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Abstract

Thedevelopmentof high-throughputgenomesequencing
andproteinstructuredeterminationtechniqueshave pro-
vided researcherswith a wealth of biological data. In-
tegratedanalysisof suchdatais dif�cult due to the dis-
paratenatureof therepositoriesusedto storethis biolog-
ical dataandof the softwareusedfor its analysis. This
paperpresentsa framework baseduponthe useof semi-
structureddatabasemanagementsystemsthatwould pro-
vide anintegratedinterfacefor thecollection,storageand
retrieval of biologicaldatafrom existing repositoriesand
of biological information generatedby existing analysis
programs. A simple implementationthat integratesin-
formationfrom databasesandanalyticalprogramsis pre-
sentedasa proofof 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
80smadethe investigationof individual genesandtheir
geneproducts(proteins)accessibleto standardlaborato-
ries[43]. RapidDNA sequencingtechniquesdevelopedin
the1990sallowedfor theinvestigationof genesequences
at the whole-organismlevel [29, 28], the drafts of the
humangenomereleasedlast year providing perhapsthe
bestexampleof how far the technologyhasprogressed
[50, 17].

Theinvestigationof biologicalfunctionusingonly ge-
nomic sequenceinformation has,however, proved dif�-
cult. It has long 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
and is the main methodby which the 3-D structuresof
proteinshave beendeterminedto date(14698of 17813
structuresin 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 crystallography. Thesestructuralgenomics
initiativesaim to addressbiologicalquestionsby combin-
ing this newly acquiredstructuralinformationwith other
forms of knowledgederived from traditional biochemi-

Copyright c
�

2003,AustralianComputerSociety, Inc. Thispaperappeared
at First Asia-Paci�c BioinformaticsConference(APBC2003),Adelaide,
Australia. Conferencesin ResearchandPracticein InformationTechnol-
ogy, Vol. 19. Yi-Ping PhoebeChen,Ed. Reproductionfor academic,not-
for pro�t purposespermittedprovidedthis text is included.

caltechniques,fromgeneticsequenceanalysistechniques,
andfrom rising techniquessuchasDNA microarraytech-
nology[45].

While many applicationsareavailablefor theanalysis
of datafrom oneor asmallnumberof differentbiological
techniques,aframework for thestorage,interpretationand
analysisof datafrom a diverserangeof biological inves-
tigation techniqueshasbeenlacking. Supportfor inves-
tigatorsthemselvesintegratingnew dataor dataanalysis
algorithmswith ananalysisframework astheneedarises
hasalsobeenlacking.

This paperpresentsa framework basedupon semi-
structureddatabasesthat would allow integratedstorage,
processingandretrievalof biologicaldata.Theframework
alsosuppliesan automatedcascadingmechanismfor the
updatingof databetweenmappeddatabases.This paper
is organizedasfollows: relatedwork is discussedin sec-
tion 2; section3 containsa descriptionof how we map
biological data obtainedfrom existing repositoriesinto
moreelaboratemeta-datain theform of a semi-structured
databaseanda genericframework for mappingfrom sim-
ple to extendedsemi-structureddatausing a rule based
databasetransformationmechanism;onereal world bio-
logical problemandanillustrationof how problemcould
be addressedusingthe proposedframework is presented
in section4; section5 presentsa simple implementation
asa proof of concept;andsection6 concludesthis paper
by summarizingourproposal.

2 Related Work

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

2.1 Biological Databases and Database Management
Systems

2.1.1 Biological Databases

Many databaseshave beencreatedfor the storageof bi-
ological data. Sequencedatabasessuchasthe GenBank
sequencedatabank[8] facilitateanalysesof genomicse-
quencedata. The Protein Data Bank (PDB, [9]) is a
databasethat storesthe 3-D co-ordinatesof biological
macromolecularstructuressolved by X-ray crystallogra-
phy, NuclearMagneticResonanceSpectroscopy (NMR),
or othertechniques.

Secondary(derived) databaseshave beencreatedto
caterfor speci�c researchareas.Eachdatabaseconcen-
trateson addressinga particularproblemof biologicalre-
search. For example,the PRINTS database[7] focuses
on protein families basedon motifs. PROSITE [31] is



a databasethat focuseson the identi�cation and classi-
�cation of protein families and domains. ProDom[22]
is a cluster databaseusedto aid domain identi�cation.
SMART [41] is a databasefor detectingsignalling,extra-
cellularandchromatin-associatedproteins.

New databasesare also being createdconcomitantly
with the developmentof new biochemicalinvestigation
techniques.DNA microarraytechnologyis atool for mon-
itoring a multiple geneson a singlechip thathasbeenre-
cently adoptedby the researchcommunity. It gives re-
searchersa clearerview of the simultaneousinteractions
thatoccurbetweenthethousandsof genespresentwithin
any cell. TheStanfordMicroarrayDatabase(SMD) [46]
storesraw andnormalizeddatafrom microarrayexperi-
ments.

