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Abstract

We have developeda methodfor the integrative anal-
ysis of proteininteractiondata. It comprisescluster
ing, visualizationanddataintegrationcomponentsThe
methodis generally applicablefor all sequencedr-
ganisms. Here,we describein detail the combination
of proteininteractiondatain the yeastSactaromyces
cervisiaewith the functionalclassificatiorof all yeast
proteins.We evaluatethe utility of the methodby com-
parisonwith experimentaldataand deducehypotheses
aboutthe functionalrole of sofar uncharacterizegro-
teins. Furtherapplicationsof the integrative analysis
methodare discussed. The methodpresentechereis
powerful and flexible. We shav thatit is capableof
mining large-scaledatasets.

Intr oduction

Theknowledgeof thewholegenomicDNA sequencef or-
ganismshasstarteda new erain biological research.lIt is
now for the first time possibleto identify and analyzeall
geneticelementsf a single organism,which arethe Open
ReadingFrames(ORFs),RNA andDNA elements.Beside
thewhole genomealsothe whole proteomei.e. all proteins
expressedy the genomeof anorganismis now accessible.
Theanalysisof theproteomeamainly dependsn experimen-
tal biologicaldata.Thedataarepublishedputin generahot
storedin electronicform.

Biological processesre mainly determinedby molec-
ular interactions e.g. betweenDNA and proteins, pro-
teinsandproteins,or proteinsandsmall molecules Among
these protein-pioteininteractionsplay anespeciallyimpor-
tant role sincethey are essentiafor almostevery biologi-
cal process.Protein-proteininteractionsare the fundamen-
tal prerequisitegor suchcomplex phenomenascontrol of
the cell cycle, DNA replication, transcription,metabolism
andsignaltransduction.The knowledgeaboutthe biologi-
cal context of a singleprotein,especiallyof its interactions
with othermoleculesijs mandatonyffor apreciseunderstand-
ing of its functionin thecell.

Studyingthe functionsof individual proteinsin various
organismshasshown that proteinsdo not functionisolated
in a cell but act either in multi-protein complexes or in
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protein networks Often thesemulti-protein complexesact
ashighly efficient proteinmachineqAlberts & Miake-Lye
1992). Theseprotein machinesare assemblie®f different
protein sukunits in which the allostericmovementof indi-
vidual componentarecoordinatedo carryoutcomplicated
taskswhich needtemporalandspatialcoordination.

Besidestheir importancefor the formation of multi-
proteincomplexes,protein-proteirinteractionsareinvolved
in a numberof other essentialfeatures. Proteinsare di-
rectedto the correctcompartment®of cells by binding to
other proteins; protein messenger$ind to protein recep-
tors on the outer surface of cell membranedo exchange
signalsbetweencells; proteinsform structuralconnections
betweercells;someinhibitorsof enzymesareproteins;pro-
teinsaremodifiedanddegradedby enzymesprotein-protein
interactionsareinvolvedin large-scaleanovementsn organ-
isms,suchasmusclecontraction A vastamountof protein-
proteininteractiondatahasbeengeneratediuring the last
decades.Recentlydevelopedhigh-throughputapproades
for a systematicanalysisof genome-wideprotein-piotein
interactions are widely used, producing large-scaledata
setg Fromont-RacineRain,& Legrain1997;lto etal. 2000;
Uetzetal. 2000). Thefinal goal of studyingprotein-protein
interactiondn agivenorganismis to producecompletepro-
teininteractionmaps

The MIPS YeastInteraction Tables

Oneof the main challengedor the analysisandannotation
of thegenomeof thebalersyeastSactharomycegerevisiae
after completionof the sequencingroject (Goffeau et al.
1997)wasto integrateall availablegene-relate¢thformation
of the public domaininto a comprehensie yeastdatabase,
MYGD at www.mips.biochem.mpgefprg/yeast/ (Mewes
etal. 2000).

