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Abstract

We have developeda methodfor the integrative anal-
ysis of protein interactiondata. It comprisescluster-
ing, visualizationanddataintegrationcomponents.The
method is generallyapplicablefor all sequencedor-
ganisms.Here,we describein detail the combination
of protein interactiondatain the yeastSaccharomyces
cerevisiaewith the functionalclassificationof all yeast
proteins.We evaluatetheutility of themethodby com-
parisonwith experimentaldataanddeducehypotheses
aboutthe functionalrole of so far uncharacterizedpro-
teins. Furtherapplicationsof the integrative analysis
methodare discussed.The methodpresentedhere is
powerful and flexible. We show that it is capableof
mining large-scaledatasets.

Intr oduction
Theknowledgeof thewholegenomicDNA sequenceof or-
ganismshasstarteda new era in biological research.It is
now for the first time possibleto identify and analyzeall
geneticelementsof a singleorganism,which arethe Open
ReadingFrames(ORFs),RNA andDNA elements.Beside
thewholegenomealsothewholeproteome, i.e. all proteins
expressedby thegenomeof anorganismis now accessible.
Theanalysisof theproteomemainlydependsonexperimen-
tal biologicaldata.Thedataarepublished,but in generalnot
storedin electronicform.

Biological processesare mainly determinedby molec-
ular interactions, e.g. betweenDNA and proteins, pro-
teinsandproteins,or proteinsandsmallmolecules.Among
these,protein-proteininteractionsplay anespeciallyimpor-
tant role sincethey areessentialfor almostevery biologi-
cal process.Protein-proteininteractionsarethe fundamen-
tal prerequisitesfor suchcomplex phenomenaascontrolof
the cell cycle, DNA replication,transcription,metabolism
andsignaltransduction.The knowledgeaboutthe biologi-
cal context of a singleprotein,especiallyof its interactions
with othermolecules,is mandatoryfor apreciseunderstand-
ing of its functionin thecell.

Studyingthe functionsof individual proteinsin various
organismshasshown that proteinsdo not function isolated
in a cell but act either in multi-protein complexes or in
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protein networks. Often thesemulti-proteincomplexesact
ashighly efficient proteinmachines(Alberts & Miake-Lye
1992). Theseproteinmachinesareassembliesof different
proteinsubunits in which the allostericmovementof indi-
vidualcomponentsarecoordinatedto carryoutcomplicated
taskswhich needtemporalandspatialcoordination.

Besidestheir importancefor the formation of multi-
proteincomplexes,protein-proteininteractionsareinvolved
in a numberof other essentialfeatures. Proteinsare di-
rectedto the correctcompartmentsof cells by binding to
other proteins; protein messengersbind to protein recep-
tors on the outer surfaceof cell membranesto exchange
signalsbetweencells; proteinsform structuralconnections
betweencells;someinhibitorsof enzymesareproteins;pro-
teinsaremodifiedanddegradedby enzymes;protein-protein
interactionsareinvolvedin large-scalemovementsin organ-
isms,suchasmusclecontraction.A vastamountof protein-
protein interactiondatahasbeengeneratedduring the last
decades.Recentlydevelopedhigh-throughputapproaches
for a systematicanalysisof genome-wideprotein-protein
interactions are widely used, producing large-scaledata
sets(Fromont-Racine,Rain,& Legrain1997;Ito etal. 2000;
Uetzet al. 2000).Thefinal goalof studyingprotein-protein
interactionsin agivenorganismis to producecompletepro-
tein interactionmaps.

The MIPS YeastInteraction Tables
Oneof the mainchallengesfor the analysisandannotation
of thegenomeof thebakersyeastSaccharomycescerevisiae
after completionof the sequencingproject (Goffeauet al.
1997)wasto integrateall availablegene-relatedinformation
of the public domaininto a comprehensive yeastdatabase,
MYGD at www.mips.biochem.mpg.de/proj/yeast/ (Mewes
etal. 2000).

Informationis gatheredfrom varioussources,mainly the
systematicfunctionalanalysisprojectsof yeast(Oliveretal.
1998) and the yeastliterature. Efficient integration of in-
formation from the literaturerequiresthe applicationof a
standardizedterminologyasmuchaspossible.

