages).

Other notations for the protein machine d@ndevised. Kitano, for example, improve

on the conciseness, expressi veldd, et futhern d pr
sophistication in graphical notatios certainly requiredalong the generarinciplesof [18].
A different approach is to devise a textual notatwhich inherentlyhasn o fi-piage o | i mi

and can better capture dynamiegamples are Bioalculus[38], andmost notablyk-calculus
[14][15], whose dynamig is fully formalizedBut one may not need to invesumpletely new
formalisms.Regev and Shapiro, in pioneering wdd®9][47], described how to represent
chemical and biocheital interactionswithin existing process calculiz-calculus) Since
process calculi have a well understood dynamics (better understood, in fact, than most textual
notations that one may dse just for the purpose), that approach also provides a solid basis
for studying systems expressed in such a notakorally, some notationsicorporate both
continuous and discrete aspects, as in Chi@joand dL-systemg45].



