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Systematic identification of protein complexes in
Saccharomyces cerevisiae by mass spectrometry
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Biological

/ Systems

Predictions Experiments

- Dynamic Simulation
Computational  sigsaiy Neworks
M 0 d e | S Propagation of Perturbation

Multiscale Coupling

. Analysis
Information Visualization
Searches
SySte m Information Classes
Data Storage

Molecular Interaction Surveys

Pathway & PFOCGSS Molecular & Genetic Profiles

Detailed Subystem Measurements
Data

Biological Knowledge

Pathway information for systems biology, Cary MP, Bader GD, Sander C, FEBS Lett. 2005 Mar 21;579(8):1815-20



Pathway Information

Databases
— Fully electronic
— Easily computer readable

Literature

— Increasingly electronic

— Human readable
Biologist's brains

— Richest data source

— Limited bandwidth access

Experiments
— Basis for models
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* Arguably the most accessible data source, but...
« Varied formats, representation, coverage

 Pathway data extremely difficult to combine and use
Pathguide Pathway Resource List (http://www.pathguide.org)
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Gathering Pathway Information is Hard

Software

User

>100 DBs and tools
Tower of Babel



Biological Pathway Exchange
(BioPAX)

Software

User
Before BioPAX After BioPAX
>100s DBs and tools Unifying language

Tower of Babel
Reduces work, promotes collaboration, increases accessibility



BioPAX Pathway Language

* Represent:
— Metabolic pathways
— Signaling pathways
— Protein-protein, molecular interactions
— Gene regulatory pathways
— Genetic interactions

« Community effort: pathway databases
distribute pathway information in standard
format



Ontologies: Components

« Classes, relations & attributes, constraints, objects, values

7 13

« Classes (AKA “Concepts”, “Types”)

— Arranged into a specialization hierarchy (AKA “Taxonomy”)
» Parent-child relationships between classes
« Class A is a parent of class B iff all instances of B are also instances of A

— E.g. "Protein”, “RNA", “Reaction”
« Relations & Properties (AKA “Slots”, “Attributes™, “Fields”)

— Classes have properties, which may have values of specific types
— Relationships: the value type is some other class in the ontology

« E.g. “Substrate”, “Transporter”, “Participant”

— Attributes: the value type is a simple data type
« E.g. “Molecular Wt.”, “Sequence”, “AG”

From Peter Karp, “Ontologies: Definitions, Components, Subtypes”, SRI
International, presentation available at http://www.biopax.org



Ontologies: Components
(cont)

« Constraints

— Define allowable values and connections within an ontology
— E.g. "MOLECULAR_WT must be a positive real number”

* Objects and Values
— Objects are instances of classes
— Values occupy the slots of those instances
— Strictly speaking, an ontology with instances is a knowledge base

— Beyond the scope of BioPAX workgroup, our users will create the
instances of classes in the BioPAX ontology



BioPAX Structure

— Subclass (is a) C Pathway )
— (Contains (has a) l

4
C Entity ,k Interaction )
« Pathway

— A set of interactions

— E.g. Glycolysis, MAPK, Apoptosis Physical Entity )
* Interaction

— A basic relationship between a set of entities

— E.g. Reaction, Molecular Association, Catalysis
* Physical Entity

— A building block of simple interactions

— E.g. Small molecule, Protein, DNA, RNA




BioPAX: Interactions

(Interaction)

l
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ComplexAssemb@

< Catalysis > CModuIation> (BiochemicalReactioD(Transport)

(TransportWithBiochemicaIReaction)




BioPAX: Physical Entities
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BioPAX Ontology

]

conversion control
@ COMMENT o COMMENT
@) PARTICIPANTS o PARTICIPANTS
@) AVAILABILITY 0 AVAILABILITY
@ DATA-SOURCE o DATA-SOURCE
@] SYNONYMS o SYNONYMS
(o) SHORT-NAME @l SHORT-NAME
o NAME @ NAME
o ZHE: @ XREF
[ RIGHT @ CONTROLLED
] LT @ CONTROL-TYPE
@ SPONTANEOUS = T

T

biochemicalReaction catatvals
PARTICIPANTS ’ ki
I CONTROLLED
= o CONTROLLED
RIGHT il COMMENT = s
SYNONYMS @ PARTICIPANTS [% PARTICIPANTS
SHORT-NAME o atfal ol 2 [; AVAILABILITY
SPONTANEOUS (1) CENTROLTHTE o) CONTROL-TYPE
o DATA-SOURCE :
@ COMMENT % CONTROLLER o DATA-SOURCE
@ AVAILABILITY == ] CONTROLLER
ol fal SYNONYMS =
(o] LEFT E SHORT-NAME o SYNONYMS
= L1 @l SHORT-NAME
& DATA-SOURCE o) NAME © NAME
© NAME 0] AREF [g] XREF
= G @ DIRECTION =
5 SETAT @ COFACTOR
1] DELTA-S
m EC-NUMBER
0 KEQ
@ DELTA-G




