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Abstract

The developmentof high-throughpugenomesequencing
and protein structuredeterminatiortechniqueshave pro-
vided researchersvith a wealth of biological data. In-
tegratedanalysisof suchdatais dif cult dueto the dis-
paratenatureof the repositoriesusedto storethis biolog-
ical dataand of the software usedfor its analysis. This
paperpresentsa frameavork baseduponthe useof semi-
structureddatabasenanagemergystemshatwould pro-
vide anintegratedinterfacefor the collection,storageand
retrieval of biological datafrom existing repositoriesand
of biological information generatedy existing analysis
programs. A simple implementationthat integratesin-
formationfrom databaseandanalyticalprogramss pre-
sentedasa proof of concept.

1 Introduction

The rapid evolution of molecularbiology and biochem-
istry over the last 30 yearshas fundamentallychanged
the way in which living systemsare studied. The ad-
vent of recombinantDNA technologyin the 1970sand
80s madethe investigationof individual genesand their
geneproducts(proteins)accessiblé¢o standardaborato-
ries[43]. RapidDNA sequencingechniqueslevelopedn
the 1990sallowedfor theinvestigationof genesequences
at the whole-oganismlevel [29, 28], the drafts of the
humangenomereleasedast year providing perhapsthe
bestexample of how far the technologyhas progressed
[50, 17].

Theinvestigatiorof biologicalfunctionusingonly ge-
nomic sequencenformation has, however, proved dif -
cult. It haslong beenknown that function of proteins
in vivo is intimately relatedto their 3-D structure. X-
ray crystallographyis a methodby which the 3-D struc-
turesof proteinsmay be determinedat atomicresolution
andis the main methodby which the 3-D structuresof
proteinshave beendeterminedto date (14698 of 17813
structuresn theProteinDataBank(PDB[9]) weresolved
by X-ray crystallographyasof April 9, 2002). In recent
yearsseveral initiatives have beenstartedwith the aim
of determiningthe structuresof a large numberof pro-
teinsby X-ray crystallographyThesestructuralgenomics
initiativesaim to addresdiological questiondy combin-
ing this newly acquiredstructuralinformationwith other
forms of knowledge derived from traditional biochemi-
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caltechniquesfrom geneticsequencanalysigechniques,
andfrom risingtechniqguesuchasDNA microarraytech-
nology[45].

While mary applicationsareavailablefor the analysis
of datafrom oneor a smallnumberof differentbiological
techniquesaframawork for thestorageinterpretatiorand
analysisof datafrom a diverserangeof biologicalinves-
tigation techniqueshasbeenlacking. Supportfor inves-
tigatorsthemselesintegratingnew dataor dataanalysis
algorithmswith an analysisframewvork asthe needarises
hasalsobeenlacking.

This paperpresentsa frameavork basedupon semi-
structureddatabasethat would allow integratedstorage,
processin@ndretrieval of biologicaldata.Theframeavork
alsosuppliesan automateccascadingnechanisnfor the
updatingof databetweenmappeddatabasesThis paper
is organizedasfollows: relatedwork is discussedn sec-
tion 2; section3 containsa descriptionof how we map
biological data obtainedfrom existing repositoriesinto
moreelaboratemeta-datan the form of a semi-structured
databas@anda genericframenork for mappingfrom sim-
ple to extendedsemi-structurediatausing a rule based
databaseransformatiormechanismpne real world bio-
logical problemandanillustration of how problemcould
be addressedisingthe proposedramenork is presented
in section4; section5 presentsa simpleimplementation
asa proof of concept;andsection6 concludeghis paper
by summarizingour proposal.

2 Reated Work

This sectioncovers biological databasesgatabasenan-
agement systems (DBMS), XML technology semi-
structuredDBMS, and software for the analysisof 3-D
proteinstructures.

2.1 Biological Databases and Database M anagement
Systems

2.1.1 Biological Databases

Many databasebave beencreatedfor the storageof bi-
ological data. Sequencelatabasesuchasthe GenBank
sequencelatabank[8] facilitateanalysesf genomicse-
guencedata. The Protein Data Bank (PDB, [9]) is a
databasehat storesthe 3-D co-ordinatesof biological
macromoleculastructuressolved by X-ray crystallogra-
phy, NuclearMagneticResonanc&pectroscop (NMR),
or othertechniques.

Secondary(derived) databaseave beencreatedto
caterfor speci c researchareas. Eachdatabaseoncen-
trateson addressin@ particularproblemof biologicalre-
search. For example,the PRINTS databasd7] focuses
on protein families basedon motifs. PROSITE [31] is



a databasehat focuseson the identi cation and classi-
cation of proteinfamilies and domains. ProDom[22]
is a clusterdatabasaisedto aid domainidenti cation.
SMART [41] is adatabaséor detectingsignalling,extra-
cellularandchromatin-associatgutoteins.

New databasesre also being createdconcomitantly
with the developmentof new biochemicalinvestigation
techniguesDNA microarraytechnologyis atool for mon-
itoring a multiple geneson a singlechip thathasbeenre-
cently adoptedby the researchcommunity It givesre-
searchers clearerview of the simultaneousnteractions
thatoccurbetweerthe thousand®f genegpresentwithin
ary cell. The StanfordMicroarray Databas€SMD) [46]
storesraw and normalizeddatafrom microarrayexperi-
ments.