For the annotationof protein-proteininteractionswe de-
velopedthefollowing format.Eachinteractionconsistsof 6
differentannotationfields: first interactor, secondinteractor,
type of interaction, method the interaction was detected
with, references,and free text for additional information.
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Figure1: Displayof thelargestinteractionclusterbasedon thefunctionalcategory mRNA processing(5’-, 3’-endprocessing,
mRNA degradation). Proteinsof theclusteredcategoryappearwith thick borders,thoseof otherfunctionalcategorieshavethin
borders.Solid lines indicatephysicalinteractions,dashedlines indicategeneticinteractions.Thegeneswith darkgrey boxes
belongto functionalcategory mRNA processing(splicing). Thosewith light grey boxesaregenesof category transcription,
the super-category of mRNA processing.Factorsof the processingcomplex asdescribedin (Zhao,Hyman,& Moore1999)
areenclosedwithin ellipses(cf. Table1).

Two typesof interactionsare distinguished:physicaland
geneticinteractions. The type of interactionis annotated
accordingto theexperimentalmethodapplied.Physicalin-
teractionsaredetectedby e.g. coimmunoprecipitation,two
hybrid assay, andaffinity purification; geneticinteractions
are revealedby methodslike extragenicsuppression,mul-
ticopy suppression,syntheticlethality, and transdominant
inhibition. Although geneticmethodsare quite powerful,
they areoften just a startingpoint for further biochemical
or cell biological experimentssincethey only give indirect
cluesfor the interactionof two proteins.This standardized
annotationformat allows the compilation of the gathered
data into tablesgiving easyelectronicaccessto the data
(www.mips.biochem.mpg.de/proj/yeast/tables/interaction/).

Sofar dataaboutinteractingdomainsof individual proteins
have not beensystematicallyintroducedinto the dataset.
The MIPS Yeast Interaction Tables have been used for
other types of presentationsuch as in the INTERACT
database(Eilbecket al. 1999).

TheMIPSyeastinteractiontablesconsistof 2016genetic
interactionsand3945 physicalinteractionsas of February
2000. For thosecaseswherethe interactiontypecouldnot
be identifiedfrom the literaturewe generateda supplemen-
tary tablethatnow contains197unclassifiedinteractions.

The YeastFunctional Catalogue
It wasrecognizedthat theusageof freetext for thesystem-
atic functional descriptionof proteinsis not adequatefor



ORF Gene Description Functionalcategories Factor

YDR448w
l

ADA2 generaltranscriptionaladaptor 04.05.01.04
YPR180w AOS1 Smt3pactivatingenzymesubunit 06.07;06.13.01
YOL139c CDC33 translationinitiation factoreIF4E 03.10;05.04
YDR301w CFT1 pre-mRNA 3’-endprocessingfactorCF II subunit 04.05.05 CF II
YLR115w CFT2 pre-mRNA 3’-endprocessingfactorCF II subunit 04.05.05 CF II
YOR250c CLP1 cleavage/polyadenylation factorIA subunit 04.05.05 CF IA
YOL149w DCP1 mRNA decappingenzyme 04.05.05
YNL118c DCP2 suppressorproteinof ayeastpetmutant 02.13;04.05.05
YDL160c DHH1 strongsimilarity to RNA helicasesof theDEAD box family 04.99
YDR206w EBS1 similarity to EST1protein 03.16
YJR093c FIP1 componentof pre-mRNA polyadenylation factorPFI 04.05.05 PFI
YER032w FIR1 interactswith thepoly(A) polymerase 04.05.05
YKR026c GCN3 translationinitiation factoreIF2B,34 KD, alphasubunit 05.04
YMR255w GFD1 nuclearporecomplex protein 04.07;08.01
YER133w GLC7 ser/thrphosphoproteinphosphatase1, catalyticchain 01.05.04;02.19;03.04;

