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ABSTRACT

Motiv ation: A clear understanding of functions in biology is a key compo-
nent in accurate modelling of molecular, cellular and organismal biology.
Using the existing biomedical ontologies it has been impossible to capture
the complexity of the community's knowledge about biological functions.
Results: We present here a top-level ontological framework for representing
knowledge about biological functions. This framework lends greater accuracy,
power and expressiveness to biomedical ontologies by providing a means to
capture existing functional knowledge in a more formal manner. An initial
major application of the ontology of functions is the provision of a principled
way in which to curate functional knowledge and annotations in biomedical
ontologies. Further potential applications include the facilitation of ontology
interoperability and automated reasoning. A major advantage of the proposed
implementation is that it is an extension to existing biomedical ontologies, and
can be applied without substantial changes to these domain ontologies.
Availability: The Ontology of Functions (OF) can be downloaded in OWL
format from http://onto.eva.mpg.de/ . Additionally, a UML prole and
supplementary information and guides for using the OF can be accessed
from the same website.

Contact: bioonto@lists.informatik.uni- leipzig.de

1 INTRODUCTION

Ontologiesplay anincreasinglyimportantrole in modernbiology.
Recentearshave seerasigni cant expansiorin thenumberof bio-
medicalontologiesandcontrolledvocahlularies. The OpenBiome-
dical Ontologies(OBO)! projectsenesasanumbrellaorganization
providing somebasiccriteriaandguidelinesfor the standardization
of biomedicalontologies.

The OBO projectincludesa large numberof domain-specic
ontologiessuch as the Gene Ontology (GO) (Ashkurner et al.,
2000) — which provides information about processesmolecular
functionsand sub-cellularlocationsof genesand geneproducts—
andanatomicabnddevelopmentabntologiesavailablefor speci c
species.

Recently several methodologicalapproacheswere discussed
which aim to provide an ontological foundationfor medicaland

Theseauthorscontritutedequallyto this work.
T Towhomcorrespondencshouldbe addressed
1 hitp://obo.sourceforge.net

biomedicaldomainsby meansof top-level ontologies(Heller and
Herre,2004b; Smith et al., 2005). A top-level ontology explicitly
providesdomain-independentotions. Accordingto the principles
of ontologicalfoundationasexpoundedn (Helleretal.,2004;Hel-
ler andHerre,2004b)and appliedin (HerreandHeller, 2005),we
pursuethe idea of addingtop-level layersto existing biomedical
ontologies.Theselayersanalyzeand formalize generalaspectof
conceptoccurringin theseontologies The useof atop-level onto-
logy potentiallyleadsto fewer errorsin the curationandcreationof
domainontologiesabetterunderstandingf thebiologicalconcepts
andthemeandor dataandontologyintegration.

A numberof top-level conceptausedfrequentlyin variousOBO
ontologiesremainunanalyzedand unde ned. Conceptdike “role”
(suchas“oxygenaccumulator™or “function” (suchas“to accumu-
late oxygen”) sene asexamplesof unanalyzedop-level catgyories
in theOBO ontologies.

Neverthelessthe notionof functionis widely usedin biomedical
ontologies Most commonly oneof thethreehierarchiesn the GO
is the molecularfunctionstaxonomy Althoughthe GO providesa
shortde nition for its notionof molecularfunction,anin-depthana-
lysis is not provided. Furtherusesof the notion of function appear
in the ChemicalEntities of Biological Interest(ChEBI) Ontology
(Brooksbanlketal., 2005)andin the Celltype(CL) Ontology(Bard
etal., 2005), equallywithout a strongtheoreticalbasisconcerning
functions.

We believe that a theory of functionsis useful for the develop-
mentandapplicationof biomedicalontologies.To date,criticisms
of theuseof the concepbf functionin biomedicalontologieseither
proposedho solutionor implied extensve changespr a complete
refactoringof existing structureqSmith et al., 2003). Considering
the GO'smolecularfunctiontaxonomyfor example we realizethat
this posegroblemdor aresourcainderconstanusagedy thecom-
munity. Thereforewe proposeto addresghis problemin another
way.

We describeherea proposafor atop-level ontologyof biological
functions.This proposaintroducedunctionsasanadditionallayer
to the existing biomedicalontologies.We considerthis ontology
orthogonalto thosecurrentlyin use.Although conceptselatingto
functionsexist in biomedicalontologies,they are not yet adequa-
tely presentedn an explicit, formal manner Using our framework,
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thismissingknowledgecanbeintroducedn theexisting biomedical
ontologieswhile preservingheir original structure.