Interpro [6] is a databasehat integratesdata from
a numberof primary (experimental)and secondary(de-
rived) biological databasesWhile this allows biologists
anintegratedmeansof acces®f thesediversedatabases,
thereis no scopefor thetailoring of the database suit
theneedof individualresearcherghorarelyneedo con-
sult all the information presentin the databaseconcur
rently. The extremesize of a databasehat integratesall
known sequencestructuraland derived dataalso raises
scalabilityandperformancéssues.

2.1.2 Database Management Systems

The integration of heterogeneoubiological databasess
dif cult dueto the complicatedschematransformations
requiredfor eachdatabaseA furthercomplicationis that
mary mappingsare requiredbetweencomponents.inte-
gratingheterogeneousatabasealsorequiregheidenti -
cationof informationthatis implicitly or explicitly shared.
A global schemashouldbe generalenoughto handleall
mannerof heterogeneousata models. In thesetypes
of situations,the strict schemaconstraintsof relational
databasenodelbecomegproblematic.

Several systemshave beendevelopedin the pastfews
yearsfor utilizing data spreadacrossseveral heteroge-
neousbiological databasesHowever, somesystemsare
poorly documentedhardly mentionthe limitation of the
systemsandhence aredif cult to evaluate.Theseprob-
lems have later beenaddressednd some criteria have
beenproposedfor evaluating such systemsin terms of
their scalabilityandarchitecturg38, 23, 37, 36].

ACeDBJ49] is a databasenanagedevelopedto han-
dle a numberof genomicdatabaseslit usesan unstruc-
tureddatamodelinsteacbf usingrelationaldatamodel.lts
schemaonly imposesveakconstraintaiponthe database.
Somehave pointedout that the internal datastructureof
ACeDB is madeof treesand the query languageused
for queryingACeDBis anobject-orientedjuerylanguage
[14]. This limits the systemto only selectionof objects
andpointertraversalsandthesystenmcannotperformpro-
jectionsor joins.

2.2 Semi-structured Database Technologies

The eXtensibleMark-up Languagg XML) [11] hasbeen
adoptedasa meta-languagéor datainterchangeéetween
different data sources. XML datafalls into a cateyory
calledsemi-structuredataandit is generallydescribedas
suchbecausé doesnotconformto arigid schemd4, 13].
The self-describinghatureof XML makesit a promising
way to de ne semi-structurediata.

Due to the differencesin nature of semi-structured
and relational databasesa re-thinking of all aspectsof
databassystenimplementatiorhave beenrequiredin or-
der to build a semi-structuredBMS. The internal data
structureof a semi-structurediatabasés a graphrather
than a set of tables. This requiresnewn algorithmsto
be developedfor indexing, searchingupdatesandother
databas@perations.

221 XML Standardsand Query Languages

Several querylanguagesiave beenrecentlyproposedor
the queryingof XML documents. They differ in terms
of languageconstructsand of expressve power. A de-
tailedcomparisonef ve XML querylanguagesfiasbeen
provided by [10]. A new querylanguagecalled XQuery
[20] proposedy theWorld Wide WebConsortium(W3C)
has dravn attentionfrom the community regarding the
future directionsof XML querylanguages.XQuery has
arich setof languageconstructsncluding joins, FLWR
expressions,transformations.etc. It is, however, less
conciseand compactthan XQL [42] that was rst pro-
posedbackto 1998. With respecto managingoiological
datasuchasproteinstructuresand sequenc@nnotations,
we foundthatthe compactXQL senestheir applications
well. Therefore,XQL is assumedand usedto illustrate
theideasthroughouthis paper An extensionto XQuery
to provide supportfor updatedrasbeenpresentedby [48],
which is very similar to the updateconstructsavailable
in the extendedXQL implementedin [2, 51]. Finally,
[26] presentsan extensve surwey on mostof the issues
relatedto semistructuredndWeb data[4], rangingfrom
datamodelsto querylanguageso databaseystems.

Variousindustry standardave beensetupfor XML
datahandlingsuchasqueryingXML and XML pathex-
pressions.They include XPath[18], XPointer[19]. New
methodssuchasXFilter [5] have beendevelopedor faster
Itering of XML datastreamingn.

2.2.2 Semistructured Object DAtabases (SODA)
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Figurel: SODA Architecture

Recently a databasesystemcalled SODA hasbeen
implementedio handleXML databases.Figurel is an
overview of thearchitectureof SODA. SODA is aclient-
sener, semi-structuredlatabasesystemwhich is tailor-
madefor managingXML information. Query process-
ing and optimization are implementedin and executed
by clientswhile the sener is responsibldor storingand
retrieving XML objects, handling transactionsgelement
locks, garbagecollection, databasebackupsand recov-
ery. A lazy XML objectcorversionapproachs usedfor
versioning.Differentclientscanthereforesimultaneously
work with different versionsof DocumentType De ni-
tions(DTD). Thenovel SODA architecturdacilitatesses-
eral crucial featureswhich are seldomavailablein other
databaseystems.The SODA query processois mainly
located at the client side. Each query processorcon-
tainsan internalquerytranslatorthat mapsa queryfrom



onelanguagento a SODA internalmicro-querylanguage.
SODA thereforesupportsmultiple querylanguagesuch
asXPathexpressionsXQL, andXQuery.