03.13;03.22;05.07
YOL123w HRP1 cleavage/polyadenylation factorIB 04.05.05;04.05.99;04.07 CF IB
YBR017c KAP104 beta-karyopherin 08.01
YNL322c KRE1 cell wall protein 01.05.01
YBR205w KTR3 alpha-1,2-mannosyltransferase 01.05.01;06.07
YER127w LCP5 Ngg1pinteractingprotein 04.01.04
YBL026w LSM2 snRNP-relatedprotein 04.05.99
YER112w LSM4 U6 snRNA associatedprotein 04.05.03
YJR022w LSM8 splicingfactor 04.05.03
YGR158c MTR3 involvedin mRNA transport 04.01.04;04.05.05;04.07
YGL122c NAB2 nuclearpoly(A)-bindingprotein 04.05.05;04.07
YMR080c NAM7 nonsense-mediatedmRNA decayprotein 01.03.16;05.07
YER165w PAB1 mRNA polyadenylate-bindingprotein 04.05.05;05.04 Pab1
YKR002w PAP1 poly(A) polymerase 04.05.05 Pap1
YGR178c PBP1 Pab1pinteractingprotein 04.05.05
YBR233w PBP2 Pab1pinteractingprotein 04.99
YDR228c PCF11 componentof factorCF I 04.05.05 CF IA
YNL317w PFS2 componentof pre-mRNA polyadenylation factorPFI 04.05.05 PFI
YBL105c PKC1 ser/thrproteinkinase 03.04;03.22;

10.01.05.11;11.01
YAL043c PTA1 pre-mRNA 3’-endprocessingfactorCF II subunit 04.03.03;04.05.05 CF II
YDR195w REF2 RNA 3’-endformationprotein 04.05.05
YMR061w RNA14 componentof factorCF I 04.05.01.04;04.05.05 CF IA
YGL044c RNA15 componentof factorCF I 04.05.05 CF IA
YJL189w RPL39 ribosomalproteinL39.e 05.01
YDR450w RPS18A ribosomalproteinS18.e.c4 05.01
YOR167c RPS28A ribosomalproteinS28.e.c15 05.01
YLR264w RPS28B ribosomalproteinS28.e.c12 05.01
YDL111c RRP42 rRNA processingprotein 04.01.04
YIL123w SIM1 involvedin cell cycle regulationandaging 03.22;11.11
YLR398c SKI2 antiviral proteinandputative helicase 11.07
YPR189w SKI3 antiviral protein 11.99
YGL213c SKI8 antiviral protein 03.13;03.19;11.13
YJL124c SPB8 suppressorof PAB1 04.05.05
YMR117c SPC24 spindlepolebodyprotein 03.22
YHR152w SPO12 sporulationprotein 03.10;03.13
YDR392w SPT3 generaltranscriptionaladaptor 03.07;04.05.01.04
YGR162w TIF4631 mRNA cap-bindingprotein(eIF4F),150Ksubunit 05.04
YGL049c TIF4632 mRNA cap-bindingprotein(eIF4F),130Ksubunit 05.04
YDR390c UBA2 E1-like (ubiquitin-activating)enzyme 04.05.05;06.07;06.13.01
YGR048w UFD1 ubiquitin fusiondegradationprotein 06.13.01
YLR345w similarity to 6-phosphofructo-2-kinases 01.05.04;02.01
YLR277c YSH1 pre-mRNA 3’-endprocessingfactorCF II subunit 04.05.05 CF II
YPR107c YTH1 componentof pre-mRNA polyadenylation factorPFI 04.05.05 PFI

Table1: Thefunctionallyclassifiedproteinsof themainclusterof category mRNA processing(5’-, 3’-endprocessing, mRNA
degradation)(04.05.05),displayedin Figure1. Thedescriptionof thefactorscanbefoundin (Zhao,Hyman,& Moore1999).
Functionalcategoriesareexplainedin Table5.
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Figure2: Histogramof clustersizes.Clustersizesareshown
ontheabscissa,thenumberof clustersof therespectiveclus-
tersizesareshown ontheordinate.Bothscalesarelogarith-
mic. For theclustering,theORFsof all functionalcategories
have beenconsidered.Thoughthereare174small clusters
with lessthan 12 ORFs,thesecontaina total of only 562
ORFs,while oneclustercomprises1721ORFs.

computationaltasks(Riley 1993). In analogyto the estab-
lishedEC catalogue(NC-IUBMB 1992)a hierarchicalor-
deringof thegeneproductsof a cell in termsof their func-
tion is anadequatesolutionfor a systematicapproach.Dif-
ferentlevelsof categoriesgrouptogetherbiochemicalfunc-
tionality accordingto their role in the organismin rough
analogyto biochemicaltextbooksgroupingthebiochemical
informationin paragraphs,chaptersandsections.