For this purposeave introducenew relationssuchasHasFundion
andlsRealzation in orderto relateconceptf existing biomedical
ontologiesto functionsas modelledin our approach Theserelati-
ons and the speci cation of the structureof functionscapture,in
a separateontology information which is presentat the stageof
annotation.

We demonstratethe application of the proposedOntology of
Functionsby shaving how it can be usedto systematicallyadd
explicit links betweenmolecularfunctionsand biological proces-
sesin the GO. We will furtherapply the formalismto the Celltype
Ontology(CL), andwill shav how our proposalkansene to malke
de nitions in CL precisejdentify entitieswhich arenotyet covered
by CL, andtherebycontrituteto CL's completeness.

Finally, we discussadwvantage®f our approachlin particular we
focuson the extent to which it may aid automatedeasoningand
dataintegration.

2 RESULTS

2.1 Intr oduction to the Ontology of Functions

We introduce here selectedconceptsof the Ontolagy of Functi-
ons (OF), which are presentedin detail in (Burek, 2006). The
OF will be included as a modulein the Geneal Formal Onto-
logy (GFO; cf. (Heller and Herre, 2004a;Herre et al., 2006)), a
top-level ontologydevelopedandmaintainecby theresearchgroup
Ontologiesin Medicine (Onto-Med¥. The OF aimsto provide a
domain-independentonceptuaframenork for the representation
of knowledge aboutfunctions.An overview of the main concepts
andrelationsintroducedby the OF is givenin gure 1.

In anadaptionof (Searle,1995; Sasajimaet al., 1995), we con-
sider functionsas the abstractionof biological processe®r other
entitiestowardsa goal: whenX hasthefunctionY with thegoal Z,
thenX is supposedo causeor otherwisebring aboutthe stateof the
world Z, thusrealizing.

For example,it may be the casethat a red blood cell transports
oxygen.But the statementhat “the function of the red blood cell
is to transportoxygen” addsa goal or purposeto this description:
theredbloodcell is supposedo transportoxygen— evenif thered
blood cell is in a conditionwhereit cannotperformthis transport,
i.e.,it is malfunctioning.

The OF addressethreemajorissuesconcerningunctions:

1. function structue: how to representind determinefunctions
independentlpf their realizations

2. realization the conditionsunderwhich a given entity realizes
afunction

3. has-functionrelation the determinationof the notion of an
entity having a function

Two main assumptionsinderliethe OF: the separatiorof func-
tional knowledgefrom non-functionabndthetop-level orientation.
Concerninghe rst, in theliteraturefunctionalknowledgeis often
consideredhs providing information aboutwhat an entity doesor
what goal it senes, whereasnon-functionalknowvledge describes
the structureor behaior of entitiesandthus answershe question
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how an entity behaes, exists, or realizesfunctions (lwasakiand
Chandrasekarari992; Rosenmarand Gero, 1998). We consider
thesekinds of knowledgeashighly independent,e.,afunctioncan
be describedndependentlyf its realizationandvice versa.Regar
dingthesecondaspectwe view thenotionsof function,realization,
andthe has-functionrelation ascommonto variousdomains.The
OF thereforequali es asa top-level ontologyratherthana domain
ontology

Thesetwo aspectsmpactfurtheron the applicationof the Onto-
logy of Functions.The separatiorof functionalandnon-functional
knowledge permits the applicationof the OF to domain ontolo-
gieswithout signi cant changego them. Thetop-level orientation,
on the other hand, allows for the reuseof the OF acrossvarious
domains.

2.2 The Structur e of Functions

The OF providesaformal way to represenfunctionsindependently
of their realizations.The correspondingepresentatiorschemeis
called a function structue. It consistsof a setof labels a setof
requirmentsa goal, anda functionalitem Exceptfor the labels,
theseform the functiondeterminants

Labelsarenaturallanguagexpressionsvhichnamethefunction.
Most commonly phraseof the form “to do something”sene as
labels,e.g.“to transporioxygen”.

Therequirment®of thefunctioncontainall thenecessarprecon-
ditions which mustbe metwheneer the functionis to berealized.
For example,in caseof thefunction“to transporioxygenfrom A to
B”, oxygenmustexist atlocationA.