Informationis gatheredrom varioussourcesmainly the
systematidunctionalanalysigprojectsof yeast(Oliveretal.
1998) and the yeastliterature. Efficient integration of in-
formation from the literature requiresthe applicationof a
standardizetierminologyasmuchaspossible.

For the annotationof protein-proteininteractionswe de-
velopedthefollowing format. Eachinteractionconsistof 6
differentannotatiorfields: first interactor secondnteractor
type of interaction, method the interaction was detected
with, referencesand free text for additionalinformation.
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Figurel: Display of thelargestinteractionclusterbasedon the functionalcategyory mRNA processing5’-, 3'-end processing
MRMNA dggradation) Proteinsof theclusterectategory appeamvith thick bordersthoseof otherfunctionalcategorieshave thin
borders.Solid linesindicatephysicalinteractionsdashedinesindicategeneticinteractions.The geneswith darkgrey boxes
belongto functionalcategory mRM\ processingsplicing). Thosewith light grey boxesare genesof categyory transcription
the supercategory of mRNA processing Factorsof the processinggcomplex asdescribedn (Zhao,Hyman,& Moore 1999)

areenclosedvithin ellipses(cf. Tablel).

Two typesof interactionsare distinguished: physicaland
geneticinteractions. The type of interactionis annotated
accordingto the experimentalmethodapplied. Physicalin-
teractionsaredetectedoy e.g. coimmunoprecipitationtwo
hybrid assay and affinity purification; geneticinteractions
arerevealedby methodslike extragenicsuppressionmul-
ticopy suppressionsyntheticlethality, and transdominant
inhibition. Although geneticmethodsare quite powerful,
they are often 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
datainto tablesgiving easyelectronicaccessto the data
(www.mips.biochem.mpg.dproj/yeast/table/interactia/).

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
databaséEilbecketal. 1999).
TheMIPSyeastinteractiontablesconsistof 2016genetic
interactionsand 3945 physicalinteractionsas of February
2000. For thosecasesvherethe interactiontype could not
beidentifiedfrom theliteraturewe generatec supplemen-
tary tablethatnow contains197 unclassifiednteractions.

The YeastFunctional Catalogue

It wasrecognizedhatthe usageof freetext for the system-
atic functional descriptionof proteinsis not adequatefor