As the sequenceof the yeast Saccharomyces cere-
visiae was available in 1996 we have generateda special
functional catalogue for yeast (Mewes et al. 1997)
(www.mips.biochem.mpg.de/proj/yeast/catalogues/funcat/).
Significanthomologiesof proteinsto functionallycharacter-
izedproteinsaswell asdatafrom theliteraturederivedfrom
biochemical,geneticor phenotypicexperimentsare used
to assignfunctions. Proteinscanbe assignedto morethan
one functional category. This allows a multidimensional
annotation.Theyeastfunctionalcatalogueis hierarchically
organized.It contains15 main categories,eachcontaining
3 to 4 levelsof subcategories.In total thecatalogueconsists
of more than 200 functional categories. For 3793 out of
6359 yeastgenesat leastone of the functional categories
is assigned,the remaining proteins are assignedto the
categoryunclassifiedproteins.

Thecombinationof differentdatasetsleadsto amorede-
tailedlevel of information.Hereweshow how dataof phys-
ical and geneticinteractionscan be combinedwith other
typesof biologicaldata.We show in detail thecombination
with thefunctionalcategories.

Methods
Thegeneticinteractionsaswell asthephysicalinteractions
arebinaryrelations.They areideallysuitedfor visualization

functional
category

genes
in this

category

genes
with

interaction

genes
in biggest

cluster

interaction
in all

clusters

all 6359 2283 1721 6158
04 749 460 732 2416
04.05 542 336 558 1862
04.05.05 40 32 62 259

Table2: Numberof genesfoundin differentcategoriesand
propertiesof the resultingclusters.Categories: Transcrip-
tion (04),mRNA processing(04.05)and5’-, 3’-endprocess-
ing, mRNA degradation(04.05.05).

asgraphs.Genesandproteinsaremodeledasnodes,thein-
teractionsare representedasedgesbetweenthe respective
nodes.A grapheditortool-kit canbeemployedfor display-
ing theinteractiongraphs.We customizedtheLEDA graph
editor (Mehlhorn& Näher1999) for the graphicalvisual-
ization of interactiongraphs. The nodesare labeledwith
thesystematicnamesor thegenenamesif available.Edges
correspondto interactionsandare drawn accordingto the
interactionmode. Physicalinteractionsarerepresentedby
solid edges,geneticinteractionsby dashededges.A color
codecanbeappliedfor a deepercharacterizationof thedif-
ferentmethodsbywhichtheinteractionshavebeendetected.
Thealgorithmsof theeditorcreatea suitablelayout for the
complex graphs,resultingin aclear, easyto grasppictureof
the displayedinteractions.The usercanalter the graphby
moving nodesandby deletingnodesandedges.

In aniterativeprocedurewebuild clustersof genesdueto
theinteractionsannotated.Everysinglegeneinitially repre-
sentsits own cluster. For everyannotatedinteraction,where
the interactingproteinsarenot in thesamecluster, we join
thetwo clustersinvolved.After theclustering,every cluster
containsall the genesthat interacteither directly or indi-
rectly. In a graphtheoreticsense,modelinggenesasnodes
and interactionsas edges,we build clustersof genesthat
belongto thesameconnectedcomponentof thewholeinter-
actiongraph. Homomultimericinteractionsarenot consid-
ered.

The MIPS functionalcatalogueis well suitedfor select-
ing subsetsof geneswith relatedfunctions. We restrictthe
geneset to thosegenessharingfunctionalcategories. The
result is an interactiongraphthat consistsof the genesbe-
longing to the selectedfunctionalcategories(nodesdrawn
with thick borders)andthosedirectly interactingwith them
(nodesdrawn with thin borders).

Results
Mostof thecategoriesof theMIPSfunctionalcataloguecon-
tain a large numberof genesdueto the fact thatbiological
processesin generalinvolve a substantialnumberof pro-
teins. The cataloguedoesnot describethe exact role of
singlegenesin the cell. The combinationwith other data
addsthe informationnecessaryfor an exact assignmentof
thegenesto cellularprocesses.

Protein-proteininteractiondatain turnis notsufficientfor
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Figure3: Partof aninteractionclusterresultingfrom thegenesetrestrictedto thenon-characterizedproteins.YNR053cdirectly
interactswith five genesbelongingto thefunctionalcategory mRNA processing(splicing), shown in darkgrey. Anothergene
of thiscategory is foundin thesecondinteractionlevel: MSL1. FIR1belongsto thesamebiologicalcontext, mRNA processing
(5’-, 3’-end processing, mRNA degradation). It is indicatedin light grey. The graphis cut at the secondinteractionlevel
with respectto YNR053c. Non-characterizedproteinsappearwith thick borders,thosewith annotatedfunctionalcategories
have thin borders.The functionalcategoriesof the individual proteinsarelisted in Table3. Thesolid lines indicatephysical
interactions.