Interpro [6] is a databasethat integratesdata from
a numberof primary (experimental)and secondary(de-
rived) biological databases.While this allows biologists
an integratedmeansof accessof thesediversedatabases,
thereis no scopefor the tailoring of thedatabasesto suit
theneedsof individualresearcherswhorarelyneedto con-
sult all the information presentin the databaseconcur-
rently. The extremesizeof a databasethat integratesall
known sequence,structuraland derived dataalso raises
scalabilityandperformanceissues.

2.1.2 Database Management Systems

The integrationof heterogeneousbiological databasesis
dif�cult due to the complicatedschematransformations
requiredfor eachdatabase.A furthercomplicationis that
many mappingsarerequiredbetweencomponents.Inte-
gratingheterogeneousdatabasesalsorequirestheidenti�-
cationof informationthatis implicitly or explicitly shared.
A global schemashouldbe generalenoughto handleall
mannerof heterogeneousdata models. In thesetypes
of situations,the strict schemaconstraintsof relational
databasemodelbecomesproblematic.

Severalsystemshave beendevelopedin thepastfews
years for utilizing data spreadacrossseveral heteroge-
neousbiological databases.However, somesystemsare
poorly documented,hardly mentionthe limitation of the
systems,andhence,aredif�cult to evaluate.Theseprob-
lems have later beenaddressedand somecriteria have
beenproposedfor evaluatingsuch systemsin terms of
their scalabilityandarchitecture[38, 23, 37, 36].

ACeDB[49] is a databasemanagerdevelopedto han-
dle a numberof genomicdatabases.It usesan unstruc-
tureddatamodelinsteadof usingrelationaldatamodel.Its
schemaonly imposesweakconstraintsuponthedatabase.
Somehave pointedout that the internaldatastructureof
ACeDB is madeof treesand the query languageused
for queryingACeDBis anobject-orientedquerylanguage
[14]. This limits the systemto only selectionof objects
andpointertraversals,andthesystemcannotperformpro-
jectionsor joins.

2.2 Semi-structured Database Technologies

TheeXtensibleMark-upLanguage(XML) [11] hasbeen
adoptedasa meta-languagefor datainterchangebetween
different datasources. XML data falls into a category
calledsemi-structureddataandit is generallydescribedas
suchbecauseit doesnotconformto arigid schema[4, 13].
The self-describingnatureof XML makesit a promising
way to de�ne semi-structureddata.

Due to the differencesin natureof semi-structured
and relationaldatabases,a re-thinking of all aspectsof
databasesystemimplementationhavebeenrequiredin or-
der to build a semi-structuredDBMS. The internal data
structureof a semi-structureddatabaseis a graphrather
than a set of tables. This requiresnew algorithms to
be developedfor indexing, searching,updates,andother
databaseoperations.

2.2.1 XML Standards and Query Languages

Severalquerylanguageshave beenrecentlyproposedfor
the queryingof XML documents.They differ in terms
of languageconstructsand of expressive power. A de-
tailedcomparisonsof � veXML querylanguageshasbeen
providedby [10]. A new querylanguagecalledXQuery
[20] proposedby theWorld WideWebConsortium(W3C)
has drawn attentionfrom the community regarding the
future directionsof XML query languages.XQuery has
a rich setof languageconstructsincluding joins, FLWR
expressions,transformations,etc. It is, however, less
conciseand compactthan XQL [42] that was �rst pro-
posedbackto 1998.With respectto managingbiological
datasuchasproteinstructuresandsequenceannotations,
we foundthat thecompactXQL servestheir applications
well. Therefore,XQL is assumedandusedto illustrate
the ideasthroughoutthis paper. An extensionto XQuery
to providesupportfor updateshasbeenpresentedby [48],
which is very similar to the updateconstructsavailable
in the extendedXQL implementedin [2, 51]. Finally,
[26] presentsan extensive survey on most of the issues
relatedto semistructuredandWeb data[4], rangingfrom
datamodelsto querylanguagesto databasesystems.

Variousindustrystandardshave beensetupfor XML
datahandlingsuchasqueryingXML andXML pathex-
pressions.They includeXPath [18], XPointer[19]. New
methodssuchasXFilter [5] havebeendevelopedfor faster
�ltering of XML datastreamingin.