ORF Gene Description Functionalcategories Factor
YDR448w ADA2 generalranscriptionahdaptor 04.05.01.04
YPR180w AOS1 Smt3pactivatingenzymesulunit 06.07;06.13.01
YOL139¢c CDC33 translationinitiation factorelF4E 03.10;05.04
YDR301lw CFT1 pre-mRM\ 3’-endprocessindgactorCF Il suhunit 04.05.05 CFll
YLR115w CFT2 pre-mRM\ 3’-endprocessindactorCF Il suhunit 04.05.05 CFll
YOR250c CLP1 clearage/polyadeyiation factorlA sutunit 04.05.05 CFIA
YOL149w DCP1 mRNA decappingenzyme 04.05.05
YNL118c DCP2 suppressoproteinof ayeastpetmutant 02.1304.05.05
YDL160c  DHH1 strongsimilarity to RNA helicase®f the DEAD boxfamily 04.99
YDR206w EBS1 similarity to EST1protein 03.16
YJR093c FIP1 componenbf pre-mRMN polyadewlation factorPFI 04.05.05 PFI
YERO32w FIR1 interactswith the poly(A) polymerase 04.05.05
YKR026c  GCN3 translationinitiation factorelF2B,34 KD, alphasulunit 05.04
YMR255w GFD1 nuclearporecomple protein 04.07;08.01
YER133w GLC7 ser/thrphosphoproteiphosphatasg, catalyticchain 01.05.04;02.19;03.04;
03.13;03.22;05.07
YOL123w HRP1 cleavage/polyadeylation factorIB 04.05.0504.05.99;04.07 CFIB
YBR0O17c KAP104 beta-karyopherin 08.01
YNL322¢c KRE1 cellwall protein 01.05.01
YBR205w KTR3 alpha-1,2-mannosyltransferase 01.05.01;06.07
YER127w LCP5 Ngglpinteractingprotein 04.01.04
YBLO26w  LSM2 snRNP-relategrotein 04.05.99
YER112w LSM4 U6 snRNA associategbrotein 04.05.03
YJR022w  LSM8 splicingfactor 04.05.03
YGR158¢c MTR3 involvedin mRNA transport 04.01.0404.05.0504.07
YGL122c  NAB2 nuclearpoly(A)-bindingprotein 04.05.0%04.07
YMRO080c NAM7 nonsense-mediatedRNA decayprotein 01.03.16;05.07
YER165w PAB1 mRNA polyademplate-bindingprotein 04.05.0%05.04 Pab1
YKROO2w  PAP1 poly(A) polymerase 04.05.05 Papl
YGR178c PBP1 Pab1pinteractingprotein 04.05.05
YBR233w PBP2 Pablpinteractingprotein 04.99
YDR228c PCF11  componentf factorCFI 04.05.05 CFIA
YNL317w  PFS2 componenbdbf pre-mRNA polyadeylation factorPFI 04.05.05 PFI
YBL105c PKC1 ser/thrproteinkinase 03.04,03.22;
10.01.05.11;11.01
YALO43c PTAL pre-mRM 3’-endprocessindgactorCF Il suhunit 04.03.0304.05.05 CFll
YDR195w REF2 RNA 3’-endformationprotein 04.05.05
YMRO061w RNA14 componenbf factorCF I 04.05.01.0494.05.05 CFIA
YGL044c RNA15  componentbf factorCFI 04.05.05 CFIA
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
YDL111lc RRP42 rRNA processingrotein 04.01.04
YIL123w SIM1 involvedin cell cycle regulationandaging 03.22;11.11
YLR398c  SKI2 antiviral proteinandputative helicase 11.07
YPR189w  SKI3 antviral protein 11.99
YGL213c  SKI8 antwiral protein 03.13;03.19;11.13
YJL124c SPBS8 suppressoof PAB1 04.05.05
YMR117c SPC24  spindlepolebodyprotein 03.22
YHR152w SPO12  sporulationprotein 03.10;03.13
YDR392w SPT3 generalranscriptionahdaptor 03.07;04.05.01.04
YGR162w TIF4631 mRNA cap-bindingprotein(elF4F),150K sutunit 05.04
YGL049¢c  TIF4632 mRNA cap-bindingprotein(elF4F),130K sulunit 05.04
YDR390c UBA2 E1-like (ubiquitin-actvating) enzyme 04.05.0%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-mRM\ 3’-endprocessindgactorCF Il suhunit 04.05.05 CFll
YPR107c YTH1 componenbf pre-mRM polyadewylation factorPFI 04.05.05 PFI

Tablel: Thefunctionally classifiedproteinsof the main clusterof category mRNA processing5’-, 3’-end processingmRNA
degradation)(04.05.05) displayedn Figurel. The descriptionof the factorscanbefoundin (Zhao,Hyman,& Moore 1999).
Functionalcategoriesareexplainedin Tableb.
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Figure2: Histogramof clustersizes.Clustersizesareshonvn

ontheabscissathenumberof clustersof therespectie clus-
ter sizesareshavn ontheordinate.Both scalesarelogarith-
mic. Fortheclustering the ORFsof all functionalcateyories
have beenconsidered.Thoughthereare 174 small clusters
with lessthan 12 ORFs, thesecontaina total of only 562
ORFs,while oneclustercomprisesl 721 ORFs.

computationatasks(Riley 1993). In analogyto the estab-
lished EC catalogugNC-IUBMB 1992) a hierarchicalor-
deringof the geneproductsof a cell in termsof their func-
tion is anadequatesolutionfor a systematiapproach Dif-
ferentlevelsof categoriesgrouptogethemiochemicafunc-
tionality accordingto their role in the organismin rough
analogyto biochemicatextbooksgroupingthe biochemical
informationin paragraphs;haptersandsections.