XML Snippet

<bp:biochemicalreaction rdf:I1p="biochemicalreactionz7":
bp:biochemical i df "bioch 1 37
<bp:DATA-SOURCE rdf:iresource="#datasourceld" >
<bpILEFT>
<hp: sicalEntityParticipant rdf:ID= sicalEntityParticipant =
bp: physical £y fcip a4 hysical ity icipant26”
PP ISTOICHIOMETRIC-COEFFICIENT 1L, U< IETOICHIOMETRIC—COEFFICIENT =
bp 1. 0</bp
<bp:PHYSICAL—ENTITY>
<bp:smalImMmolecule rdf:Ip="smallMoleculez?">
<bp :SHORT-NAME rdf:datatype="http: Avww.w3.org 2001 ~MLsSchema#string”
=a-0-glu-6-p</bp: SHORT—HAME >
<bp iCHEMICAL -FORMULA rdf:datatype="http: Awww.w3. org 2000l >MLSCchema#string”
+CEHL 309 < /hp i CHEMIC AL —FORMUL A
<bp:syNONYMS rdf:datatype="http:/Awww. w3, 0rg/ /2001 HMLSchemagstring”
>& 1T FONT FACE="Symbol "=a&lt; /FONT>-0-glucose-6-phoshate< bp: Sy NONYMS:
<bp i ®REF>
<bp:unificationxref rdf:ID="unificationxrefs0o":>
<bp:ID rdf:datatype="http:Hwww.w3.org 2000 MLSchema#string”
00668/ hpID>
<bp:DE rdf:datatype="http:/Swww.w3.org 2000 ML Schema#string”
#KEGG</bp:DE>
</bprunification=ref:
M
</Dp i XREF>
<hp:=REF rdf:resource="#unificationxrefza" s
<bp:MOLECULAR—WEIGHT>260.14<XbP:MOLECULAR—WEIGHT>
<hp:AVATLABILITY rdf:datatype="http: Hwww. w3 org 2000 MLschemadstring”
»see http:/Awww.amaze.ulb.ac.be/</bprAvATILABILITY >
{b?:SYNONYMS rdf:datatype="http: Awww. w3. org/ 2000, MLSCchemagstring”
>E ucose-6-P<bp i SYNONYMS >
<hp:DATA-SOURCE rdf:resource="#datasourceld" »
<b?:SYNONYMS rdf:datatype="http: Afewww.w3.0org 2001 ~MLEchema#string”
>alpha-o-glucose-6-p</bp SYNONYMS >
<bp I STRUCTURE>
<bp:chemicalstructure rdf:ID="chemicalstructure2g">
<bp I STRUCTURE-FORMAT »SMILES< /bp:STRUCTURE-FORMAT >
<hp:STRUCTURE-DATAXCCOPC=00 (0000 [CHILC [CH] (ol [CH] (o) [CH] (o) [CH] (0l0ll < hp STRUCTURE-DAT A
</bpichemicalstructures
</PDpISTRUCTURES
<hp:MAME=aTlpha-D-glucose G-phosphate<bp: NAME >
<b?:SYNONYMS rdf :datatype="http: Aeww.w3.0org 2001 ~MLschema#string”
>alpha-b-glucose-6-phosphate</bp SYNONYMS >
<bp:isyNoNYMS rdfidatatype="http: Awww. w3, org 2000 MLSchema#string”
> D-glucose-a-P< Do SYNONYMS >
<bp:DATA-SOURCE rdf:iresource="#KE_435584_Tndividual_ 47"/ >
</bpiamalimMolecules
</ P PHYSICAL-ENTITY>
<bp iCELLULAR-LOCATION rdf:resource="#opencontrolledvocabularyls" >
</bp:physicalentityrarticipants
</bpILEFT>
<hp:DELTA-G rdfidatatype="http: Awww. w3, org 2000 MLSchema#double"
>0, 4 </ bpiDELTA-G>
<b?:SYNONYMS rdf:datatype=“htt?:}EWWw.WE.DrgﬁEDGl}kMLSchema#string“
»alpha-o-5lucose &6-phosphate &1t;=r beta-D-Fructose 6-phosphate </ bp:SYNONYMS:
<hp:RIGHT >
<bp:physicaleEntityParticipant rdf:10="physicaleEntityParticipant38">
<hp:CELLULAR-LOCATION rdf:resource="#opencontrolledvocabularyls" /=
<bpIPHYSICAL-ENTITY >
<bp:smaliMolecule rdf:Ib="smallMoleculess">
b TTma’l 1 df “smallmal Teszg"
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Phosphofructokinase