2.2.2 Semistructured Object DAtabases (SODA)
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Figure1: SODA Architecture

Recently, a databasesystemcalled SODA has been
implementedto handleXML databases.Figure 1 is an
overview of thearchitectureof SODA. SODA is a client-
server, semi-structureddatabasesystemwhich is tailor-
madefor managingXML information. Query process-
ing and optimization are implementedin and executed
by clientswhile the server is responsiblefor storingand
retrieving XML objects,handling transactions,element
locks, garbagecollection, databasebackupsand recov-
ery. A lazy XML objectconversionapproachis usedfor
versioning.Differentclientscanthereforesimultaneously
work with different versionsof DocumentType De�ni-
tions(DTD). ThenovelSODA architecturefacilitatessev-
eral crucial featureswhich areseldomavailable in other
databasesystems.The SODA queryprocessoris mainly
locatedat the client side. Each query processorcon-
tainsan internalquerytranslatorthat mapsa queryfrom



onelanguageinto aSODA internalmicro-querylanguage.
SODA thereforesupportsmultiple query languagessuch
asXPathexpressions,XQL, andXQuery.

User interactive programsfor biological analysisthat
requireXML databaseaccesscanbebuilt by linking to the
SODA client library. The library interfacesupportsem-
beddedquerylanguagessuchasXPath,XQL, andXQuery
for rapidapplicationdevelopment.XML parseror loader
is itself a databaseclient so that multiple loaderscanbe
run simultaneouslyto loadmultiple documentswhile the
databaseis beingupdatedconcurrentlyby multiple users
at the sametime. An advancedwrappersystemplaysan
importantrole in SODA asit providesa bridgebetween
theSODA databaseandotherdatasources.

SODA server itself consistsof a numberof compo-
nents. Eachof thesecomponentsis responsiblefor its
own taskandinteractswith othercomponentsby means
of a strictly de�ned interface.Thesecomponentsinclude
a storagememorymanager, anaccesscontrolmanager, a
transactionmanager, a pagepool manager, an objectac-
cessmanager, andanindex manager. Themodulardesign
of SODA makesit possibleto choosedifferentimplemen-
tationsfor eachcomponentandalso to �ne-tune SODA
accordingto the ef�ciency of variousdatabasemanage-
mentalgorithmsandstrategiesfor speci�c applicationre-
quirements.SODA server can interfacewith other rela-
tional databasesystemssuchasOracleor Sybasethrough
an ODBC interface. The underlyingphysicalrepository
supportsstandardDOM andSODA ObjectModel(SOM).
SOMprovidesasystem-level interfaceto theSODA phys-
ical storage.Compressionandlow-level optimizationare
supportedwith metainformationsuchasDTD andXML
Schemade�nedby theusersorautomaticallylearnedfrom
theXML documents.

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

Many programshave beendevelopedfor the analysisof
3-D proteinstructures,somany sothata completereview
hereis impossible.A generaloverview of thealgorithms
availableis presentedin [15].

PDB �les containco-ordinatesin spacefor eachatom
of a proteinthatwasobservedexperimentally. Almost all
otherstructuralinformationusefulto investigatorscanbe
derived from this 3-D co-ordinatedata. An exampleof
suchinformation is the topologyandcharge-distribution
of thesolvent-accessiblesurfaceof aprotein.

While all aminoacid residuespresentin a proteinare
importantin termsof de�ning its shapeandstability, only
residuespresentonthesolvent-exposedsurfaceof thepro-
tein areableto participatein interactionswith otherbio-
logical molecules. Many programsareavailable for the
determinationof which residuesareaccessibleto solvent
[34], someexamplesbeing the programsSurfNet [33],
Surface(a memberof the CCP4suiteof programs[16]),
the Crystallographyand NMR System(CNS [12]), and
SASSY[35]. TheprogramSASSYis notableasit wasde-
velopedfor usein high-throughputcalculations.Thispro-
gramprovidesafastandef�cient methodof implementing
thedotcountingmethod[47] of calculatingsolventacces-
siblesurface,allowing for differentresolutionsdepending
onspeedor accuracy required.

Theelectrostaticpotentialspresenton thesurfaceof a
proteinareimportantin termsof de�ning how theprotein
is recognisedby otherbiological molecules. The calcu-
lation of chargeon thesurfaceof a proteinis usuallyper-
formedby solvingthePoisson-Boltzmannequationfor the
entiresurfaceof a molecule.Examplesof programsable
to performthis calculationsareGRASP[40] andDelPhi
[39].

The increasein power anddecreasein priceof graph-
ical workstationshave madethe interactive visualization
on a standarddesktopcomputerpossible. Many differ-
entprogramsareavailablefor thevisualizationof protein

3-D structures.ViewerPro[3], SwissPDB Viewer [30],
Rasmol[44], PyMol [24] andPythonMolecularViewer
(PMV [21]) aregeneralistprotein3-D structurevisualiza-
tion programs.PyMol andPMV area particularlyinter-
estingprogramsas they are built aroundthe Python[1]
scripting engine. This makes the addition of new func-
tionality to the software suite relatively straightforward,
andmakestheinterfacingof externalprogramswith these
programssimple.

