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Bioinformatics Flow ChartBioinformatics Flow Chart
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Automated DNA SequencingAutomated DNA Sequencing

The first objective of most genome projectsThe first objective of most genome projects

AutomatedAutomated DNA sDNA sequencingequencing
The Principle of Sanger Sequencing = The Principle of Sanger Sequencing = DideoxyDideoxy
((SangerSanger) sequencing ) sequencing 
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DideoxyDideoxy Sequencing of DNA (1)Sequencing of DNA (1)

The The dideoxydideoxy or enzymatic method of DNA or enzymatic method of DNA 
sequencing utilizes the principle that a sequencing utilizes the principle that a 
dideoxyribonucleotidedideoxyribonucleotide triphosphatetriphosphate can be can be 
incorporated into a growing DNA chain, but incorporated into a growing DNA chain, but can not can not 
continue synthesiscontinue synthesis

DNA synthesis is DNA synthesis is terminatedterminated and the type of and the type of 
dideoxyNTPdideoxyNTP ((ddNTPddNTP) added reflects ) added reflects the lastthe last
nucleotidenucleotide incorporatedincorporated
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DideoxyDideoxy Sequencing of DNA (2)Sequencing of DNA (2)



Reactions Requirements for Reactions Requirements for DideoxyDideoxy
Sequencing of DNASequencing of DNA

SingleSingle--stranded DNAstranded DNA molecule (template) to be molecule (template) to be 
sequencedsequenced

OligonucleotideOligonucleotide primerprimer complementary to upstream complementary to upstream 
region of templateregion of template

DNA polymeraseDNA polymerase

All four All four dNTPsdNTPs ((dATPdATP, , dGTPdGTP, , dCTPdCTP, , dTTPdTTP))

One of the four One of the four ddNTPsddNTPs ((ddATPddATP, , ddGTPddGTP, , ddCTPddCTP, or , or 
ddTTPddTTP))
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Extend

dA,dC,dG,dT
Nucleotides

Template-Primer

Automated Sequencing Automated Sequencing -- ExtensionExtension
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ElectrophoresisElectrophoresis

Gel or capillary tubeGel or capillary tube ChromatogramChromatogram



SeparationSeparation

GelGel electrophoresiselectrophoresis

CapillaryCapillary electrophoresiselectrophoresis
Suited to automationSuited to automation

Rapid (2 hrs Rapid (2 hrs vsvs 12 hrs)12 hrs)
ReRe--usableusable
Simple temperature controlSimple temperature control
96 well format (= high throughput)96 well format (= high throughput)
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Automated SequencingAutomated Sequencing
Now, we take the modified nucleotide idea further when we Now, we take the modified nucleotide idea further when we 
do do ““automated sequencingautomated sequencing”” (the most common method)(the most common method)

The The ddNTPsddNTPs are labeled with different color dyes, so we can mix all are labeled with different color dyes, so we can mix all 
four in one tubefour in one tube
The move through the capillary past a The move through the capillary past a laserlaser, and then a photocell picks , and then a photocell picks 
up the light emitted by the excited dyeup the light emitted by the excited dye

LaserLaser CapillaryCapillary



Sequencing GenomesSequencing Genomes

ManyMany aaspects of spects of 
the the 
sequencing sequencing 
process are process are 
truly truly 
automatedautomated in in 
modern modern 
genome genome 
centers and centers and 
roboticsrobotics are are 
used used 
extensivelyextensively



Automated Sequencing StatisticsAutomated Sequencing Statistics

Electrophoresis can be done on a gel (older sequencers) or capilElectrophoresis can be done on a gel (older sequencers) or capillarylary

““All four reactionsAll four reactions”” done togetherdone together

Can obtain Can obtain up to 1,000up to 1,000 nucleotides per runnucleotides per run

Entire process (post DNA prep.) take less than one dayEntire process (post DNA prep.) take less than one day

Makes graduate students happy!Makes graduate students happy!