Userinteractive programsfor biological analysisthat
requireXML databasacces&anbebuilt by linking to the
SODA client library. The library interfacesupportsem-
beddedjuerylanguagesuchasXPath,XQL, andXQuery
for rapid applicationdevelopment. XML parseror loader
is itself a databaselient so that multiple loaderscan be
run simultaneouslyto load multiple documentsvhile the
databasés beingupdatedconcurrentlyby multiple users
at the sametime. An advancedwrappersystemplaysan
importantrole in SODA asit providesa bridge between
the SODA databasandotherdatasources.

SODA sener itself consistsof a numberof compo-
nents. Eachof thesecomponentss responsiblefor its
own taskandinteractswith othercomponentdy means
of a strictly de ned interface. Thesecomponentsnclude
a storagememorymanageran accesgontrolmanagera
transactiormanagera pagepool manageran objectac-
cessmanagerandanindex managerThe modulardesign
of SODA malkesit possibleto choosdlifferentimplemen-
tationsfor eachcomponentandalsoto ne-tune SODA
accordingto the efciency of variousdatabaseananage-
mentalgorithmsandstrateyiesfor speci ¢ applicationre-
guirements. SODA sener caninterfacewith otherrela-
tional databassystemssuchasOracleor Sybasdhrough
an ODBC interface. The underlyingphysicalrepository
supportstandardOM andSODA ObjectModel (SOM).
SOM providesasystem-lgelinterfaceto the SODA phys-
ical storage.Compressiorandlow-level optimizationare
supportedvith metainformationsuchasDTD and XML
Schemale ned by theusersorautomaticalljearnedrom
the XML documents.

2.3 Software for the Analysis of 3-D Protein Struc-
tures

Many programshave beendevelopedfor the analysisof
3-D proteinstructuressomary sothata completereview
hereis impossible.A generaloverview of the algorithms
availableis presentedn [15].

PDB les containco-ordinatesn spacefor eachatom
of a proteinthatwasobsenedexperimentally Almost all
otherstructuralinformationusefulto investigatorcanbe
derived from this 3-D co-ordinatedata. An example of
suchinformationis the topology and chage-distritution
of the solvent-accessiblsurfaceof a protein.

While all aminoacidresiduegpresenin a proteinare
importantin termsof de ning its shapeandstability, only
residuepresenbnthesolvent-xposedsurfaceof thepro-
tein areableto participatein interactionswith otherbio-
logical molecules. Many programsare available for the
determinatiorof which residuesareaccessibléo solvent
[34], someexamplesbeing the programsSurfNet [33],
Surface(a memberof the CCP4suite of programq16]),
the Crystallographyand NMR System(CNS [12]), and
SASSY[35]. TheprogramSASSYis notableasit wasde-
velopedfor usein high-throughputalculations.This pro-
gramprovidesafastandef cient methodof implementing
thedotcountingmethod47] of calculatingsolventacces-
siblesurface,allowing for differentresolutionglepending
onspeedbr accurayg required.

The electrostatiqotentialspresenon the surfaceof a
proteinareimportantin termsof de ning how the protein
is recognisedvy otherbiological molecules. The calcu-
lation of chage on the surfaceof a proteinis usuallyper
formedby solvingthe Poisson-Boltzmanaquatiorfor the
entiresurfaceof a molecule. Examplesof programsable
to performthis calculationsare GRASP[40] andDelPhi
[39].

Theincreasdn power anddecreasén price of graph-
ical workstationshave madethe interactive visualization
on a standarddesktopcomputerpossible. Many differ-
entprogramsareavailablefor the visualizationof protein

3-D structures.ViewerPro[3], SwissPDB Viewer [30],

Rasmol[44], PyMol [24] and PythonMolecular Viewer
(PMV [21]) aregeneralisprotein3-D structurevisualiza-
tion programs.PyMol andPMV area particularlyinter

estingprogramsas they are built aroundthe Python[1]

scripting engine. This makesthe addition of new func-

tionality to the software suite relatively straightforward,
andmalestheinterfacingof externalprogramswith these
programssimple.

3 DataMapping and Database Transfor mation

This sectiondescribeghe proposedramevork in detail.

It coversthe preliminarystepsrequiredfor datamark-ups
and the mechanismsnvolved in the mappingof simple

XML datato more elaboratemeta-data. The rule-based
databasedransformationfor creatingthe nal expanded
databasés alsodiscussedlt nally coversissuesonhow

to usethe SODA systemto provide a consistentlatare-

trieval layer.

[Data from existing repositories ]

la). Data parsing and marking up

[Data in simple XML formaﬁ

$ 1b). Data converstion plug-ins

[ Data generated by analysis applications ]

1c). Rule-based database transformation

[ Expanded database ]

i 1d). SODA2 DBMS for data retrieval

[ Client applications ]

Figure2: Overall stepsinvolvedin the datamappingpro-
cess

3.1 Preliminary Data Mark-ups

As showvnin gure 2 partla,datawill betranslatedrom
existingrepositoriesnto semi-structuredata.In ourcase,
the defaultdataformatfor semi-structuredatais XML.

This processds uniquefor eachdifferentdatasource.
Take for examplethe 3-D protein structuraldatapresent
in aPDB le. Only the minimal setof datarequiredfor
furtherinvestigationneedsto be excised. In the example
of aPDB le, thisdatacouldbethe”ATOM” rowswhich
contain(amongsbthers)the elds residuename,residue
number atomicx, y, z co-ordinatespccupang, andcrys-
tallographictemperaturdactor; the only datarequiredto
build a3-D modelof theprotein. Furtherinformationmay
bededucedy usingtheprogramsgresentedh section2.3.