3 Data Mapping and Database Transformation

This sectiondescribesthe proposedframework in detail.
It coversthepreliminarystepsrequiredfor datamark-ups
and the mechanismsinvolved in the mappingof simple
XML datato moreelaboratemeta-data.The rule-based
databasetransformationfor creatingthe �nal expanded
databaseis alsodiscussed.It �nally coversissuesonhow
to usethe SODA systemto provide a consistentdatare-
trieval layer.

Data from existing repositories

1a). Data parsing and marking up

Data in simple XML format

1b). Data converstion plug−ins

Data generated by analysis applications

1c). Rule−based database transformation

Expanded database

1d). SODA2 DBMS for data retrieval

Client applications

Figure2: Overall stepsinvolvedin thedatamappingpro-
cess

3.1 Preliminary Data Mark-ups

As shown in �gure 2 part1a,datawill betranslatedfrom
existingrepositoriesintosemi-structureddata.In ourcase,
thedefaultdataformatfor semi-structureddatais XML.

This processis uniquefor eachdifferentdatasource.
Take for examplethe 3-D proteinstructuraldatapresent
in a PDB �le. Only the minimal setof datarequiredfor
further investigationneedsto be excised. In theexample
of a PDB�le, this datacouldbethe”ATOM” rowswhich
contain(amongstothers)the �elds residuename,residue
number, atomicx, y, z co-ordinates,occupancy, andcrys-
tallographictemperaturefactor; theonly datarequiredto
build a3-D modelof theprotein.Furtherinformationmay
bededucedbyusingtheprogramspresentedin section2.3.

Datatransformationwill beperformedusingatechnol-
ogy calledLSX/LSX-T. LSX/LSX-T is a SODA-speci�c
translationlanguagethat is essentiallythe reverseof the
XSL/XSLT process.It is responsiblefor mappingexter-
nal, non-XML datasourcesto XML so that they canbe
queriedby SODA. TheLSX-T plug-in is adataextraction
and transformationtool for converting any data stream
into XML. Examplesof such data streamsinclude the
outputfrom biological databasequeriesandoutput from
proteinstructureanalysisprograms.LSX-T maintainsas
muchconsistency aspossiblewith theXSLT technology,
providing aconsistentinterfacefor applicationsandusers.
LSX syntaxlooksalmostidenticalto XSL syntax,thedif-
ferencebeingthat a few extensionshave beenadded.A
genericwrapperthat can transformdatafrom (any) one
format to anotheris createdby integrating LSX-T with
XSLT.

To illustratethebasicLSX idea,considerthefollowing
shortexample. Assumewe would like to convert the �le



2PCY.pdb 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...
...
TURN 1 T1 ALA 7 GLY 10 ...
...
ATOM1 N ILE 1 -1.453 19.554 26.971...
...

ThecorrespondingLSX to performtheabovetransfor-
mationwouldbe:

<?xml version='1.0'?>
<PDB>
<Title.Section>
<?soda_lsx:for-each-line

group="ˆHEADER.{4}(.{40})(.{9}).{3}(.{4})"?>
<HEADER>
<classification>
<?soda_lsx:value-of $group[1] 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_lsx:end-loop?>
...
<REMARK><?soda_lsx:for-each-line

re1="ˆREMARK 1(.{0,60})"?>
<REMARK.1>
<remarkNum>1</remarkNum>
<text>
<?soda_lsx:value-of $re1[1] strip="1"?>
</text>
</REMARK.1><?soda_lsx:end-loop?>
<?soda_lsx:for-each-line

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

re2="ˆREMARK 2 RESOLUTION.(.{5}) ANGSTROMS."?>
<resolution>
<?soda_lsx:value-of $re2[1] strip="1"?>
</resolution>
<?soda_lsx:end-loop?>
<comment>
<?soda_lsx:value-of $re2a[1] strip="1"?>
</comment>
</REMARK.2>
<?soda_lsx:end-loop?>
<?soda_lsx:for-each-line re3="ˆREMARK 3(.{0,60})"?>
<REMARK.3>
<remarkNum>3</remarkNum>
<text><?soda_lsx:value-of $re3[1] strip="1"?></text>
</REMARK.3><?soda_lsx:end-loop?>
<?soda_lsx:for-each-line

re4="ˆREMARK ( [4-9]| \
[1-9][0-9]|[1-9][0-9][0-9])(.{0,60})"?>

<REMARK.4_999>
<remarkNum>
<?soda_lsx:value-of $re4[1] strip="1"?>
</remarkNum>
<text>
<?soda_lsx:value-of $re4[2] strip="1"?>
</text>
</REMARK.4_999><?soda_lsx:end-loop?>
</REMARK><?soda_lsx:end-loop?>
</Title.Section>
...
</PDB>