Functionsaregoalorientedentities— specifyingafunctionrequi-
resproviding the goalit senes. The goal of the functionis a state
or partof theworld — temporallyextendedor not — which is inten-
dedto be achieved by ary realizationof thefunction.In the caseof
transportingoxygen,thelocationof the oxygenatB is thegoal.

The goal speci es only the part of the world directly affected
by the function. Often a goal is embeddedn a wider context,
called nal state A nal stateof a function containsthe goal
plus an ervironmentfor the goal, thereforemakingthe goal more
comprehensible.

Functionsare dependenentities, in the sensethat a function is
alwaysthe function of someotherentity. The functionalitemis a
role playedby this entity in ary realizationof the function. In the
caseof “to transportoxygen”, it would be an oxygentransporter
Thenotion of rolesis requiredto explain the natureof a functional
item morecomprehensely.

We adoptthe theory of roles developedin (Loebe,2003,2005)
and incorporatedinto the GFO. Accordingly roles are entities
playedby a role player in a role context. For example, “oxygen
transporter'tefersto arolein therole context of “oxygentransport”,
andthis role may be playedby a red blood cell. This examplecan
further be usedto illustrate the dependenceelationshipsof roles.
Generallyrolesandtheir role contexts aremutuallydependent,e.,
one cannotexist without the other In contrast,the dependencef
roles on their playersis one-sidedbecausehe player could exist
without playing a particularrole. In our example,an oxygentrans-
portnecessarilynvolvesa oxygentransporteandvice versa A red
blood cell may or may not transportoxygen,thusbe playing or not
playingtherole of oxygentransporterlf it doesnot play thatrole,
thecell still remainsaredbloodcell dueto otherpropertiessuchas
its histology
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Fig. 1: A schematicepresentatiomf the conceptsusedandintroducedby the OF (usingthe Uni ed Modeling Language(OMG,
2006)).Unlabelledrelationsindicategeneralizationayherelarge arrovheadspoint atthe moregenerakoncept Functiongthe orange
box) aredetermineddy entitiesindicatedin yellow: a goal, requirementsanda functionalitem. A biological catggory mayberelated
to afunctionin two ways(cf. thegreenboxeswhich provide labelsfor thoserelationsconnectedo themby adashedine): its instances
may realizethe function or they may havethe function. A biological entity (suchas a process)is a realizationof a function if it
mediatedetweerntwo stateof theworld, onesatisfyingthe requirementsthe othersatisfyingthegoal. A realizerin the OF, presented
in blue, is therole playedby an entity in arealization.In the functionthis role is determinedoy the functionalitem, hencerealizeris
generalizedy functionalitem. Biological cateyorieswhoseinstanceganplay therole de ned by thefunctionalitem have thefunction.
TheHasFundion relationrelatesbiological cateyorieswith functionsif every instanceof this catgory hasthe actualor dispositional

function.

In OF, functionalitemsarespecialroleswhich appeaiin therea-
lization of functions.Notethatusuallytherearemorerolesinvolved
in therealizationof a functionthana singlerole given by the func-
tional item. In a transportprocessfor example,in additionto the
role "transporter”thereis a "cargo” role, referringto thatwhich is
transportedHence the functionalitem singlesout a particularrole
whoseplayeris the entity havingthe function.

2.3 Realizationand Realizer

After introducingthe structureof functions,their realizationforms
the secondissueaddressedh OF. The notion of realizationrefers
to the questionof how the goal of the functionis to be accomplis-
hed. The realizationis an entity which provides a transitionfrom
the stateof theworld in which the requirement®f the functionare
ful lled, to the statein which the goal of the functionis ful lled.
This will usuallybe a processsuchasan— obsened or measured
— oxygentransport,but could be anotherkind of entity suchasan
instantaneoushange?

It isimportantto understanthedifferencebetweerafunctionand
arealization,in particularregardingtheir speci cation:to specifya
function andits structureone hasto statewhat is to be achieved;
representing realizationusually meansto specifyhow something
is achieved.

Apart from individuals, it is even more relevant for biomedical
ontologiesto relatecategoriesdirectly, suchasthe processatayory
“transport”to thefunction“to transport”.Therelationl sReaization
is introducedfor this purpose.lf a processcatgory standsin the
IsReaization relationto somefunction, thenall instancesf this
catgory arerealizationsof thefunction. For example,the cateyory
“oxygentransport”(a processtandsin the |sRealzation relation
to thefunction“to transporioxygen”.