Datatransformatiowill beperformedusingatechnol-
ogy calledLSX/LSX-T. LSX/LSX-T is a SODA-speci ¢
translationlanguagethat is essentiallythe reverseof the
XSL/XSLT process.lt is responsibldor mappingexter-
nal, non-XML datasourcego XML sothatthey canbe
gueriedby SODA. TheLSX-T plug-inis a dataextraction
and transformationtool for corverting ary data stream
into XML. Examplesof such data streamsinclude the
outputfrom biological databasejueriesand outputfrom
proteinstructureanalysisprograms.LSX-T maintainsas
muchconsisteng aspossiblewith the XSLT technology
providing aconsisteninterfacefor applicationsandusers.
LSX syntaxlooksalmostidenticalto XSL syntax,thedif-
ferencebeingthat a few extensionshave beenadded. A
genericwrapperthat cantransformdatafrom (ary) one
format to anotheris createdby integrating LSX-T with
XSLT.

ToillustratethebasicLSX idea,considethefollowing
shortexample. Assumewe would like to corvertthe le



2PCYpdb from the PDB web site to XML format. The
PDB le lookslike thefollowing:

HEADERELECTRONTRANSPORTPROTEIN(CUPROPROTEIN)...
COMPNDAPO-PLASTOCYANIN($P*H 6.0)

REMARK3 REFINEMENT. RESTRAINED...
REMARK4 THE STRUCTUREOF...
TURN1 T1 ALA 7 GLY 10 ..

ATOM1 N ILE 1 -1453 19.554 26.971..

Thecorresponding.SX to performtheabove transfor
mationwould be:

<?xml version="1.0'?>

<PDB>

<Title.Section>

<?soda_lsx:for-each-line
group=""HEADER.{4}(.{40})(.{9}) .{3}(.{4})"?>

<HEADER>

<classification>

<?soda_lsx:value-of $group[l]  strip="1"?>
</classification>

<depDate>

<?soda_lsx:value-of $group[2] strip="1"?>
</depDate>

<IDcode>

<?soda_lsx:value-of $group[3] strip="1"?>
</IDcode>

</HEADER><?soda_lIsx:end-loop?>
<REMARK><?soda_|sx:for-each-line
rel="REMARK  1(.{0,60})"?>
<REMARK.1>

<remarkNum>1</remarkNum>

<text>

<?soda_lsx:value-of $rel[1l]  strip="1"?>
</text>

</REMARK.1><?soda_lsx:end-loop?>
<?soda_lsx:for-each-line

re2a=""REMARK 2 RESOLUTION.(.{37})"?>
<REMARK.2>
<remarkNum>2</remarkNum>
<?soda_lsx:for-each-line

re2=""REMARK 2 RESOLUTION.({5})
<resolution>
<?soda_lsx:value-of
</resolution>
<?soda_lsx:end-loop?>
<comment>
<?soda_lsx:value-of
</comment>
</REMARK.2>
<?soda_lsx:end-loop?>
<?soda_lsx:for-each-line
<REMARK.3>
<remarkNum>3</remarkNum>
<text><?soda_lsx:value-of $re3[1]
</REMARK.3><?soda_lsx:end-loop?>
<?soda_lsx:for-each-line

re4="REMARK ( [4-9] \

[1-9][0-9]][1-9][0-9][0-9])({0,60})"?>
<REMARK.4_999>
<remarkNum>
<?soda_lsx:value-of
</remarkNum>
<text>
<?soda_lsx:value-of
</text>
</REMARK.4_999><?soda_|sx:end-loop?>
</REMARK><?soda_lsx:end-loop?>
</Title.Section>

ANGSTROMS."?>

$re2[1]  strip="1"?>

$re2a[l]  strip="1"?>

re3="REMARK  3({0,60})"?>

strip="1"?></text>

$red[1]  strip="1"?>

$red[2]  strip="1"?>

</PDB>

The full .Isx le is available for download at
http://lwww.cse.unsvedu.au/"wshuiandthe Isx program
is availablefrom the authorby request.The XML output
from the programlookslik e the following:

<?xml version="1.0'?>

<PDB>

<Title.Section>

<HEADER>

<classification>
ELECTRONTRANSPORTPROTEIN(CUPROPROTEIN)
</classification>

<depDate>03-NOV-83</depDate>

<IDcode>2PCY</IDcode>
</HEADER>

<COMPND>

<continuation></continuation>
<compound>APO-PLASTOCYANIN ($P*H 6.0)</compound>
</COMPND>

<AUTHOR>

<continuation></continuation>

<authorList>
T.P.J.GARRETT,J.M.GUSS,H.C.FREEMAN
</authorList>

</AUTHOR>

<REMARK>

<REMARK.1>

<remarkNum>1</remarkNum>

<text>

TITL X-RAY CRYSTAL STRUCTUREANALYSIS
OF PLASTOCYANIN

</text>

</REMARK.1>

</REMARK>

</Title.Section>

<Primary.Structure.Section>
<SEQRES>
<serName>1</serName>
<chainlD></chainI|D>
<numRes>99</numRes>
<resName>ILE</resName>
<resName>ASP</resName>
<resName>VAL</resName>
<resName>LEU</resName>
<resName>LEU</resName>
<resName>GLY</resName>
<resName>ALA</resName>
<resName>ASP</resName>
<resName>ASP</resName>
<resName>GLY</resName>
<resName>SER</resName>
<resName>LEU</resName>
<resName>ALA</resName>
</SEQRES>