Present day factPresent day fact: sequencing is cheap that it is often : sequencing is cheap that it is often ““sent outsent out”” at at 
~$12/reaction~$12/reaction””

More cost effective and faster for labs to pay sequencing centerMore cost effective and faster for labs to pay sequencing centers to perform this s to perform this 
task than to do it themselvestask than to do it themselves



As the labeled fragments move pastAs the labeled fragments move past the detectorthe detector the the 
fluorescence  of the dye will be detectedfluorescence  of the dye will be detected

The results are shown as a chromatograph (below)The results are shown as a chromatograph (below)
TThe dyes alter migration slightly and the signal intensity changehe dyes alter migration slightly and the signal intensity changes through s through 
the run, so some processing is necessarythe run, so some processing is necessary
Reading the Reading the tracestraces: : basebase--callingcalling



PhredPhred BaseBase--calling Programcalling Program

University of WashingtonUniversity of Washington
Ewing Ewing et al.et al. 1998; Ewing & Green 19981998; Ewing & Green 1998

phredphred (free available)(free available)
Convert Convert computercomputer--generated tracesgenerated traces into into base base 
sequencessequences and access the probable accuracy of each and access the probable accuracy of each 
base call (base call (http://http://www.phrap.orgwww.phrap.org))
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The The PhredPhred BaseBase--calling Algorithmcalling Algorithm

Locate predicted peaks, using Locate predicted peaks, using Fourier methodsFourier methods to fit best to fit best 
distributiondistribution
Locate Locate observed peaksobserved peaks, for which the area under the , for which the area under the 
concavityconcavity exceeds 10% of the previous 10 peaks or 5% of the exceeds 10% of the previous 10 peaks or 5% of the 
previous oneprevious one
Match observed and predicted peaks using Match observed and predicted peaks using a threea three--stage stage 
shifting algorithmshifting algorithm
Find Find missing peaksmissing peaks
Assess Assess error probabilitieserror probabilities of each peak according to of each peak according to fourfour--
parameter modelparameter model
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Sequencing Sequencing Whole Whole GenomesGenomes (1)(1)

TThe reads are he reads are limited in lengthlimited in length
All sequencers ultimately produce reads in the range of All sequencers ultimately produce reads in the range of 
500 to 500 to 1,0001,000 base pairsbase pairs

SSome technologies that can produce reads a little longer, ome technologies that can produce reads a little longer, 
but but there is a limithere is a limitt

So, longer sequences So, longer sequences ---- whether they are a specific gene, a whether they are a specific gene, a 
chromosome region, a chromosome, or a genome chromosome region, a chromosome, or a genome ---- must be must be 
assembled from shorter sequencesassembled from shorter sequences ((contigcontig assembly)assembly)
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Sequencing Sequencing Whole Whole GenomesGenomes (2)(2)

For complete genomes, there are For complete genomes, there are two strategiestwo strategies
““WholeWhole--genome shotgungenome shotgun”” ---- a large number of reads a large number of reads 
are collected and then they are are collected and then they are assembled assembled 
computationallycomputationally

Less expensive Less expensive -- popular for popular for microorganismsmicroorganisms

Mapping followed by sequencingMapping followed by sequencing ---- large clones are large clones are 
mappedmapped before they are sequenced, and then the before they are sequenced, and then the 
complete genome is assembled using the map datacomplete genome is assembled using the map data
((mapmap--basedbased))
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Complete sequenceComplete sequence

Shotgun readsShotgun reads

ContigsContigs

Genomic DNAGenomic DNA

Shearing/SonicationShearing/Sonication

Subclone and SequenceSubclone and Sequence

AssemblyAssembly

FinishingFinishing: fill in gaps: fill in gaps

Finishing readFinishing read

WholeWhole--genome genome SShotgunhotgun



Mapping Mapping FFollowed by ollowed by SSequencingequencing



ContigContig Assembly (1)Assembly (1)