ORF Gene Description Functionalcategories Interactionlevel

YDL030w PRP9 pre-mRNA splicingfactor 04.05.03 1
YDL043c PRP11 pre-mRNA splicingfactor 04.05.03 1
YER029c SMB1 associatedwith U1 snRNP 04.05.03 1
YER032w FIR1 interactswith thepoly(A) polymerase 04.05.05 2
YIL144w TID3 Dmc1pinteractingprotein 03.22 2
YIR009w MSL1 strongsimilarity to snRNPs 04.05.03;06.10 2
YJL203w PRP21 pre-mRNA splicingfactor 04.05.03;06.10 1
YJR022w LSM8 splicingfactor 04.05.03 1
YKR084c HBS1 eEF-1alphachainhomologue 05.04 2
YLR456W strongsimilarity to YPR172w 99 1

Table3: The interactingpartnersof the non-characterizedproteinYNR053c. All interactingproteinsof level 1 andthoseof
level 2 with a describedfunctionarelisted.Thefunctionalcategoriesaredescribedin Table5.
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Figure4: Part of an interactionclusterresultingfrom the genesetrestrictedto the non-characterizedproteins. The graphis
cut at the third interactionlevel with respectto YGL161c. Non-characterizedproteinsappearwith thick borders,thosewith
annotatedfunctionalcategorieshavethin borders.Thefunctionalcategoriesof theindividualproteinsarelistedin Table4. The
solid linesindicatephysicalinteractions.

ORF Gene Description Functionalcategories Interactionlevel

YAL032c FUN20 requiredfor RNA splicing 04.05.03 3
YBR205w KTR3 alpha-1,2-mannosyltransferase 01.05.01;06.07 2
YFL038c YPT1 GTP-bindingproteinof therabfamily 08.07 3
YGL212w VAM7 vacuolarmorphogenesisprotein 08.13;09.25 1
YGR172c YIP1 golgi membraneprotein 08.07 1
YIL034c CAP2 F-actincappingprotein,betasubunit 03.04;03.07 3
YNL044w YIP3 involvedin ERto golgi transport 06.04;08.07 2
YOR034c AKR2 involvedin constitutive endocytosisof Ste3p 08.19 2
YOR036w PEP12 syntaxin(T-SNARE), vacuolar 06.04;08.13 1

Table4: The interactingpartnersof the non-characterizedproteinYGL161c. All interactingproteinsof level 1 andthoseof
levels2 and3 with adescribedfunctionarelisted.Thefunctionalcategoriesaredescribedin Table5.



a comprehensivedescriptionof thefunctionalcontext. If no
additionaln information,e.g. aboutthe time, localizationor
functionof theindividual interactionsis takeninto account,
i.e. usingthe pureclusteringmethoddescribedabove, the
proteomeof anorganismtendsto bein a singlecluster.

Verification of the Method
The MIPS yeastinteractiontablescontain6158 individual
interactionsannotatedfor 2283ORFsasof February2000.
Clusteringthesegenesasdescribedaboveleadsto 175clus-
ters. While 106 clustersconsistof just two genesand35
clusterscomprisethreegenes,thereis oneclustercontain-
ing 1721genes(main cluster). The remaining33 clusters
consistof 4 to 11 genes(Figure2). A reasonablevisualiza-
tion andinterpretationcanbe computedfor the small clus-
terswhile theinteractiongraphof thelargeoneis too com-
plex to producea clear, easyto grasprepresentation.Thus
theinteractiongraphof thevastmajorityof thegenescannot
be shown. Onepossibility to reducethe complexity of the
datais to combinethe setof genesto be analyzedto func-
tionally categorizedgenes.

For the functional category transcriptionand two of its
subcategories,we show the propertiesof the geneset re-
strictedto the respective category andthe resultingcluster
sizes(Table2).

Restrictingtheinteractionto thelowesthierarchicallevel,
i.e. category mRNA processing(5’-, 3’-end processing,
mRNA degradation) leadsto a geneset that consistsof 40
genes,32 of thesewith annotatedinteractions.We usethis
well describedcategory to verify the utility of the method.
For theclusteringall interactionsannotatedfor thegenesof
this category are used,including thoseinteractionswith a
genenot belongingto the category. 8 clustersresult from
this process,the largestclustercontaining62 proteins,23
from the specifiedfunctionalcategory, and99 interactions
betweentheproteins.