</Primary.Structure.Section>
<Heterogen.Section>
<FORMUL>
<compNum>2</compNum>
<hetID>HOH</hetID>
<continuation></continuation>

<asterisk>*</asterisk>
<text>42(H2  O1l)</text>
</FORMUL>

</Heterogen.Section>

<Coordinate.Section>

<ATOM>

<serial>1</serial>
<name>N</name>
<altLoc></altLoc>
<resName>ILE</resName>
<chainlD></chainI|D>
<resSeg>1</resSeq>
<iCode></iCode>
<x>-1.453</x>

<y>19.554</y>

<z>26.971</z>
<occupancy>1.00</occupancy>
<tempFactor>15.93</tempFactor>
<seglD>2PCY</seglD>
<element></element>
<charge>78</charge>
</ATOM>

;/Coordinate.Section>
</PDB>

This datatransformationlayer can supportarbitrary
numberof structuredformatsanddifferenttypesof data.
Theresultingdata(in XML format)is loadeddirectlyinto

SODA or may be saved on le systemsfor further pro-
cessing.

3.2 Meta-data Creation

This stagecreatesa set of meta-datafrom the original
dataset,the resultingmeta-dataeingstoredin the XML



databaseystem.To avoid confusionin namingdifferent
datasetsin this paper we de ne the initial datasources
from differentrepositoriegpre-XML mark-ups)asdb-1,
theXML dataproducedrom preliminarydatacorversion
asdb-1a andthe meta-datareatedrom db-laasdb-1h
Startingfrom db-1a a setof algorithmsor applications
canbeappliedto derive morespeci ¢ data.Thetransition
from db-1lato db-1bincludesactionssuchas secondary
structuredetection,calculatingthe dihedralangles,cal-
culating molecularsurfaces,and so on. Generally this
procesdriesto generateas much extra informationasis
relevantfrom a singlesetof datavalues.We canview this
processasaone-to-oner one-to-mag mappingof db-1a
todb-1h

Onecould arguethatit is simplerto extractthesein-
formationfrom the existing PDB les. Whatwe aretry-
ing accomplish however, is the creationof an automatic
cascadingnechanisnsuchthatwheneveroriginal data(in
our case the simple XML mark-ups)changethe system
automaticallyupdatesall the dataderived from this orig-
inal data. The advantagef this mechanisnincludethe
following:

1. Deriveddatacanbekeptconsistentvith theraw data.

2. At timeswhenbetteralgorithmsfor featuredetection
aredevelopedwe canapplythemasadditionalplug-
ins to derive the meta-data.This makesthe process
procesof meta-datareationmorestream-linecand
easierto manage.

3. Differentsetsof datageneratedby usingdifferental-
gorithmscanbe comparecandexamined.

The simple XML datais rst parsedthrougha I-
ter that usesa fast ltering mechanisnto selectvely ap-
ply differentalgorithmson datathat ts descriptiongrom
gueryexpressionsuchasXPathexpressionsTechniques
suchas XFilter allows suchfunctionality Schematrans-
formationfrom db-l1ato db-1bis alsoperformedas part
of this process.

3.3 Rule-based Database Transfor mation

Up until this stagewe have createda processthat uses
one-oneor one-many mappingto generateneta-datdrom

simple marked-updata. The mappingfunctionsusedare
simplealgorithmsor applications Extrainformationmay
be generatedby using a mary-to-one or mary-to-mary

mappings. This layer of informationis generatedising
rule-baseddatabasdransformations.The following sec-
tions describethe detailsof rule-basediatabaséransfor

mations.

Therulesfor datamappingcanbe a setof algorithms,
one-to-onepone-to-magy, mary-to-oneor mary-to-mary
datamappingspr a separatgob to be processedby exter-
nal programs.This stepmay thereforenot be asef cient
asa databaseystemshouldbe. Furtheroptimizationof
this stepcanbeexploredin laterexperiments.

3.3.1 Data-structures

Schema transformation between one semi-structured
databasdo anotheris differentto the corventionalre-
lational databasdransformation. This is mainly due to
the nature of semi-structureddatabase. That is to say
thatthereareno strict constrainton the databasewhich
standdgn contrasto thestrict constraintenforcedoy rela-
tional databaseschema.As aresultof this, all nodesthat
t ourcriteriamustbefoundby usinganXPathexpression
beforethey canbe mappedo anothematabase.

Data-structuresnvolved in this stageinclude a Di-
rected Acyclic Graph (DAG) to handlethe rule depen-
deny anda hashtableto index the XPath expressionto
correspondinglatanodes.

Rulesfor transformatiomrmay or may not be indepen-
dentof eachother For example considettherearen rules
for mappingdatabasa to databas®. Then,it is possible
for rule j to be dependenbn the completionof rule i and
rulek, where(i > 0,j >0,k>0,i<n,j<nk<nn>
0,andi # j # k). Ruledependengmustthereforebecon-
sideredwhenimplementingrule-basedransformation.