As the sequenceof the yeast Sacharomyces cere-
visiae was available in 1996 we have generatedh special
functional catalogue for yeast (Mewes et al. 1997)
(www.mips.biochem.mpg.dproj/yeast/catalgues/furcat/).
Significanthomologief proteinsto functionallycharacter
izedproteinsaswell asdatafrom theliteraturederivedfrom
biochemical,geneticor phenotypicexperimentsare used
to assignfunctions. Proteinscanbe assignedo morethan
one functional category. This allows a multidimensional
annotation.The yeastfunctionalcatalogues hierarchically
organized. It containsl5 main cateyories,eachcontaining
3to 4 levelsof subcatgories.In total the catalogueconsists
of more than 200 functional categories. For 3793 out of
6359 yeastgenesat leastone of the functional categyories
is assigned,the remaining proteins are assignedto the
catgyory unclassifiegproteins

The combinationof differentdatasetsleadsto amorede-
tailedlevel of information.Herewe shav how dataof phys-
ical and geneticinteractionscan be combinedwith other
typesof biological data.We shaw in detailthe combination
with the functionalcateyories.

Methods

The geneticinteractionsaswell asthe physicalinteractions
arebinaryrelations.They areideally suitedfor visualization

genes genes genes interaction
functional in this with in biggest in all
category catgory interaction  cluster 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 genedoundin differentcateyoriesand
propertiesof the resultingclusters. Categories: Transcrip-
tion (04), mRNA processing04.05)and5’-, 3’-endprocess-
ing, mMRMNA degradation(04.05.05).

asgraphs.Genesandproteinsaremodeledasnodesthein-
teractionsare representecs edgesbetweenthe respectre
nodes.A grapheditortool-kit canbe employedfor display-
ing theinteractiongraphs.We customizedhe LEDA graph
editor (Mehlhorn& Naher1999)for the graphicalvisual-
ization of interactiongraphs. The nodesare labeledwith
the systematimamesor the genenamesdf available. Edges
correspondo interactionsand are drawn accordingto the
interactionmode. Physicalinteractionsare representedy
solid edges geneticinteractionsby dashededges.A color
codecanbeappliedfor a deepercharacterizatiorwf the dif-
ferentmethoddy whichtheinteractiondhave beendetected.
The algorithmsof the editor createa suitablelayoutfor the
complex graphsresultingin acleat easyto grasppictureof
the displayedinteractions. The usercanalter the graphby
moving nodesandby deletingnodesandedges.

In aniterative procedureve build clustess of genesdueto
theinteractionsaannotatedEvery singlegeneinitially repre-
sentdts own cluster For every annotatednteraction where
theinteractingproteinsarenot in the samecluster we join
thetwo clustersinvolved. After the clustering,every cluster
containsall the genesthat interacteither directly or indi-
rectly. In agraphtheoreticsensemodelinggenesasnodes
and interactionsas edges,we build clustersof genesthat
belongto thesameconnectedomponenbf thewholeinter-
actiongraph. Homomultimericinteractionsarenot consid-
ered.

The MIPS functional catalogueis well suitedfor select-
ing subsetof geneswith relatedfunctions. We restrictthe
genesetto thosegenessharingfunctional categories. The
resultis an interactiongraphthat consistsof the genesbe-
longing to the selectedfunctional categories(nodesdrawn
with thick borders)andthosedirectly interactingwith them
(nodesdrawn with thin borders).