Biochemical Reaction
Glycolysis Pathway

Source: BioCyc.org



H OH
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[D-fructose-6-phosphate

+ ATP

fructose-1,6-bisphosphate

biochemicalReaction

Left ©

PARTICIPANTS

Right

0 RIGHT

(o) SYNONYMS
m SHORT-NAME
(o) SPONTANEOUS
[1]] COMMEMT
0l AVAILABILITY
o LEFT

o DATA-SOURCE
m NAME

@ XREF
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1@ DELTA-S

@ Eonuwee EC #2.7.1.11
ol KEQ

il DELTA-G




H H H H EH
H OH H 0=F—0OH
H H
HU—E—D H™ D—E—DJ/\D: iH A +ADP +H*
! !
[D-fructose-6-phosphat -1,6-bisphosphate

T fructo
%hosphofructokina%

Controller
Controlled catalysis
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Controlled Vocabularies (CVs)

* BioPAX uses existing CVs where available via
openControlledVocabulary instances
— Cellular location: Gene Ontology (GO) component
— PSI-MI CVs for:

 Protein post-translational modifications
* Interaction detection experimental methods
« Experimental form

— PATO phenotypic quality ontology
— Some database providers use their own CVs
* E.g. BioCyc evidence codes
* More at the Ontology Lookup Service
— http://www.ebi.ac.uk/ontology-lookup/



Worked examples

Metabolic pathway
— EcoCyc Glycolysis (energy metabolism pathway)

Protein-protein interaction
— Proteomics, PSI-MI

Signaling pathway step
— Reactome CHK2-ATM

Switch to Protege

Available from biopax.org

— http://www.biopax.org/Downloads/Level2v1.0/biopax-
level2.zip



Exchange Formats in the Pathway Data Space

Database Exchange Simulation Model
Formats Exchange Formats

BioPAX

ol
CellML

Rate
Molecular Interactions Formulas
Pro:Pro « ———» All:All . .
Biochemical
Reactions

Sma!l Molegules ‘ Metabolic
Low Detail «— High Detail

Pathways
Low Detail <« »High Detail




Using BioPAX
« Databases

— BioCyc (EcoCyc, MetaCyc, many
pathway genome databases)

— KEGG (available soon — KEGG, aMAZE,
Sander)

— MSKCC Cancer Pathway Resource
— Reactome

— PSI-MI (via converter)
— Switch to Pathguide

* Tools e ®
— cPath, Cytoscape, GenMAPP, O
PATIKA, QPACA, VisANT /
« caBIG
O



The Cancer

o eF e F r¥roscapedBsEiopo

Filié= Egiitt Daza~ Select! Lavout: Visualiration: Plyodns: CvtoPaneis: Held

TR
=

A ALOX TP 3

CwiePene)t | D) e _Vithasaatan, B )| DwoPenerz? - e
S Ay VY t—— _F=s -
Netmork Modes:  Ed » 1% : . : ™
nwor ndas: gas: — (™ pathway List: &7 ExpressionDatasl
R 2030 2770 =
-ExpresstonrData:Files
| Browse= |
O v e
1 :
Iy 4 A -Expressfonn/ Pathway Stats
. Pathiwayy KitReecepton
."‘— | Expression Data:Fies samplepyald:
" B |
X el Nodegin Pathwayy 2033
e 1 DNARMAIPToten Entities with AfymetiiDs:  54(27%] |
S a AW W | DNARNAPTotin Entities with Expression Datas 1678961
= | RowsorExpression Datas 1199
. Rowsof ExpressionrData-dn Fathwayy 119910056}
N
b Wi i |
b % | |
[ (= = e
= ; R | |
Nodes: 203 (0 setécted) Edges: 277 (0 selécted) )
CytoPanel 3 o
& ~OonditionSeléeton -Cotor Gradient 1 NocDatas
| G ' | PhysicaiEntities: (@
18 s | L (| I
: 11 22 33 44 | _44TE 7.98 | Interastion Entitiess @

ConditionPRi[1/43]" |

-Configure-Oolor Themeass

(T W [N T Acvanced))