As expected,the interactiongraphof this cluster (Fig-
ure 1) correspondsto the descriptionof the pre-mRNA
3’-end processing in the literature (Zhao, Hyman, &
Moore 1999). According to this review, the yeastcleav-
age/polyadenylationcomplex consistsof 15 identifiedpro-
teins. For 14 of themthe correspondinggenesareknown.
The complex is subdivided into five functionally distinct
activities. CF IA, IB and II are describedas sufficient
for thecleavagereaction,andspecificpoly(A)-additionare
describedas to require CF IA and IB, Pap1, Pab1, and
PF I. Thesefunctional factorscan be identified in the in-
teraction graph. The graph containsadditional interac-
tions to proteinsof other functionalcategories,linking the
cleavage/polyadenylationcomplex with neighbouringcellu-
lar processeslike splicingandtranscription(Table1).

The fifteenth,missingproteinhasbeenidentifiedby pu-
rification of thePFI complex. It is a proteinof 58kdcalled
Pfs1p,which hasnot beenpublishedyet. PFS1is anessen-
tial genecontainingazincknuckle (Zhao,Hyman,& Moore
1999). We did not find interactiondatapointing to anORF
fulfilling theserequirements.Thusit is notpossibleto spec-
ulateaboutthisproteinonthebasisof theproteininteraction
dataavailable.

Revealing the Biological Context of
Non-CharacterizedProteins

So far, roughly a third of the yeastORFs are not func-
tionally described(Mewes et al. 1997). Several sys-
tematicapproacheshave beendevelopedin order to func-
tionally classify theseORFs(Oliver et al. 1998). Since
1997 about 7% of the ORFs then called proteins of
unknown function have been functionally described(cf.
MYGD – www.mips.biochem.mpg.de/proj/yeast/andYPD
– www.proteome.com/databases/index.html).

We show herehow the usageof protein interactiondata
canprovide substantialcluesasto thebiologicalcontext of
unknown proteins.

Restrictingthe geneset to the 2563 non-characterized
proteinsgivesriseto 177clusters.39 of theseclusterscon-
tain more than two unclassifiedgenes. The biggestclus-
ter, comprising93 non-characterizedand 66 characterized
proteins,containsthe ORFsYNR053candYGL161c. We
show thecapabilitiesof our integrative methodfor thepre-
diction of functions for so far non-characterizedproteins
by meansof theseORFs. Evaluatinga protein interaction
graph,functionalrelationshipsbetweenproteinscanbede-
duceddependingon thedistanceof the respective proteins.
Two proteinsthat directly interactaremost likely to be in-
volvedin thesamebiologicalprocessor pathway (Walhout
et al. 2000). We thusconcentrateon thedirectsurrounding
of theconsideredORFs.Thereforetheinteractiongraphsof
YNR053c(Figure3) andYGL161c(Figure4) havebeencut
at thesecondandthird interactionlevel, respectively.

The functional contextof YNR053c. YNR053cis known
to interactdirectlywith six otherproteins(Fromont-Racine,
Rain, & Legrain 1997),five of which have a known func-
tional classification(Figure3). Thesefive all belongto the
category mRNA processing(splicing) (cf. Table 3). All
but four of the indirectly connectedproteinsof the second
level areuncharacterized.Thefour classifiedproteinscom-
priseMsl1p that is alsoinvolvedin themRNA splicingand
Fir1p that is involvedin 3’-endmRNA processing.There-
maining proteins,Tid3p and Hbs1pbelongto other func-
tional categories. The centralpositionof YNR053c in the
describedproteininteractionnetwork is a strongclue asto
its functionalrole in mRNA splicing.For YLR456w, anon-
characterizedproteinthatdirectly interactswith YNR053c,
a functionalpredictionis moredifficult to make. The five
interactorsof this ORF belongto morediversecategories.
Two of the interactingproteinsareknown to be involvedin
mRNA transcription(Msl1p, Fir1p). For the third interac-
tor, YNR053c, therearestrongindicationsfor the partici-
pationin mRNA splicing asdescribedabove. The two re-
mainingORFsareinvolvedin cell cyclecontrolandtransla-
tion, respectively. Consideringthewholeinteractioncontext
of YLR456w, allows to hypothesizeon a potentialcellular
functionin mRNA splicing.