Results

Mostof thecateyoriesof theMIPS functionalcatalogueson-
tain a large numberof genesdueto the fact that biological
processesn generalinvolve a substantialnumberof pro-
teins. The cataloguedoesnot describethe exact role of
single genesin the cell. The combinationwith otherdata
addsthe information necessaryor an exact assignmenof
thegenedo cellularprocesses.
Protein-proteinnteractiondatain turnis notsufficientfor
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Figure3: Partof aninteractionclusterresultingfrom thegenesetrestrictedo thenon-characterizegroteins.YNRO53cdirectly

interactswith five genesbelongingto the functional catggory mRNA processingsplicing), shovn in darkgrey. Anothergene
of this category is foundin the secondnteractionlevel: MSL1 FIR1 belongsto the samebiological context, mRNA processing
(5-, 3-end processing mRNA degradation) It is indicatedin light grey. The graphis cut at the secondinteractionlevel

with respecto YNRO53c. Non-characterizegroteinsappeaiwith thick borders thosewith annotatedunctional cateyories
have thin borders. The functional categoriesof the individual proteinsarelistedin Table3. The solid linesindicatephysical
interactions.

ORF Gene Description Functionalcateyories Interactionlevel
YDLO30w PRP9 pre-mRM splicingfactor 04.05.03 1
YDL043c PRP11 pre-mRM splicingfactor 04.05.03 1
YERO029c SMB1 associateavith U1 snRNP 04.05.03 1
YERO32w FIR1 interactswith the poly(A) polymerase 04.05.05 2
YIL144w TID3 Dmclpinteractingprotein 03.22 2
YIRO0O9w  MSL1  strongsimilarity to SnRNPs 04.05.0306.10 2
YJL203w  PRP21 pre-mRM splicingfactor 04.05.0306.10 1
YJR022w LSM8  splicingfactor 04.05.03 1
YKR084c HBS1 eEF-lalphachainhomologue 05.04 2
YLR456W strongsimilarity to YPR172w 99 1

Table3: Theinteractingpartnersof the non-characterizegrotein YNRO53c. All interactingproteinsof level 1 andthoseof
level 2 with a describedunctionarelisted. Thefunctionalcateyoriesaredescribedn Table5.
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ORF Gene Description Functionalcategories Interactionlevel
YALO32c FUN20 requiredfor RNA splicing 04.05.03 3
YBR205w KTR3  alpha-1,2-mannosyltransferase 01.05.01;06.07 2
YFLO38c YPT1 GTP-bindingproteinof therabfamily 08.07 3
YGL212w VAM7  vacuolamrmorphogenesiprotein 08.1309.25 1
YGR172c YIP1 golgi membranegrotein 08.07 1
YILO34c CAP2  F-actincappingprotein,betasuhunit 03.04;03.07 3
YNLO44w  YIP3 involvedin ER to golgi transport 06.0408.07 2
YORO034c AKR2 involvedin constitutve endogtosisof Ste3p 08.19 2
YORO036w PEP12 syntaxin(T-SNARE), vacuolar 06.0408.13 1

Table4: Theinteractingpartnersof the non-characterizegroteinYGL161c. All interactingproteinsof level 1 andthoseof
levels2 and3 with adescribedunctionarelisted. Thefunctionalcategoriesaredescribedn Table5.



a comprehensie descriptionof the functionalcontext. If no
additionalinformation, e.g. aboutthetime, localizationor
functionof theindividual interactionds takeninto account,
i.e. usingthe pure clusteringmethoddescribedabove, the
proteomeof anorganismtendsto bein asinglecluster

Verification of the Method

The MIPS yeastinteractiontablescontain6158 individual
interactionsannotatedor 2283 ORFsasof February2000.
Clusteringthesegenesasdescribedaboveleadsto 175clus-
ters. While 106 clustersconsistof just two genesand 35
clusterscomprisethreegenesthereis one clustercontain-
ing 1721 genes(main cluster). The remaining33 clusters
consistof 4 to 11 genegFigure?2). A reasonableisualiza-
tion andinterpretationcanbe computedfor the small clus-
terswhile the interactiongraphof the large oneis too com-
plex to producea clear easyto grasprepresentationThus
theinteractiongraphof thevastmajority of thegenesannot
be showvn. One possibility to reducethe complexity of the
datais to combinethe setof genesto be analyzedto func-
tionally categorizedgenes.