3 Thefull framavork of OF distinguisheswo typesof realizations actual
anddispositional.Realizationsasintroducedherewould be called®actual®
in OF. Dispositionakealizationsarestructurallysimilarto actualrealizations
in thatthey instantiatethe samecateyory. For a full discussionsee(Burek,
2006).

Next, thereis a counterpariof functionalitems on the level of
realizations A functionalitem is de ned asa specialrole in every
realizationof a function. It is, in every case,a cateyory (similarly
to rolesasdiscussedn (Guarinoand Welty, 2000)). In the exam-
ple of “to transportoxygen”, the role “oxygen transporter”is the
functionalitem. Now consideranindividual transportprocessij.e.,
arealization,jnvolving asingleredbloodcell. Thatcell hastherole
“oxygentransporter’'within this realization.This factgivesrise to
a newn entity which mediatesbetweenthe realizationand the cell
itself, namelythe cell asan “oxygentransporter’(cell-qua-oxygen
transporter).Suchan entity is called the realizer of the function.
Moving to the terminology of roles, we considerrealizersto be
qua-indviduals,i.e., instancef roles(Masoloet al., 2005,2004;
Loebe,2005).

In summary a realizationcorrespondso a function asa whole,
whereasa realizercorrespondso the functionalitem of that func-
tion. Therealizeris aqua-indvidual playedby theentity which has
thefunction This leadsusto thethird majorconceptf the OF, the
HasFundaion relation.

2.4 Has-Function

We addresserethequestionunderwhich conditionsafunctioncan
be ascribedto an entity. In orderto represenfunction ascription,
aternaryrelationhas-functionis introduced.This relationtakesan
individual, a function anda context asarguments.The connection
betweerthe rst two argumentss suchthattheindividual is invol-
vedin arealizationof thefunctionastherealizer(e.g.,theredblood
cellin anoxygentransporfprocessealizing“to transporoxygen”.)
The contet argumentre ects the intuition that a function is
always ascribedin somecontt. That means,an individual does
not necessariljhave a given functionin all contexts. For example,
a hammeron a pile of paperson a deskmay have the function of
holding paper while in the context involving a nail anda wall the
functionis different.It is outof scopeof this paperto investigatehe
natureof contets (McCarthyandBuvac, 1998; AkmanandSura,
1996)andwe will notincludeit in this proposalbut ratherusethe
has-functionrelationasif it were a binary relation. However, the
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backgroundheorysurroundinghe OF (Burek,2006)allows for the
useof a context argumentin the functionascription.

The has-functionrelation appearsn two versions:actual has-
function and dispositionalhas-function An entity has an actual
function, if it is the role player of the realizerin a realizationof
thefunction.If anindividual redbloodcellis currentlytransporting
oxygen,it hasanactualfunction.If thatredbloodcell is not trans-
porting oxygen,yetis structurallysimilar to red blood cells which
have thatfunction (by meansof beinganinstanceof the samecate-
gory“red bloodcell”), thenon-transportingploodcell is saidto have
thedispositionafunction“to transporioxygen”.

Further a relation betweencateyoriesis derived from the has-
function relation. A cateyory standsin the HasFundaion relation
to a function, if every instanceof the catgory hasthat function,
actually or dispositionally For example,“red blood cell” is in the
HasFundaion relationto thefunction“to transporioxygen”.

Having dealtwith the three major issuesin the OF — function
(structure),realization,and function bearers- let us brie y return
to the notion of a realizer which is consideredasa qua-indvidual.
Entitiesof this kind arenot presenin the currentbiomedicalonto-
logies,but they arerequiredin orderto link entitieswhich canhave
functionsto realizationsIn orderto remainconsistentvith already
existing cateyoriesof biomedicalontologieswe introducea ternary
relationamongcatayories.RealzegE; F; R) representshefactthat
entitiesof thecateyory E canplaytherole of therealizerof thefunc-
tion F in realizationsof type R. For instance Realzeg“red blood
cell”, “to transporioxygen”, “oxygentransport) meanghat, intui-
tively speakingredbloodcellscanrealizethefunction“to transport
oxygen”in an“oxygentransport’process.