The full .lsx �le is available for download at
http://www.cse.unsw.edu.au/˜wshui/andthe lsx program
is availablefrom theauthorby request.TheXML output
from theprogramlookslike thefollowing:

<?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>
<chainID></chainID>
<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 O1)</text>
</FORMUL>
</Heterogen.Section>
...
<Coordinate.Section>
<ATOM>
<serial>1</serial>
<name>N</name>
<altLoc></altLoc>
<resName>ILE</resName>
<chainID></chainID>
<resSeq>1</resSeq>
<iCode></iCode>
<x>-1.453</x>
<y>19.554</y>
<z>26.971</z>
<occupancy>1.00</occupancy>
<tempFactor>15.93</tempFactor>
<segID>2PCY</segID>
<element></element>
<charge>78</charge>
</ATOM>
..
</Coordinate.Section>
...
</PDB>

This data transformationlayer can supportarbitrary
numberof structuredformatsanddifferenttypesof data.
Theresultingdata(in XML format)is loadeddirectly into
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,theresultingmeta-databeingstoredin theXML



databasesystem.To avoid confusionin namingdifferent
datasetsin this paper, we de�ne the initial datasources
from differentrepositories(pre-XML mark-ups)asdb-1,
theXML dataproducedfrom preliminarydataconversion
asdb-1a, andthemeta-datacreatedfrom db-1aasdb-1b.
Startingfrom db-1a, a set of algorithmsor applications
canbeappliedto derivemorespeci�c data.Thetransition
from db-1a to db-1b includesactionssuchassecondary
structuredetection,calculatingthe dihedralangles,cal-
culating molecularsurfaces,and so on. Generally, this
processtries to generateasmuchextra informationas is
relevantfrom asinglesetof datavalues.We canview this
processasaone-to-oneor one-to-many mappingof db-1a
to db-1b.

Onecould arguethat it is simplerto extract thesein-
formationfrom theexisting PDB �les. Whatwe aretry-
ing accomplish,however, is the creationof an automatic
cascadingmechanismsuchthatwheneveroriginal data(in
our case,thesimpleXML mark-ups)change,thesystem
automaticallyupdatesall thedataderivedfrom this orig-
inal data. The advantagesof this mechanismincludethe
following:

1. Deriveddatacanbekeptconsistentwith theraw data.

2. At timeswhenbetteralgorithmsfor featuredetection
aredeveloped,wecanapplythemasadditionalplug-
ins to derive the meta-data.This makesthe process
processof meta-datacreationmorestream-linedand
easierto manage.

3. Differentsetsof datageneratedby usingdifferental-
gorithmscanbecomparedandexamined.

The simple XML data is �rst parsedthrough a �l-
ter that usesa fast �ltering mechanismto selectively ap-
ply differentalgorithmsondatathat�ts descriptionsfrom
queryexpressionssuchasXPathexpressions.Techniques
suchasXFilter allows suchfunctionality. Schematrans-
formationfrom db-1ato db-1bis alsoperformedaspart
of this process.

3.3 Rule-based Database Transformation

Up until this stagewe have createda processthat uses
one-oneor one-many mappingto generatemeta-datafrom
simplemarked-updata. The mappingfunctionsusedare
simplealgorithmsor applications.Extrainformationmay
be generatedby using a many-to-oneor many-to-many
mappings. This layer of information is generatedusing
rule-baseddatabasetransformations.The following sec-
tionsdescribethedetailsof rule-baseddatabasetransfor-
mations.

Therulesfor datamappingcanbea setof algorithms,
one-to-one,one-to-many, many-to-oneor many-to-many
datamappings,or aseparatejob to beprocessedby exter-
nal programs.This stepmaythereforenot beasef�cient
asa databasesystemshouldbe. Furtheroptimizationof
this stepcanbeexploredin laterexperiments.

3.3.1 Data-structures

Schema transformation between one semi-structured
databaseto anotheris different to the conventional re-
lational databasetransformation. This is mainly due to
the natureof semi-structureddatabase. That is to say
that thereareno strict constraintson thedatabase,which
standsin contrastto thestrictconstraintsenforcedby rela-
tional databaseschema.As a resultof this, all nodesthat
�t ourcriteriamustbefoundbyusinganXPathexpression
beforethey canbemappedto anotherdatabase.

Data-structuresinvolved in this stageinclude a Di-
rectedAcyclic Graph (DAG) to handlethe rule depen-
dency anda hashtableto index the XPath expressionto
correspondingdatanodes.