For the functional category transcriptionand two of its
subcatgories, we showv the propertiesof the genesetre-
strictedto the respectie category andthe resultingcluster
sizes(Table2).

Restrictingtheinteractionto thelowesthierarchicalevel,
i.e. catgory mRNA processing(5’-, 3’-end processing
MRMNA deggradation)leadsto a genesetthat consistsof 40
genes32 of thesewith annotatednteractions.We usethis
well describeccatagory to verify the utility of the method.
For theclusteringall interactionsannotatedor the genesof
this category are used,including thoseinteractionswith a
genenot belongingto the cateyory. 8 clustersresultfrom
this processthe largestclustercontaining62 proteins,23
from the specifiedfunctional category, and 99 interactions
betweerthe proteins.

As expected,the interactiongraphof this cluster (Fig-
ure 1) correspondsto the descriptionof the pre-mRM
3’-end processingin the literature (Zhao, Hyman, &
Moore 1999). According to this review, the yeastcleav-
age/polyadenylatiorcomple consistsof 15 identified pro-
teins. For 14 of themthe correspondingenesare known.
The comple is subdvided into five functionally distinct
actvities. CF IA, IB and Il are describedas sufiicient
for the clearagereaction,andspecificpoly(A)-additionare
describedas to require CF IA and IB, Pap1l, Pabl, and
PF I. Thesefunctional factorscan be identified in the in-
teraction graph. The graph contains additional interac-
tionsto proteinsof otherfunctional cateyories, linking the
clearage/polyadeylationcomplec with neighbouringcellu-
lar processegik e splicingandtranscription(Table1).

The fifteenth, missingproteinhasbeenidentified by pu-
rification of the PFI complex. It is a proteinof 58kd called
Pfs1p,which hasnot beenpublishedyet. PFS1is anessen-
tial genecontainingazincknuckle (Zhao,Hyman,& Moore
1999). We did not find interactiondatapointingto an ORF
fulfilling theserequirementsThusit is not possibleto spec-
ulateaboutthis proteinonthebasisof the proteininteraction
dataavailable.

Revealing the Biological Context of
Non-CharacterizedProteins

So far, roughly a third of the yeast ORFs are not func-
tionally described(Mewes et al. 1997). Several sys-
tematicapproachesiave beendevelopedin orderto 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.dpro/yeast/andYPD
—www.proteome.com/databases/indgml).

We shav herehow the usageof proteininteractiondata
canprovide substantiatluesasto the biological context of
unknaown proteins.

Restrictingthe gene set to the 2563 non-characterized
proteinsgivesriseto 177 clusters.39 of theseclusterscon-
tain more thantwo unclassifiedgenes. The biggestclus-
ter, comprising93 non-characterizednd 66 characterized
proteins,containsthe ORFSYNRO053cand YGL161c. We
shawv the capabilitiesof our integrative methodfor the pre-
diction of functionsfor so far non-characterizegbroteins
by meansof theseORFs. Evaluatinga proteininteraction
graph,functionalrelationshipsetweenproteinscanbe de-
duceddependingon the distanceof the respectie proteins.
Two proteinsthat directly interactare mostlikely to be in-
volvedin the samebiological procesor pathway (Walhout
etal. 2000). We thusconcentraten the directsurrounding
of theconsideredRFs.Thereforetheinteractiongraphsof
YNRO53c(Figure3) andYGL161c(Figure4) have beencut
atthe secondandthird interactionlevel, respectiely.