The functional context of YGL161c. For YGL161c
sevendirect interactionswith otherproteinsareknown (Ito
et al. 2000;Uetzet al. 2000),threeof themhave a known
function (Figure 4). Thesethreeproteins,Vam7p,Yip1p,



Systematicnumber Description of category

01 METABOLISM
01.03.16 polynucleotidedegradation
01.05.01 C-compoundandcarbohydrateutilization
01.05.04 regulationof C-compoundandcarbohydrateutilization

02 ENERGY
02.01 glycolysisandgluconeogenesis
02.13 respiration
02.19 metabolismof energy reserves(glycogen,trehalose)

03 CELL GROWTH, CELL DIVISION AND DNA SYNTHESIS
03.04 budding,cell polarityandfilamentformation
03.07 pheromoneresponse,mating-typedetermination,sex-specificproteins
03.10 sporulationandgermination
03.13 meiosis
03.16 DNA synthesisandreplication
03.19 recombinationandDNA repair
03.22 cell cyclecontrolandmitosis

04 TRANSCRIPTION
04.01.04 rRNA processing
04.03.03 tRNA processing
04.05.01.04 transcriptionalcontrol
04.05.03 mRNA processing(splicing)
04.05.05 mRNA processing(5’-, 3’-endprocessing,mRNA degradation)
04.05.99 othermRNA-transcriptionactivities
04.07 RNA transport
04.99 othertranscriptionactivities

05 PROTEIN SYNTHESIS
05.01 ribosomalproteins
05.04 translation(initiation, elongationandtermination)
05.07 translationalcontrol

06 PROTEIN DESTINATION
06.04 proteintargeting,sortingandtranslocation
06.07 proteinmodification(glycolsylation,acylation,myristylation,palmitylation,farnesylationandprocessing)
06.10 assemblyof proteincomplexes
06.13.01 cytoplasmicdegradation

08 INTRACELLULAR TRANSPORT
08.01 nucleartransport
08.07 vesiculartransport(Golgi network, etc.)
08.13 vacuolartransport
08.19 cellularimport

09 CELLULAR BIOGENESIS(proteinsarenot localizedto thecorrespondingorganelle)
09.25 vacuolarandlysosomalbiogenesis

10 CELLULAR COMMUNICATION/SIGNAL TRANSDUCTION
10.01.05.11 key kinases

11 CELL RESCUE,DEFENSE,CELL DEATH AND AGEING
11.01 stressresponse
11.07 detoxificaton
11.11 ageing
11.13 degradationof exogenouspolynucleotides
11.99 othercell rescueactivities

99 UNCLASSIFIEDPROTEINS

Table5: A partof theMIPS functionalcatalogue.Thesystematicnumbersappearingin Tables1, 3, and4 aredescribed.The
completefunctionalcatalogueis availableat MIPS(www.mips.biochem.mpg.de/proj/yeast/catalogues/funcat/).



andPep12p,are involved in intracellulartransport. Addi-
tionallyo , two of threefunctionally classifiedproteinsof the
secondinteractionlevel, Yip3p andAkr2p, are also intra-
cellulartransportproteins.Thethird, Ktr3p, is analpha-1,2-
mannosyltransferaseinvolvedin glycosylationof proteinsto
besecreted.Ktr3p is likely to belocalizedin thegolgi appa-
ratus(Sipos,Puoti,& Conzelmann1995).Thusthecellular
role of Ktr3p is closelylinkedto intracellulartransportpro-
cesses.Evenon thethird interactionlevel of YGL161cone
moreprotein,Ypt1p is describedto be involvedin intracel-
lular transportprocesses.Consideringall thesedataonecan
assumethatYGL161c is involvedin intracellulartransport.
In addition,thereis someevidencefor thenon-characterized
proteinsYIF1, YHR105w, andYPL246cto be involved in
thecontext of intracellulartransport.All threehaveacentral
positionin thedescribedinteractionnetwork of intracellular
transportprocesses.

Discussion
We have developeda methodfor the integrative analysisof
proteininteractions.We combinedproteininteractiondata
on S.cerevisiaeproteins,systematicallycollectedfrom the
literature,with thefunctionalclassificationdataof all yeast
proteins. A clusteringis beingperformedto find maximal
groupsof proteinsthataredirectlyor indirectlyconnectedto
interactionnetworks.Thesenetworksaregraphicallyrepre-
sentedusingagrapheditortoolkit. Thevisualizationof pro-
tein interactionnetworkssupportsthecomprehensiveanaly-
sisof theselargedatasets.