Rulesfor transformationmayor maynot be indepen-
dentof eachother. For example,considertherearen rules
for mappingdatabasea to databaseb. Then,it is possible
for rule j to bedependenton thecompletionof rule i and
rulek, where(i � 0, j � 0, k � 0, i � n, j � n, k � n, n �
0, andi �� j �� k). Ruledependency mustthereforebecon-
sideredwhenimplementingrule-basedtransformation.
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Figure3: Rulesaresaved in a DAG andtraversedin re-
verselevel order.

Onesolutionto this is to setrulesinto a datastructure
suchasa DAG. Eachleaf nodecontainsa rule that is in-
dependentof others. The immediateparentnodesof the
leafnodesarecontainrulesthatrequirethecompletionof
their child nodes'rules�rst beforeexecutingitself. The
sameprincipleappliesfor theirancestornodes.As shown
in �gure 3, the numbersnext to eachnodesindicatesthe
order in which the graphis traversed. This is a reverse
level-orderedtraversalof the graphand it canguarantee
thecorrectorderof executionof eachruleswithoutviolat-
ing ruledependencies.
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Figure4: Rule-baseddatabasetransformation

3.3.2 Transformation Algorithm

We �rst de�ne the �nal expandeddatalayer asdb-1c. It
is generatedthroughthe rule-basedtransformationfrom
db-1b.

1. Createavirtual node(asshown in �gure 5) andlabel
it V. Link nodeV to all of the selectednodesfrom
db-1bthatareto bemappedto db-1c.



2. Createa root nodeR for db-1cbeforeany mapping
starts. All the output from the mappingwill be de-
scendantof nodeR.

3. Let X =
� ����� ����� �����	�
���
� ��� ��
 � ����� � � �

andeache
is aXPathexpressionfor aspeci�c setof nodesin db-
1b. For eache � X, we �nd all thenodesfrom db-1b
andsave their locationin a list. Thelist is thensaved
into a hashtableH asthevaluewith a matchingkey.
Thekey is thehashvalueof theXPathexpressione.

4. Let the DAG that storesrules be G. TraverseG in
reverselevel order. For eachnodetraversed,extract
themappingfunction � from thenodeandits corre-
spondingXPathexpression.

5. Probethe hashtableH using the XPath expression
and�nd thecorrespondingdataset � . Apply � on
� in orderto generatenew dataset ��� .

6. Re-organizedataset ��� suchthatall nodesin ��� are
descendantof nodeR.

Root node (R) for db-1c

Rules

Virtual node (V)

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

db-1c (the output from database transformation)

Figure5: Rule-baseddatabasetransformation

3.4 Interfacing with Data Layer

As aresultof rule-baseddatabasetransformation,the�nal
datalayerdb-1c, oncegenerated,becomesthesupersetof
db-1banddb-1a. Userscanquerydb-1c for dataorigi-
nally from db-1banddb-1a. Retrieving informationfrom
this datalayerrequirestheuseof SODA.

3.4.1 Querying the Database

Whendocumentsareloadedto SODA, informationsuch
as�le name,owner, creationdatewould beaddedassys-
tem annotationsfor the documententry point (the docu-
mentroot node). This informationis alsomaintainedas
meta-datafor fastaccessto a particulardocument. The
correspondingXQuery function for specifyingthe docu-
mentnameis

document(``protein.xml'')//Name

This querywill �nd all Nameelementsfrom thedoc-
ument protein.xml storedin the database.Sincedocu-
mentinformationis storedasannotation,regularexpres-
sion matchingdoesapply to this information. For in-
stance,the following will �nd all Nameelementsfrom
any XML documentsstoredin the databasewith names
matching‘‘.*protease’’.

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.This is �e xible for usersto developtheir
own systemindependentdataanalysisprograms.

SODA also supportsqueryingexternal datasources,
either from �le or URL, and store the result under a
particularelementnodeof a local databasethat resides
within the SODA system. The following querywill re-
trieve an XML documentgeneratedby an external CGI
script and �nd all entries that has an entry name of
”T3MO SALTY”. Theresultwill besavedundertheroot
nodeof thecurrentdatabasenamedLocalSwissProt.

//LocalSwissProt[0]!
insert(

url(``http://au.expasy.org/sprot/getxml.cgi'')
//Info[EntryName="T3MO_SALTY"]

)

The insert andurl operatorsaresystemspeci�c func-
tionsof SODA.

4 Example Scenario

This sectiondescribesa real biological problemanddis-
cusseshow ourproposedsystemcanassistin solvingsuch
problem.