Figure3: Rulesaresavedin a DAG andtraversedin re-
verselevel order

Onesolutionto thisis to setrulesinto a datastructure
suchasa DAG. Eachleaf nodecontainsa rule thatis in-
dependenbf others. The immediateparentnodesof the
leaf nodesarecontainrulesthatrequirethe completionof
their child nodes'rules rst beforeexecutingitself. The
sameprinciple appliesfor theirancestonodes.As shovn
in gure 3, the numbersnext to eachnodesindicatesthe
orderin which the graphis traversed. This is a reverse
level-orderedtraversalof the graphandit canguarantee
thecorrectorderof executionof eachruleswithoutviolat-
ing rule dependencies.

A hashtableis alsousedto mapthe hashedvalue of
anXPathexpressiorto its correspondinglatanodes.This
allows fasteraccesso the datanodes.Considetthe XPath
expression/ /atom[secondary = ”heliz”]. The corre-
spondingdatanodesare storedin a list, readyto be pro-
cessedy the mappingfunctionsor programs.

\:

Directed Acyclic Graph

Key Index
Hashed XPath Expressions

HEEENEEN

List of node IDs

Figure4: Rule-basediatabaséransformation

3.3.2 Transformation Algorithm

We rst de ne the nal expandeddatalayerasdb-1c It
is generatedhroughthe rule-basedransformatiornfrom
db-1h

1. Createavirtual node(asshovnin gure 5) andlabel
it V. Link nodeV to all of the selectechodesfrom
db-1bthatareto bemappedo db-1c



2. Createa root nodeR for db-1cbeforearny mapping
starts. All the outputfrom the mappingwill be de-
scendanbf nodeR.

3. LetX ={e1,e2,e€3,...,en} where n > 0 andeache
is aXPathexpressiorfor aspeci ¢ setof nodesn db-
1b. Foreache € X, we nd all thenodesfrom db-1b
andsave theirlocationin alist. Thelist is thensaved
into a hashtableH asthevaluewith a matchingkey.
Thekey is the hashvalueof the XPathexpressiore.

4. Let the DAG that storesrulesbe G. TraverseG in
reverselevel ordetr For eachnodetraversed extract
the mappingfunction F from the nodeandits corre-
spondingXPathexpression.

5. Probethe hashtable H usingthe XPath expression
and nd the correspondinglatasetD. Apply F on
D in orderto generataew datasetD’.

6. Re-oganizedatasetD’ suchthatall nodesin D’ are
descendarf nodeR.

db-1b (meta-data presented in trees)

N
NS
Virtual node (V) ‘/4{1 -
* Rules
Y

IS} Root node (R) for db-1c

AN K

db-1c (the output from database transformation)

Figure5: Rule-basedlatabas¢ransformation

3.4 Interfacing with Data L ayer

As aresultof rule-basediatabaséransformationthe nal
datalayerdb-1¢ oncegeneratedhecomeshe supersebf
db-1banddb-1la Userscanquerydb-1cfor dataorigi-
nally from db-1banddb-1a Retrieving informationfrom
this datalayerrequireshe useof SODA.

3.4.1 Queryingthe Database

Whendocumentsareloadedto SODA, informationsuch
as le name,owner, creationdatewould be addedassys-
tem annotationgor the documententry point (the docu-
mentroot node). This informationis also maintainedas
meta-datdor fastaccesgo a particulardocument. The
corresponding{Query function for specifyingthe docu-
mentnameis

document(“protein.xml")//Name

This querywill nd all Nameelementsrom the doc-
ument protein.xml storedin the database. Since docu-
mentinformationis storedasannotation regular expres-
sion matchingdoesapply to this information. For in-
stance,the following will nd all Name elementsfrom
any XML documentsstoredin the databasevith names
matching' * . *pr ot ease’ ' .

document("".*protease\.xml")//Name

Therefore,userscantailor their queriesjust like they
can with other relational databases.Insteadof writing
SQL [32] functions,userscanspecifytheir own XQuery
functions notethatXQueryis itself afunctionalprogram-
ming language.Thisis e xible for usersto developtheir
own systemindependentlataanalysigorograms.

SODA also supportsquerying external datasources,
either from le or URL, and store the result under a
particularelementnode of a local databasehat resides
within the SODA system. The following query will re-
trieve an XML documentgeneratedy an external CGl
script and nd all entriesthat has an entry name of
"T3MO_SALTY”. Theresultwill besared undertheroot
nodeof the currentdatabas@amed_ocalSwissRut.

/[LocalSwissProt[0]!

insert(
url("http://au.expasy.org/sprot/getxml.cgi”)
/linfo[EntryName="T3MO_SALTY"]

)

Theinsertandurl operatorsaresystemspeci ¢ func-
tionsof SODA.

4 Example Scenario

This sectiondescribesa real biological problemanddis-
cussedow our proposedsystencanassisin solvingsuch
problem.

4.1 A Biological Problem

Enzymesareproteinsthatmodify the rateat which chem-
ical reactionsoccurwithin biological systemsThe active
site of an enzymeis de ned asthe region of the enzyme
involvedin substratéindingandsubsequentatalysis.A
studyof the 3-D structureof anenzyme andof theactive
sitein particular canassistin the elucidationof the pre-
cisecatalyticmechanisnof the enzyme.Detailedknowl-
edgeof enzymecatalytic mechanismis importantfor a
numberof reasonspne beingthat a detailedknowledge
of the mechanisnof animportantenzymecould leadto
the developmentof new, more potenttherapeuticagents
(so-calledrational drugdesign).