Thecharacteristicof theresultingclustersizes(Figure2)
suggeststhat themoreinteractionsareknown for anorgan-
ismthelargertheclustersof genesbecome.We suspectthat
if all interactionsareknown,asingleclusterof genesresults
from thedescribedclusteringmethod.It is thusnecessaryto
focusonasubsetof thewholesetof genes.A moreefficient
andexploratoryinterpretationof theproteininteractiondata
is enabledby theconcentrationon a certainbiologicalcon-
text that is achievedby theuseof thesystematicfunctional
categorisationof all yeastORFs.

This combinationof differentdatasetsresultsin thenec-
essaryreductionof complexity. Our resultsshow that the
integrative analysiswith a hierarchicallyorganizeddataset
allows to scalethecomplexity of theinteractiongraphs(Ta-
ble2).

Theutility of thepresentedmethodhasbeenshown byap-
plying it to thewell describedfunctionalcontext of mRNA
processing.Theanalysisof thebiologicalcontext of theun-
characterizedproteinsYNR053c andYGL161c shows the
relevanceof the methodfor mining the protein interaction
dataandformulatinghypothesisabouta functionalclassifi-
cationof sofaruncharacterizedproteins.

It hasbeenshown that interactionsamongproteinsare
conservedbetweenthe homologousproteinsof variousor-
ganisms(Uetz et al. 2000). In cross-genomeanalysisthe
presentedmethodcanbe usedfor the predictionof protein
interactionsin other species.This is of particularinterest
with respectto sequencesresultingfrom wholegenomese-
quencingprojects,e.g.thehumangenomeproject.

Theintegrativeanalysismethodis easyto useandallows
a comprehensiveoverview of theproteininteractiondata.It
is veryflexible, in thatit caneasilybeappliedto othertypes
of large-scaledatasetsto becombined,e.g.of proteincom-
plexes, EC numbers,subcellularlocalization, and pheno-
types (www.mips.biochem.mpg.de/proj/yeast/catalogues/).
It is alsopossibleandvery promisingto combinethe pro-
tein interaction data with other data producedby high-
throughputmethods,the mostprominentbeingexpression
dataproducedby DNA microarraytechnology(DeRisi,Iyer,
& Brown 1997)andlocalizationvia GFPtagging(Brachat
etal. 2000).

References
Alberts, B., andMiake-Lye, R. 1992. Unscramblingthe
puzzleof biological machines:the importanceof the de-
tails. Cell 68(3):415–420.

Brachat, A.; Liebundguth, N.; Rebischung,C.; et al.
2000.Analysisof deletionphenotypesandGFPfusionsof
21 novel Saccharomycescerevisiaeopenreadingframes.
Yeast16(3):241–253.

DeRisi,J.L.; Iyer, V. R.; andBrown,P. O. 1997.Exploring
themetabolicandgeneticcontrolof geneexpressionon a
genomicscale.Science278(5338):680–686.

Eilbeck,K.; Brass,A.; Paton,N.; andHodgman,C. 1999.
INTERACT: anobjectorientedprotein-proteininteraction
database.In Proc of the SeventhInt Conf on Intelligent
Systemsfor Mol Biol, 87–94.AAAI Press.

Fromont-Racine,M.; Rain,J.; andLegrain,P. 1997. To-
wardafunctionalanalysisof theyeastgenomethroughex-
haustive two-hybridscreens.NatGenet16(3):277–282.

Goffeau,A.; Aert, R.; Agostini-Carbone,M.; et al. 1997.
The yeastgenomedirectory. Nature 387(6632Suppl):1–
105.

Ito, T.; Tashiro,K.; Muta,S.;etal. 2000.Towardaprotein-
protein interactionmapof the buddingyeast: A compre-
hensive systemto examinetwo-hybrid interactionsin all
possiblecombinationsbetweenthe yeastproteins. Proc
Natl AcadSciUSA97(3):1143–1147.

Mehlhorn,K., andNäher, S. 1999. TheLEDA Platform
of Combinatorialand GeometricComputing. Cambridge
UniversityPress.http://www.mpi-sb.mpg.de/LEDA/.

Mewes, H.; Albermann, K.; Bähr, M.; et al. 1997.
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