4.1 A Biological Problem

Enzymesareproteinsthatmodify therateat whichchem-
ical reactionsoccurwithin biologicalsystems.Theactive
site of an enzymeis de�ned asthe region of theenzyme
involvedin substratebindingandsubsequentcatalysis.A
studyof the3-D structureof anenzyme,andof theactive
site in particular, canassistin the elucidationof the pre-
cisecatalyticmechanismof theenzyme.Detailedknowl-
edgeof enzymecatalytic mechanismis important for a
numberof reasons,onebeing that a detailedknowledge
of the mechanismof an importantenzymecould leadto
the developmentof new, morepotenttherapeuticagents
(so-calledrationaldrugdesign).

Whilst the functional regionsof many enzymeshave
beenreportedwith high precision,thereis still muchthat
remainsto be determinedaboutwhat makes somesites
speci�c for roleswithin the context of the completeen-
zyme. To this end it is proposedthat a studyof the ac-
cessibilityof suchsiteswould allow usto infer somegen-
eral rulesor guidelinesasto accessibilitiesof andamino
acidcompositionswithin suchsites,andthereforeto their
placementin the overall topology of the enzymes. We
anticipatethat sucha studywill provide insight into the
structuralrequirementsof particularactivities within pro-
teins.

As mentionedin section1, severalconsortiahave un-
dertakento determinethe3-D structuresof many proteins
in a high-throughputmanner. Improvedknowledgeasto
whatconstitutesanactivesitewouldsimplify theanalysis
structuresdeterminedby thesestructuralgenomicscon-
sortia. An in-depthknowledgeof the structuralproper-
tiesassociatedwith aparticularfunctionwouldalsoaid in
comparisonsbetweenfamiliesof enzymesrelatedby sim-
ilar sequence,bindingpartnersor activity.

4.2 A New Approach

As mentionedabove, therearecurrentlyno completecri-
teriathatcanbeusedto ef�ciently determinewhichamino
acidresiduesform partof thefunctionalregionsof anen-
zymebasedon 3-D structuraldataalone.We will useen-
triesfrom thePROSITEdatabaseto helpde�ne thefunc-
tional regionsfor proteins.LSX-T will beusedto import
PROSITEinto thedatabase.TheresultingXML datarep-
resentationof PROSITEwill look like thefollowing (due



to spaceconstraints,we will not show thefull translation
for PROSITEentries).

<PROSITE>
<Entry id="SUBTILASE_ASP" type="pattern">

<AC>PS00136</AC>
<Date>

<Created>APR-1990</Created>
<Updated>

<DataUpdate>NOV-1995</DataUpdate>
<InfoUpdate>JUL-1998</InfoUpdate>

</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 databasewill be usedin a bootstrap-
pingcontext. It isanticipatedthatouranalysiswill provide
insight into thecharacteristicsof a the functionalsitesof
proteinssuchthatthesehuman-annotateddatabaseswould
no longer be required. Solvent accessibilitycan be re-
trieved for the residuesin the functionalregion andoth-
ers for comparisonpurposesby extracting the relevant
marked-up PDB data from the database,creatingPDB
�les to beprocessed,andthenimportingtherelevantout-
put into thedatabaseasmeta-data.

The stepsareexamplesof rule-baseddatabasetrans-
formations.A rule canbecreatedto checkhow common
accessibilityis, andlabelingcertainaminoacidsashav-
ing rareaccessibilitiesasappropriate.A secondrule, de-
pendenton thepreviousone,canbecreatedto testpostu-
latedcorrelations.Theresultsof rulecheckscouldbethen
importedinto theSODA database,makingit availableto
client applications.

Charge distribution within functionalsitesis alsoim-
portant,especiallyin thecontext of bindingpartnerrecog-
nition andcanbeanalyzedwith thehelpof programssuch
asDelPhi. ProgramssuchasSurfNetcanalsobeusedto
build descriptionsof thetopologyof functionalsites.Due
to the 3-D natureof the above informationandof other
problemsweareseekingto address,aclientthatinterfaces
with thePyMol or PMV molecularvisualizationpackages
couldalsobeof assistance.

5 Prototype Implementation

As a proof of concept,we built a small prototypewith
minimalfeaturesto demonstratethefeasibilityof ouridea.
This sectiondescribesthe mainsstepsthat areneededin
settingup this prototype. We also discussvarioustests
doneon theprototypeandtheir results.

5.1 Solvent Accessible Surface Area (SASA)

Our prototypecurrently includesan implementationof
solvent accessiblecalculationsbasedon the program
SASSY[35]. Solvent accessibilityhaslong beenrecog-
nised[34] andis now widely acceptedasa usefulmeans
of describingtopologicalandfunctionalpropertiesof ex-
perimentalproteinstructures.It playsa key role in com-
puting the solvation energy of proteins,andis centralto
the hydrophobiceffect of protein folding [27]. Solvent
accessibilityhasalsobeenrelatedto thestabilityof water-
solubleproteins[25]. Algorithms calculatingaccessible

surfacecanbeslow andapplicationsoftendo not provide
�e xibility of output. By extendingthestandardPDB en-
triesin thedatabaseto includesolventaccessibilities,sol-
ventaccessiblesurfaceswill bemorereadilyobtainableto
users.