Whilst the functional regions of mary enzymeshave
beenreportedwith high precision thereis still muchthat
remainsto be determinedaboutwhat makes somesites
speci ¢ for roleswithin the context of the completeen-
zyme. To this endit is proposedhat a study of the ac-
cessibilityof suchsiteswould allow usto infer somegen-
eralrulesor guidelinesasto accessibilitief andamino
acid compositionswithin suchsites,andthereforeto their
placementin the overall topology of the enzymes. We
anticipatethat sucha studywill provide insightinto the
structuralrequirement®f particularactivities within pro-
teins.

As mentionedn sectionl, several consortiahave un-
dertalento determinethe 3-D structuref mary proteins
in a high-throughputmanner Improvedknowledgeasto
whatconstitutesanactive sitewould simplify theanalysis
structuresdeterminedby thesestructuralgenomicscon-
sortia. An in-depthknowledgeof the structuralproper
tiesassociateavith a particularfunctionwould alsoaidin
comparisondetweerfamiliesof enzymeselatedby sim-
ilar sequencehinding partnersor actwity.

4.2 A New Approach

As mentionedabove, therearecurrentlyno completecri-
teriathatcanbeusedo ef ciently determinevhichamino
acidresiduedorm partof thefunctionalregionsof anen-
zymebasedon 3-D structuraldataalone.We will useen-
triesfrom the PROSITE databasé¢o helpde ne thefunc-
tional regionsfor proteins.LSX-T will be usedto import
PROSITEInto thedatabaseTheresultingXML datarep-
resentatiorof PROSITEwill look lik e the following (due



to spaceconstraintswe will not shav thefull translation
for PROSITEentries).

<PROSITE>

<Entry id="SUBTILASE_ASP"
<AC>PS00136</AC>

<Date>
<Created>APR-1990</Created>
<Updated>
<DataUpdate>NOV-1995</DataUpdate>
<InfoUpdate>JUL-1998</InfoUpdate>

type="pattern">

</Updated>

</Date>

<Description>

Serine  proteases, subtilase family,
aspartic acid active site.

</Description>

<Pattern>
[STAIV]-X-[LIVMF]-[LIVM]-D-[DSTA]
-G-[LIVMFC]-x(2,3)-[DNH]
</Pattern>

<PDBRef>
<Ref>1AH2</Ref>
<Ref>1BJR</Ref>

</PDBRef>
</Entry>
</PROSITE>

Thesede nitions of active site compositiongained
from the PROSITE databasevill be usedin a bootstrap-
pingcontext. It is anticipatedhatouranalysiswill provide
insightinto the characteristicef a the functionalsitesof
proteinssuchthatthesehuman-annotatedatabasesould
no longer be required. Solvent accessibilitycan be re-
trieved for the residuesn the functionalregion and oth-
ers for comparisonpurposesby extracting the relevant
marked-up PDB data from the databasecreatingPDB
les to be processedandthenimportingtherelevantout-
putinto thedatabasasmeta-data.

The stepsare examplesof rule-baseddatabasdrans-
formations.A rule canbe createdo checkhow common
accessibilityis, andlabeling certainamino acidsas hav-
ing rareaccessibilitiesasappropriate A secondule, de-
pendenbn the previousone,canbe createdo testpostu-
latedcorrelationsTheresultsof rule checkscouldbethen
importedinto the SODA databasemakingit availableto
clientapplications.

Chage distribution within functionalsitesis alsoim-
portant,especiallyin thecontext of bindingpartnemrecog-
nition andcanbeanalyzedwith thehelpof programsuch
asDelPhi. Programssuchas SurfNetcanalsobe usedto
build description®f thetopologyof functionalsites.Due
to the 3-D natureof the above information and of other
problemswve areseekingo addressaclientthatinterfaces
with thePyMol or PMV molecularvisualizationpackages
couldalsobe of assistance.

5 Prototypelmplementation

As a proof of concept,we built a small prototypewith
minimalfeatureso demonstratéhefeasibility of ouridea.
This sectiondescribeghe mainsstepsthat areneededn
settingup this prototype. We also discussvarioustests
doneontheprototypeandtheir results.

5.1 Solvent Accessible Surface Area (SASA)

Our prototype currently includesan implementationof
solvent accessiblecalculationsbasedon the program
SASSY[35]. Solventaccessibilityhaslong beenrecog-
nised[34] andis now widely acceptechsa usefulmeans
of describingtopologicalandfunctional propertiesof ex-
perimentalproteinstructures.It playsa key role in com-
puting the solvation enegy of proteins,andis centralto
the hydrophobiceffect of protein folding [27]. Solvent
accessibilitthasalsobeenrelatedto the stability of water
solubleproteins[25]. Algorithms calculatingaccessible

surfacecanbe slow andapplicationsoftendo not provide

e xibility of output. By extendingthe standard®DB en-
triesin the databaseo includesolventaccessibilitiessol-
ventaccessiblsurfaceswill bemorereadilyobtainabldo
users.

The SASA modulefor this prototypeis amodi ed im-
plementatiorof the SASA algorithm. This moduleworks
on XML datainsteadof standard®DB les. No signi -
cantchangehasbeenmadeto the implementatiorof the
algorithmitself.