The functional contextof YNR0O53c. YNRO53cis known
to interactdirectly with six otherproteins(Fromont-Racine,
Rain, & Legrain 1997), five of which have a known func-
tional classification(Figure 3). Thesefive all belongto the
catggory mRMNA processing(splicing) (cf. Table 3). All
but four of the indirectly connectedoroteinsof the second
level areuncharacterizedT he four classifiedproteinscom-
priseMsl1pthatis alsoinvolvedin the mRNA splicingand
Firlpthatis involvedin 3’-end mRNA processing.There-
maining proteins, Tid3p and Hbs1pbelongto otherfunc-
tional categories. The centralposition of YNR053cin the
describedproteininteractionnetwork is a strongclue asto
its functionalrolein mRNA splicing. For YLR456w, anon-
characterizegroteinthatdirectly interactswith YNRO53c,
a functional predictionis more difficult to make. The five
interactorsof this ORF belongto more diversecateyories.
Two of theinteractingproteinsareknown to beinvolvedin
MRNA transcription(Msl1p, Firlp). For the third interac-
tor, YNRO53c, thereare strongindicationsfor the partici-
pationin mRNA splicing asdescribedabove. The two re-
mainingORFsareinvolvedin cell cycle controlandtransla-
tion, respectrely. Consideringhewholeinteractioncontext
of YLR456w, allows to hypothesizeon a potentialcellular
functionin mRNA splicing.

The functional context of YGL161c. For YGL161c
sevendirectinteractionswith otherproteinsareknown (Ito
etal. 2000;Uetzetal. 2000),threeof themhave a known
function (Figure 4). Thesethree proteins,Vam7p, Yiplp,



Systematichnumber  Description of category

01 METABOLISM

01.03.16 polynucleotidedegradation

01.05.01 C-compoundandcarbohydrateitilization

01.05.04 regulationof C-compoundandcarbohydrateitilization

02 ENERGY

02.01 glycolysisandgluconeogenesis

02.13 respiration

02.19 metabolismof enegy resenes(glycogen trehalose)

03 CELL GROWTH, CELL DIVISION AND DNA SYNTHESIS
03.04 budding,cell polarity andfilamentformation

03.07 pheromoneesponsemating-typedeterminationsex-specificproteins
03.10 sporulationrandgermination

03.13 meiosis

03.16 DNA synthesisandreplication

03.19 recombinatiorandDNA repair

03.22 cell cycle controlandmitosis

04 TRANSCRIPTION

04.01.04 rRNA processing

04.03.03 tRNA processing

04.05.01.04 transcriptionatontrol

04.05.03 mRNA processindsplicing)

04.05.05 MRNA processing5’-, 3'-endprocessingmRNA degradation)
04.05.99 othermRNA-transcriptionactivities

04.07 RNA transport

04.99 othertranscriptionactivities

05 PROTEIN SYNTHESIS

05.01 ribosomalproteins

05.04 translation(initiation, elongatiorandtermination)

05.07 translationatontrol

06 PROTEIN DESTINATION

06.04 proteintargeting,sortingandtranslocation

06.07 proteinmodification(glycolsylation,agylation, myristylation,palmitylation,farnesylatiorandprocessing)
06.10 assemblyof proteincomplees

06.13.01 cytoplasmicdegradation

08 INTRACELLULAR TRANSPOR

08.01 nucleartransport

08.07 vesiculartransport(Golgi network, etc.)

08.13 vacuolartransport

08.19 cellularimport

09 CELLULAR BIOGENESIS(proteinsarenotlocalizedto the correspondingrganelle)
09.25 vacuolarandlysosomabiogenesis

10 CELLULAR COMMUNICATION/SIGNAL TRANSDUCTION
10.01.05.11 key kinases

11 CELL RESCUEDEFENSE,CELL DEATH AND AGEING
11.01 stresgesponse

11.07 detoxificaton

11.11 ageing

11.13 degradationof exogenouspolynucleotides

11.99 othercell rescueactiities

99 UNCLASSIFIEDPROTEINS

Table5: A partof the MIPS functionalcatalogue The systematimumbersappearingn Tablesl, 3, and4 aredescribed.The
completefunctionalcatalogueés availableat MIPS (www.mips.biochem.mpg.de/pj'yeast/cataloges/funcay/).