The introduction of a ternary relation — Realzes — offers
the highestdegree of coherenceand precision. ReaizeqE;F;R)
entails I sReaization(R;F) as well as HasFundion(E;F), while
one cannotconcludeRealzegE;F;R) from IsReaization(R;F),
HasFundion(E; F), andthefactthatE canparticipatein R. To see
why this is the case,considerthe generalfunction “to transport”
(F). Redbloodcells(E) canbesaidto have this functionif wethink
of an oxygentransport.However, considera processn which red
bloodcellsaretransportede.g.in the context of someexperiment.
This transportR is a realizationof the functionandredblood cells
areinvolvedin it. However, herethey play therole of the cago rat-
herthanthatof the transporterAccordingly ReaizegE;F; R) does
nothold in this context andcannotbeinferred,even givenall other
facts.

2.5 RelationsbetweenFunctions

Basedon the framevork developedin (Burek,2006)we canintro-
ducerelationsbetweerfunctions.Someof therelationsintroduced
are commonontologicalrelationssuchas subsumptionjnstantia-
tion, or thepart-ofrelation.For example the subsumptiorof functi-
onsis de ned in termsof the subsumptiorbetweerthe appropriate
functiondeterminants.

We canalsode ne new relationswhich arecharacteristionly for
functions:

Support— one function supportsthe otherif its goal ful lls
partially the secondfunction's requirementgthe goal of the
rst functionis a properpartof therequirement®f the second
function).

Enable— onefunction enableghe otherif its goalful lls all
of thesecondunction's requirementgthe requirement®f the
secondunctionarea partof thegoalof the rst function).

Prevent— onefunction preventsthe otherif its goal excludes
therequirement®f thesecond.

In (Burek, 2006), more relations betweenfunctions are de ned,
whichaffecttherealizationf functions.For example,onefunction
maytrigger or improve therealizationof otherfunctions.

2.6 Application to OBO's Ontologies

We explore herepotentialapplicationsof the Ontology of Functi-
ons,andinvestigatewhenandwhereit may be bene cial to useits
framework.

2.6.1 Identifying Links betweenProcessesand Functions Our
rst applicationis the identi cation and explanationof relations
betweenprocessesnd functions. The GeneOntology (Ashturner
et al., 2000) provides a prime examplein this respect.Therehas
beensomecontroversyanddiscussioraboutwhetherthe “Molecu-
lar Function” taxonomyof the GeneOntology describedunctions
or actiities,andhow functionsarerelatedo processeéSmithetal.,
2003).To ourknowledge,no practicalor theoreticakolutionhasyet
beerproposedFunctionsandactiitiesareusuallyconsideredliffe-
rententities,andactionsor activities may realizecertainfunctions.
Therefore while the function of anenzymemay be “to catalyze”a
reactiontheactvity performedby theenzymas thecatalysistself,
which maybe embeddedn anotherprocess.

We assumehatatleastpartsof the MolecularFunctiontaxonomy
referto genuinefunctionsin the senseof the OF, andthe annota-
tion relationfor someof thegeneproductsannotatedo theseterms
correspondso theHasFundion relation.

A generalexampleis GO:0005215transporteractivity), which
we understandasreferringto the function “to transport”.A more
speci ¢ exampleis GO:0051119sugartransporteactiity), which
canbeunderstoodsthefunction“to transporisugar”.

Solet usinvestigatehow thefunction“to transportsugar’canbe
modelledin theframework of the OF

As requirementsyve assumethat a sugarmolecule(CHEBI:-
254070r CHEBI:25679)is locatedat somelocation.

The goal is the location of the sugarmoleculeat a different
location.

Thefunctionalitemis arole whichwe call “sugartransporter”.

We nd thatmary of thegeneproductsannotatedvith the“sugar
transportenctiity” in GO's MolecularFunctiontaxonomyarealso
annotatedvith somesub-catgory of the“transport”(G0O:0006810)
or “carbohydrateransport”(GO:0008643xatgyoriesin GO's Bio-
logical Procesgaxonomy

Also the namesof the categyoriesindicatea link, and of course
thereis anobvious one:geneproductswhich have the function“to
transport”’may participatein a “transport” processWith the help
of OF, we canmale explicit somelinks betweercatgoriesin GO's
MolecularFunctionandBiological ProcessaxonomiesProcesses
of type “carbohydrateransport”’(GO:0008643arerealizationsof
thefunction“to transportsugar”; mary of the geneproductsanno-
tatedwith eithercarbohydratéransporor sugartransporteractity,
suchasMAL21 (maltosepermease);anstandin the HasFundion
relation to “to transportsugar”; nev categories appear namely
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Fig. 2: Two exemplarymodelsemplagying OF, instantiatingthe generaimodelin gure 1 (correspondenceadicatedby the coloring).
Ontheleft-handside,a schematiaersionof the function“to transportsugar’togethemwith its realizationis shavn. Processesf type
“carbohydratetransport”realizethis function, and an entity, in this caseMAL21, hasthe function “to transportsugar”. Wheneer
applicable theidenti ers from the GO areused(for the functionandprocess)MAL21 is currentlyannotatedo the functionandthe
processn the GO. In this model,the annotatiorrelationis replacedoy the HasFundion relation.On theright-handside, the function
“to accumulatexygen”is modelled.Thisis afunctiontakenfrom the CelltypeOntology Exceptfor erythrogte, the entitiesinvolved