TheSASAmodulefor thisprototypeis amodi�ed im-
plementationof theSASA algorithm.This moduleworks
on XML datainsteadof standardPDB �les. No signi�-
cantchangehasbeenmadeto the implementationof the
algorithmitself.

5.2 Main Steps

The prototype usesapplication programminginterface
(API) provided by SODA version 3 and its backend
databasesystemto maintainXML data.SODA3 provides
aninterfacethatallowsdevelopersto implementtheirown
functional modulesand then dynamically load into the
systemthroughXQuery calls that startswith an unique
namespaceotherthanthosethataretakenupby theW3C.

For thisprototype,it consistsof threemainsteps.They
are:

1. UsingtheLSX modulefor PDBto XML conversion.

2. Load the modi�ed implementationof the SASA
module.

3. Activatethetriggersystemto link theSASAmodule
to theXML data.

5.2.1 PDB to XML conversion

Writing theLSX �le to convertPDB �les to XML will be
the �rst stepin convertingraw data�les into XML data.
TheLSX �le is thenloadedinto theSODA databasesys-
tem.This is doneusinga localXQueryextensioncall:

soda:load("pdb.lsx")

The function ”soda:load” is an extension of the
XQuery for SODA system. It executesthe loadingof a
datainto thedatabase.The�le ”pdb.lsx” containsall the
LSX codesfor convertingPDB�les into XML formatand
itself is awell-formedXML document,soit canbeloaded
into thedatabase.Theadvantageof storingtheLSX �les
asa part of theXML databaseis that it canbe reusedto
convert other PDB �les into XML, and it cansave time
loadingtheactualLSX �le itself.

After the loading of the LSX �le, a PDB �le
”2PCY.pdb” is loadedinto themain database.This PDB
�le is a record from the PDB databasethat descreibes
thestructureof theelectrontransportproteinplastocyanin.
Theconversionis invokedby calling:

soda:lsx("pdb.lsx", "2PCY.pdb")

The function ”soda:lsx” is anotherSODA de�ned
XQuery function. It executestheLSX codeto transform
a givensourcedata�le into XML andloadtheXML �le
into thedatabasesystem.

5.2.2 The Trigger system

Oncethemodulehasbeenimplemented,weneedto link it
with thesourcedataandthesecondlayermeta-data.Such
thatwheneverthesourcedatalayeris changed,thetrigger
systeminvokesSASA moduleto recalculateSASA val-
uesand updatethe meta-datalayer. SODA gives users
the choicesof trigger at either the sourcedata layer or
themeta-datalayer. That is, we caneitherusetrigger to
link SASAto thesourcedatalayer, suchthatwheneverthe
sourcedatais updated,themeta-datais alsoupdated.The
otheroptionis lesssensitive to theupdateof sourcedata,
this involvesthetrigger to link to themeta-datalayer. So
whenever userstry to accessthemeta-datalayer, the �rst
thing thesystemwill do is to resynchronizethedatawith
thesourcedata.Thiscouldslow down theinitial read,but
it useslessresources.



5.3 SASA Test On XML Data

For this experiment,we intendto build meta-dataon sol-
ventaccessiblesurfaceareasfor eachatomsin PDBrecord
2PCY. SASA moduleis theimplicit transitionrule which
generatesthe �nal meta-data. After the transition,new
nodesin thedatabasecanbeview by runningthefollow-
ing query.

let $a := document("2PCY.pdb.xml")//ATOM
return
<?xml version='1.0'?>
<2PCY.SASA.Test>

{for $i in $a
<ATOM>

{$i/serial}
{$i/name}
{$i/sasa}

</ATOM>}
</2PCY.SASA.Test>

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>O</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 paperwe havedescribeda framework for theanal-
ysisof biologicaldatafrom a varietyof datasources.The
speci�c problem we proposeto addressis the analysis
of the structuralcharacteristicsof enzymes.The SODA
DBMS providesa consistentinterfacefor informationre-
trieval andstorage.The proposedframework allows for
theintegrationof dataretrievedfrom existing repositories
with informationcreatingusingexisting biological anal-
ysis tools. The proposedframework is uniqueas it al-
lows biologicalresearchersto specifywhatmeanswill be
usedto obtain the datathat will be usedto populatethe
database.Rule-basedtransformationsprovide automated
integrationof informationfrom thesediversesources.The

�e xibility of theproposedframeworkwill allow for thein-
tegrationof datafrom novel repositoriesor algorithmsas
suchresourcesbecomeavailable.
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