and Pepl2p.areinvolvedin intracellulartransport. Addi-
tionally, two of threefunctionally classifiedproteinsof the
secondinteractionlevel, Yip3p and Akr2p, are also intra-
cellulartransporiproteins.Thethird, Ktr3p, is analpha-1,2-
mannosyltransferasevolvedin glycosylationof proteinsto
besecretedKtr3pis likely to belocalizedin thegolgi appa-
ratus(Sipos,Puoti,& Conzelmanri995). Thusthe cellular
role of Ktr3p is closelylinkedto intracellulartransportpro-
cessesEvenonthethird interactionlevel of YGL161cone
moreprotein, Yptlp is describedo beinvolvedin intracel-
lular transporiprocessesConsideringall thesedataonecan
assumehat YGL161cis involvedin intracellulartransport.

In addition,thereis someevidencefor thenon-characterized

proteinsYIF1, YHR105w andYPL246cto beinvolvedin

thecontext of intracellulartransport All threehave acentral
positionin thedescribednteractionnetwork of intracellular
transporiprocesses.

Discussion

We have developeda methodfor the integrative analysisof
proteininteractions. We combinedproteininteractiondata
on S. cerevisiae proteins,systematicallycollectedfrom the
literature,with the functionalclassificationrdataof all yeast
proteins. A clusteringis being performedto find maximal
groupsof proteinsthataredirectly or indirectly connectedo
interactionnetworks. Thesenetworksaregraphicallyrepre-
sentedusinga grapheditortoolkit. Thevisualizationof pro-
teininteractionnetworkssupportshecomprehensieanaly-
sisof theselarge datasets.

The characteristiof theresultingclustersizes(Figure2)
suggestshatthe moreinteractionsareknown for anorgan-
ismthelargertheclustersof genebecome We suspecthat
if all interactionsareknown, asingleclusterof genegesults
from thedescribedtlusteringmethod.lt is thusnecessaryo
focusonasubsebf thewholesetof genes A moreefficient
andexploratoryinterpretatiorof the proteininteractiondata
is enabledby the concentratioron a certainbiological con-
text thatis achieved by the useof the systematidunctional
catgyorisationof all yeastORFs.

This combinationof differentdatasetsresultsin the nec-
essaryreductionof compleity. Our resultsshav that the
integrative analysiswith a hierarchicallyorganizeddataset
allowsto scalethe compleity of theinteractiongraphs(Ta-
ble 2).

Theutility of thepresentednethodhasbeenshovn by ap-
plying it to the well describedunctionalcontext of mMRNA
processingTheanalysisof the biologicalcontext of theun-
characterizegroteinsYNR053c and YGL161c shows the
relevanceof the methodfor mining the proteininteraction
dataandformulatinghypothesisabouta functionalclassifi-
cationof sofaruncharacterizegroteins.

It hasbeenshown that interactionsamongproteinsare
consenred betweenthe homologousproteinsof variousor-
ganisms(Uetz et al. 2000). In cross-genomanalysisthe
presentednethodcanbe usedfor the predictionof protein
interactionsin other species. This is of particularinterest
with respecto sequencesesultingfrom whole genomese-
guencingprojects e.g.the humangenomeproject.

Theintegrative analysismethodis easyto useandallows
acomprehensie overview of the proteininteractiondata. It
is very flexible, in thatit caneasilybe appliedto othertypes
of large-scaledatasetsto be combinedg.g. of proteincom-
plexes, EC numbers,subcellularlocalization, and pheno-
types (www.mips.biochem.mpg.dproj/yeast/catalgues/).
It is alsopossibleandvery promisingto combinethe pro-
tein interaction data with other data producedby high-
throughputmethods,the most prominentbeing expression
dataproducedy DNA microarraytechnologyDeRisi, lyer,
& Brown 1997)andlocalizationvia GFPtagging(Brachat
etal. 2000).
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