in this modelarenot presentn ary of the OBO ontologies.

geneproductsacting as (or “qua”) transporter e.g. MAL21 qua
transporter

The left-handsideof gure 2 demonstratethe full interconnec-
tions of this example by meansof OF. In termsof the relations
we introducedthis is capturedby ReaizefMAL21, GO:0051119,
GO0:0008643. What could be directly addedto the GO arelinks
of IsReaization and HasFundion: |sRealzation(GO:0008643,
GO0:0051119andHasFundion(MAL21, GO:005111%.

However, consideringthe GO's de nition of “sugartransporter
actiity”

Enablesthe directedmovementof a sugarinto, out of, within
or betweencells. A sugaris ary memberof a class of
sweet,watersoluble, crystallizablecarbohydrateswhich are
themonosaccharideandsmalleroligosaccharides.

it is possibleto interpretthis functiondifferently: asthefunction“to
enableF” or “to supportF”, whereF is the function “to transport
sugar”.

Now thefunction“to support=" with F being“to transporsugar”
would simply be a functionwherethe goal of “to supportF” would

be partof the requirement®f “to transportsugar”. So every reali-
zation of “to supportF” would be a transitionfrom a stateof the
world wheresomeof therequirementgor “to transportsugar”(the
presencef a sugarmoleculeor its location) arenot satis ed to a
statewherethey aresatis ed.

Mary morerelationshetweerfunctionscanbe modelledandmay
be relevant in GO, suchas “to trigger” or “to prevent”. Separa-
ting thesefunctions, which is madepossibleusing OF, could lead
to moreaccurateandcomprehense de nitions.

2.6.2 ldentifying Implicit Functionsand Processes The Onto-
logy of Functionscanbe appliedto existing taxonomiesn orderto
male explicit functionsandprocessesvhich are currentlyimplied
but not separatelye ned.

Thiskind of useof the concepbf functionoccursin the Celltype
Ontology (Bard et al., 2005) (CL) andthe Ontology of Chemical
Entities of Biological Interest(Brooksbanket al., 2005) (ChEBI).
We will only explorethe CelltypeOntology but the sameargument
canbeappliedto ChEBI.
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CL useghetermfunctionin the subtreé‘cell by function” which
classi escell typesby the functionswhich they perform. A gene-
ral exampleis “stuff accumulatingcell” (CL:0000325),and more
speci cally “oxygenaccumulatingcell” (CL:0000329),0f which a
red blood cell or erythrogte (CL:0000232)is a sub-catgory. The
function“to accumulateoxygen(by a cell)” would be modelledas
shavn in theright-handsideof gure 2:

The presenceof oxygen (ChEBI:25805) outside of a cell
(CL:0000000)is therequiremenbf the function.

The goal of the functionis the cell's accumulatiorof oxygen:
The oxygenis containedn thecell.

Thefunctionalitemis called“oxygenaccumulator”.

The subsumptionof erythrogte under oxygen accumulating
cell in CL re ects the fact that erythrogtes have the function
“to accumulateoxygen”, HasFunaion(CL:0000232,“to accumu-
late oxygen’). Further they may act as oxygenaccumulatorsa
new category for CL, in the processof “oxygen accumulation”,
IsRealzation(“oxygen accumulation”, “to accumulateoxygen’).
Again, the Realzesrelationcapturesall thesenew relationsappro-
priately: ReaizegCL:0000232,“to accumulateoxygen”, “oxygen
accumulation}.

Theanalysisof erythrogte in CL hasledto thediscovery of enti-
ties which arenot yet partof CL or ary other OBO ontology but
which contrikute to the understandingf interactionsamongonto-
logiesin cellularbiology. Additionally, we cannow de ne “oxygen
accumulatingcell” asa cell which hasthe function“to accumulate
oxygen”.