5.2 Main Steps

The prototype uses application programminginterface
(API) provided by SODA version 3 and its backend
databassystenmto maintainXML data.SODA3 provides
aninterfacethatallows developergo implementheirown
functional modulesand then dynamically load into the
systemthrough XQuery calls that startswith an unique
namespacetherthanthosethataretakenup by theW3C.

For this prototypeijt consistof threemainsteps.They
are:

1. UsingtheLSX modulefor PDBto XML corversion.

2. Load the modi ed implementationof the SASA
module.

3. Activatethetriggersystemto link the SASA module
to theXML data.

5.2.1 PDBto XML conversion

Writing theLSX le to corvertPDB les to XML will be
the rst stepin cornvertingraw data les into XML data.
TheLSX le isthenloadedinto the SODA databasays-
tem. Thisis doneusingalocal XQuery extensioncall:

soda: | oad( " pdb. | sx")

The function "soda:load” is an extension of the
XQuery for SODA system. It executesthe loading of a
datainto the databaseThe le "pdb.Isx” containsall the
LSX codedor corvertingPDB les into XML formatand
itselfis awell-formedXML documentsoit canbeloaded
into the databaseThe advantageof storingthe LSX les
asa partof the XML databases thatit canbe reusedto
corvertotherPDB les into XML, andit cansave time
loadingtheactualLSX le itself.

After the loading of the LSX le, a PDB le
"2PCY.pdb” is loadedinto the main databaseThis PDB
le is arecordfrom the PDB databasdhat descreibes
thestructureof theelectrontransporproteinplastoganin.
Thecorversionis invokedby calling:

soda: | sx("pdb.|sx", "2PCY.pdb")

The function "soda:lsx” is another SODA de ned
XQueryfunction. It executeghe LSX codeto transform
agivensourcedata le into XML andloadthe XML le
into the databassystem.

5.22 TheTrigger system

Oncethemodulehasbeenimplementedye needto link it
with the sourcedataandthe secondayermeta-dataSuch
thatwheneerthe sourcedatalayeris changedthetrigger
systeminvokes SASA moduleto recalculateSASA val-
uesand updatethe meta-datdayer SODA gives users
the choicesof trigger at either the sourcedatalayer or
the meta-datdayer Thatis, we caneitherusetriggerto
link SASAto thesourcedatalayer, suchthatwheneverthe
sourcedatais updatedthe meta-datas alsoupdated.The
otheroptionis lesssensitie to the updateof sourcedata,
this involvesthetriggerto link to the meta-datdayer So
wheneer userstry to accesghe meta-datdayer, the rst
thing the systemwill dois to resynchronizeéhe datawith
thesourcedata. This couldslow down theinitial read,but
it usedessresources.



53 SASA Test On XML Data

For this experiment,we intendto build meta-dataon sol-
ventaccessiblsurfaceareagor eachatomsn PDBrecord
2PCY. SASA moduleis theimplicit transitionrule which
generateghe nal meta-data. After the transition, new
nodesin the databaseanbe view by runningthe follow-

ing query

let $a =
return
<?xml version="1.0"?>
<2PCY.SASA.Test>
{for $i in $a
<ATOM>

{$i/serial}
{$i/name}
{$i/sasa}
</ATOM>}
</2PCY.SASA.Test>

document("2PCY.pdb.xml")//ATOM

Theoutputof thequeryappearsasthefollowing:

<?xml version='1.0'?>
<2PCY.SASA.Test>

<ATOM>
<serial>1</serial>
<name>N</name>
<sasa>16.1304</sasa>

</ATOM>

<ATOM>
<serial>2</serial>
<name>CA</name>
<sasa>9.05721</sasa>

</ATOM>

<ATOM>
<serial>3</serial>
<name>C</name>
<sasa>0</sasa>

</ATOM>

<ATOM>
<serial>4</serial>
<name>0O</name>
<sasa>0</sasa>

</ATOM>

<ATOM>
<serial>5</serial>
<name>CB</name>
<sasa>3.53869</sasa>

</ATOM>

<ATOM>
<serial>6</serial>
<name>CG1</name>
<sasa>12.868</sasa>

</ATOM>

<ATOM>
<serial>7</serial>
<name>CG2</name>
<sasa>0</sasa>

</ATOM>

<ATOM>
<serial>8</serial>
<name>CD1</name>
<sasa>23.484</sasa>

</ATOM>

<ATOM>
<serial>9</serial>
<name>N</name>
<sasa>3.82756</sasa>

</ATOM>

</2PCY.SASA. Test>

6 Conclusion

In this papermwe have describeda framework for the anal-
ysis of biologicaldatafrom a variety of datasourcesThe
speci ¢ problemwe proposeto addressis the analysis
of the structuralcharacteristiceof enzymes.The SODA
DBMS providesa consisteninterfacefor informationre-
trieval and storage. The proposedramework allows for
theintegrationof dataretrievedfrom existing repositories
with information creatingusing existing biological anal-
ysis tools. The proposedframeawork is uniqueasit al-
lows biologicalresearchert specifywhatmeanswill be
usedto obtainthe datathat will be usedto populatethe
database Rule-basedransformationgrovide automated
integrationof informationfrom thesediversesourcesThe

e xibility of theproposedramewnorkwill allow for thein-
tegrationof datafrom novel repositoriesor algorithmsas
suchresourcedecomeavailable.
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