(Mo Experimentab Conditionss) |

cancer.cellmap.org




htt _// L t b d / - VisANT::0pen File:biopax-example-ecocyc-glycolysis. owl E|E|E|
p- Vlsan . ue u File Edit View Filters Layout MNodes [ u-c MetaNetwork Topology Options Plugins ﬂelp

GLYCOLYSIS |
[C] Lahels [ Auto Fit

[¥] Quick Tip Help
Select Zoom In
Zoom Out

wd

Zoom Back
|| Fit to Page

SPF-1- GF'X

| Escherichiacolik-12 |

If you don't have an aceount
Login
FRUCEIS

| FRUCEISALD- DLASSI

| Sawve As ! Save

----- - I

i : , Q\. ()
IBnafwaire's'p | Open | <#
I

¥

our data; Add

GAPDH-A-CPLx

|N a7, SN 1 | E 66, SED | Prucessmg pathwayStep306

I|.Java Applet Window




006 Cytoscape Desktop (New Session)
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Switch to Cytoscape

* Load BioPAX pathway from Reactome
(reactome.orq)

— http://reactome.org/cqi-
bin/biopaxexporter?DB=gk current&ID=195721

* Load, view + lay out
« Extract UniProt IDs from Cytoscape attributes
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Software Development

 PaxTools
— Open source Java
— Read/write BioPAX files (Level 1,2)

— Object model in memory that can be populated
and queried

— Validation on create, read (under development by
MSKCC, OHSU)

— http://biopax.cvs.sourceforge.net/biopax/Paxerve/



BioPAX Level 3 (in progress)

States and generics
— E.g. phosphorylated P53, alcohols

Gene regulation

— E.g. Transcription regulation by transcription
factors, translation regulation by miRNAs

Genetic interactions

— E.g. synthetic lethality, epistasis

Better controlled vocabulary integration
— More accessible to reasoners

Switch to Protéege



How to participate and contribute

Visit biopax.org and join the discussion
mailing list

— biopax-discuss@biopax.org

Make pathway data available in BioPAX
Build software that supports BioPAX

Contribute BioPAX worked examples,
documentation and specification reviews

Spread the word about BioPAX



BioPAX Supporting Groups

Current Participants Databases
Memorial Sloan-Kettering Cancer Center: E.Demir, M. Cary, C. .
Sander « BioCyc, WIT, KEGG, BIND, PharmGKB,
University of Toronto: G. Bader aMAZE, |NOH, Transpath, Reactome,

SRI Bioinformatics Research Group: P. Karp, S. Paley, J. Pick
Bilkent University: U. Dogrusoz

PATIKA, eMIM, NCI PID, CellMap
Université Libre de Bruxelles: C. L : : .
CBRC Japan: K. Fukuda Wouldn’t be possible without

Dana Farber Cancer Institute: J. Zucker G Ontol
Millennium: J. Rees, A. Ruttenberg ene Unlology

Cold Spring Harbor/EBI: G. Wu, M. Gillespie, P. D'Eustachio, . Protégé, U.Manchester, Stanford
Vastrik, L. Stein ’ ’

BioPathways Consortium: J. Luciano, E. Neumann, A. Regeyv,
V. Schachter G ra ntS/S u ppOFt
Argonne National Laboratory: N. Maltsev, E. Marland, M.Syed

Harvard: F. Gibbons . ’MDepartment of Energy (Workshop)
AstraZeneca: E. Pichler «a15aBIG

BIOBASE: E. Wingender, F. Schacherer

NCI: M. Aladjem, C. Schaefer

Universita di Milano Bicocca, Pasteur, Rennes: A. Splendiani
Vassar College: K. Dahlquist

Columbia: A. Rzhetsky

Collaborating Organizations

Proteomics Standards Initiative (PSI)
Systems Biology Markup Language (SBML)
CellML

Chemical Markup Language (CML)



Aim: Convenient Access to Pathway Informatic_)n

http://www.pathwaycommons.org Pathwa Y

community pathway databases C O mim ons

3 .

||'n|ﬂn.l :
Cytoscape query % % %
CellDesigner :ﬂﬂ
1 =
GenMAPP analyze
Virtual Cell

3

Reactome

add links
__'_ . . molecular profiles

' L)
o

C,'S Wil genomes
{_:rlf Ensembl

literature context

..

F
-

Facilitate creation and communication of pathway data

Aggregate pathway data in the public domain Lo_n g term: Converge
. : to integrated cell map
Provide easy access for pathway analysis