3 DISCUSSION
3.1 Adding Information Systematically

Theframavork developedhereandfully describedn (Burek,2006)
canbeusedto provide additionalinformationfor existing biomedi-
calontologiessuchasthe GeneOntology(GO),withouttheneedfor

modi cation of theexisting structureof theseontologiesin general,
we provide a methodolgy for de ning functionsandrelatingthem
to variousotherentities,suchasprocessegplesandevengenesand
geneproducts.This methodologymay bene t the annotationand

curationprocessandleadto improvedde nitions andcompleteness.

The advantageof the Ontology of Functions(OF) is enhanced
expressivity For example,the curatorsof the GO whenannotating
a geneproductwith the appropriatetermsfrom the GO will have
the informationavailablethata certainproteinis involved in some
processandhaw it is relatedto a certainmolecularfunction. They
may alsohave moreinformationaboutthe protein,for examplethe
conditionsunderwhich it operatesand other requirementswvhich
needto be satis ed for the proteinto be active. By meansof the
OF, this informationcanbe madeexplicit, andwill notbelostasis
currentlythecase.

The OF further allows for a re nement or replacementof
the annotationrelation in a number of casesby meansof the
HasFundaion relation.Notethatthelatteris anontologicalrelation,
in contrasto theannotatiorrelation,whichis currentlyanarbitrary
associatiorrelationintroducedto link genesand geneproductsto
the conceptf an ontology Re ned annotationglo not only pro-
vide moreinformationwithin ontologiesthemseles, but alsowith

respecto the relationbetweercateyoriesof biomedicalontologies
andgenomicknowledgeaboutbiologicalreality.

Both, additionalinformationdueto enhance@xpressiity aswell
asre ned annotationgmay prove usefulfor the various statistical
methodswhich have beenappliedto biomedicalontologiesin order
to detectbiological correlationssuchas(Subramaniaetal., 2005;
BeissbarttandSpeed2004;Berriz etal., 2003).

It is interestingto considerto what extent and how the addition
of informationto existing biomedicalontologiescanbe automated.
At presentwe do not have animplementedsolutionfor this issue.
However, we expectthatapproache® nding associationbetween
catgories using lexical and statisticalanalysislike (Bodenreider
et al., 2005; Burgun et al., 2004) can be exploited and combined
with the OF, in orderto addcateyoriesandrelationsbetweerthem
automatically Thesecould further be veri ed by existing natural
languageprocessingechniquegMungall, 2004).

However, therich formalismof the OF introducesanothetkind of
new informationwhichis lesslik ely to beaddedautomaticallyroles
and qua-individuals the instancesof roles. Theseconceptshave
mostlybeenneglectedin thebio-ontologycommunity but ontologi-
calresearchasdealtwith rolesfor along time andrich theoriesof
roles exist (Guarinoand Welty, 2000, 2004; Masolo et al., 2004,
2005; Poli, 1998; Loebe, 2003, 2005). We believe that they can
prove usefulin the explanationof biological phenomenaMaking
themexplicit in biomedicalontologiescanthereforesene to com-
pletethe coverageof theseontologiesandenhanceheir conceptual
modellingcapabilities.

However, ontologicaltheoriesmust be applied cautiously For
instance,the theory of roles as proposedin (Guarinoand Welty,
2004) de nes constraintson the subsumptiorrelation. Applied to
anexamplefrom the Celltype Ontology the subsumptiorink bet-
ween“red bloodcell” and“circulating cell” violatesthatconstraint,
if “circulating cell” is understoodas a role. In this case“circula-
ting cell” would referto the role playedby a red blood cell in the
actualprocesof circulation.We, ontheotherhand,analyz€‘circu-
lating cell” asa cell which hasthe actualor dispositionalfunction
“to circulate”, which would not violate a subsumptionconstraint
in (Guarinoand Welty, 2004). This said, we want to emphasize
thatthe applicationof formal ontologicaltheoriesto domainonto-
logiesmustbe donecautiouslyandpreferablyin collaborationwith
domainexperts.

3.2 Automatedreasoning

Therelationof our proposako automatedeasonings highly rele-
vantin the contet of biomedicalontologies.Automatedreasoning
onbiologicaldatahasbeena goalof thebioinformaticsandthebio-
ontologycommunityfor sometime (Wroeetal.,2003b).We believe
thatmuchbene t canbe gainedfrom automatedeasoningf arich
setof axiomsis provided. The Ontology of Functionsis equipped
with arich axiomatization(see(Burek, 2006)), which canbe— for
reason®f ef ciency —adaptedo descriptionogic andusedin con-
junctionwith anautomatedeasonesuchasFaCT (Horrocksetal.,
1999).

Therefore the OF canbe seenasa formal andunambiguouspe-
ci cation framework for biologicalfunctionswhoseconsisteng can
beveri ed, andin whichimplicit knovledgecanbededuced.
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3.3 RelatedWork

To our knowledge, the only approachwhich in its aim is strictly
similarto our proposais thatof Karp (2000).This proposalhowe-
ver, is limited to a moleculargranularity Biological functionson
the cellular, organismalor populationlevel of granularityare not
included.Moreover, functionsareexplicitly not contet-dependent,
while in theOFthehas-functiorrelationcan,in principle,bedepen-
denton acontet. Furthermore(Karp, 2000)attemptedo createan
ontology of functionsas a modulefor EcoCyé. The OF, on the
other hand, is a top-level ontology of functions, andis therefore
domain-independerand general. However, the view which (Karp,
2000)takeson functionsis compatiblewith the OF.

The Gene Ontology (Ashkurner et al., 2000) also provides a
de nition for amolecularfunction:

Molecular function describesactiities, such as catalytic or
binding actuities, at the molecularlevel. GO molecularfunc-
tion termsrepresenactiities ratherthanthe entities(molecu-
lesor compleces)that performthe actions,anddo not specify
whereor when,or in whatcontet, theactiontakesplace.[...]

However, this de nition doesnot separatactvities andfunctions,
asis the casein the OF which distinguishesfunctions and their
realizations. Adding this distinction allows the captureof more
informationin the GO, while retainingGO's currentstructure.

In philosophy and ontology mary theories about biological
functions have been developed (Searle, 1995; Johansson2004;
Johanssoetal.,2005;KumarandSmith;Millikan, 1987;Melandey
1997).However, while thesediscussiongrovide valuabletheoreti-
cal insight, they do not provide animmediatepracticalsolutionto
the problemof conceptuaimodelling of functionsin biology. We
tried to learn from thesediscussionsand develop the meansfor
modellingfunction.

Also, mary attemptso integratethe taxonomiesof the GO have
beenmade(Hill etal.,2002;Kumaretal., 2004;Aranguren2004;
Wroe et al., 2003a;Aranguren 2005). But noneof themarebased
onathoroughontologicalanalysisof functionsandtheir relationto
otherrelevantbiological entitiessuchasprocesses.

4 CONCLUSION

The Ontology of Functionsprovidesa framework for representing
arbitraryfunctionalknowvledgein every domainof biology. Thisfra-
mework is usedto de ne and specify functions, and relatethem
to other entitiesin biology. This helpsto prevent errors, to cla-
rify de nitions and to supportthe integration of biological data
and knowledge. We have shawvn how to use the OF to repre-
sentthe relationbetweenbiological processesndfunctionsin the
GeneOntology for which no ontologicallyfoundedrepresentation
formalismis currentlyavailable.

The introducedformalism requiresno changesto the existing
structureof the GeneOntology and could thereforebe adopted
gradually Moreover, we have demonstratechow to analyzethe
annotatiorrelationin the OF. Basedon suchanalysesthe relation
betweengenesor geneproductsand categyoriesto which they are
annotateccan be mademore precise.We have further shavn how
the OF framawork canbe usedto identify and de ne functionsof
cellsor chemicals.

4 http://ecocyc.org/

The OF is a top-level ontologyof functionswhich will be exten-
dedby includingbiologicaldomainconceptsStatisticalmethodsor
text miningmethodssuchas(Bodenreideetal.,2005;Burgunetal.,
2004)could be usedto extractthe skeletonof a functionaldomain
ontologyfrom the existing ontologies.The OF canalsobe usedto
supportthe constructionof a biological core ontology which is a
top-level ontologyfor the domainof biology (cf. also(Rectoretal.,
2006)for aninitial proposabf suchanontology).

Moreover, we areworking on an implementatiorof this frame-
work in the form of an annotationand curationtool, which will
effectively guidetheannotatiorandcurationprocessdy implemen-
ting the methodologyde ned by the OF to representfunctional
knowledge. We plan to integratean automatedreasonemvith this
tool in order to assistin maintainingconsisteng and to enable
automatedieduction.
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