Gordon Gordon et al.et al. 19981998
PhrapPhrap assemblerassembler
ConsedConsed graphic editorgraphic editor

Key features of successfully editorsKey features of successfully editors
The use ofThe use of colorcolor to illustrate key features such as the to illustrate key features such as the 
different basesdifferent bases

Different bases, Different bases, quality scoresquality scores, regions of , regions of sequence conservationsequence conservation, , 
contrasts between automated and manual base callscontrasts between automated and manual base calls

The ability to The ability to view and navigateview and navigate along along the actual tracesthe actual traces of of 
the sequences being compared, and to the sequences being compared, and to tagtag ambiguitiesambiguities and and 
features of interestfeatures of interest with noteswith notes
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ContigContig Assembly (2)Assembly (2)

Key features of successfully editorsKey features of successfully editors
Easy display of Easy display of the complementary strandthe complementary strand

Tools for Tools for manual sequence editingmanual sequence editing, including , including insertinginserting and and 
deletingdeleting bases, without disrupting the original trace files bases, without disrupting the original trace files 
yet propagating the edits throughout the assembly as yet propagating the edits throughout the assembly as 
appropriate, including appropriate, including adjustmentsadjustments to linked to linked output filesoutput files
as requested by the editoras requested by the editor

A A flexible alignment algorithmflexible alignment algorithm that implements that implements useruser--
defined alignment parametersdefined alignment parameters
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ContigContig Assembly (3)Assembly (3)

Key features of successfully editorsKey features of successfully editors
Computation of Computation of probability scoresprobability scores associated with a associated with a 
calculated consensus sequencecalculated consensus sequence

The ability to identify The ability to identify potentially polymorphic sitespotentially polymorphic sites
E.gE.g., ., SNPsSNPs

Provision of tools to guide Provision of tools to guide error correctionerror correction
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Trace EditingTrace Editing

Other programs that allow you to view and edit Other programs that allow you to view and edit 
chromatogramschromatograms

Vector NTIVector NTI
ContigExpressContigExpress

ChromasChromas
Windows/WinNT freewareWindows/WinNT freeware

ConsedConsed
UnixUnix--basedbased
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What What TTypes of Sequencesypes of Sequences
are Present in Genomes?are Present in Genomes? (1)(1)

CCompleteomplete (or nearly complete) sequences of genomes(or nearly complete) sequences of genomes
TThe definition of he definition of many types of sequencesmany types of sequences and revealed the and revealed the 
complete set of genescomplete set of genes present in organismspresent in organisms

TThe he types of sequencestypes of sequences present in genomes present in genomes 
TThe relative copy number of different portions of the he relative copy number of different portions of the 
genomegenome

DNA DNA renaturationrenaturation kineticskinetics
TTo examine the nature of the genomeso examine the nature of the genomes

Density gradient centrifugationDensity gradient centrifugation
Sequences were characterized based on Sequences were characterized based on slight differencesslight differences
in the in the buoyant densitybuoyant density of of GCGC--rich and ATrich and AT--richrich sequencessequences



What What TTypes of Sequencesypes of Sequences
are Present in Genomes?are Present in Genomes? (2)(2)

DNA DNA renaturationrenaturation kineticskinetics involves involves ““meltingmelting”” the DNA and the DNA and 
then monitoring the formation of doublethen monitoring the formation of double--stranded DNAstranded DNA

If we consider double stranded DNA, it is possible If we consider double stranded DNA, it is possible to separate to separate 
the strandsthe strands by increasing the temperatureby increasing the temperature

DDenaturing or enaturing or ““meltingmelting”” the DNAthe DNA
The temperature at which the DNA is separated is determined by The temperature at which the DNA is separated is determined by 
the GC contentthe GC content, in large part, in large part

If we If we renaturerenature the DNA, the the DNA, the concentrationconcentration (C) (C) of doubleof double--
stranded DNA stranded DNA at time at time tt is given by:is given by:

C
C0

=
1

1 + kC0t



A Single Class of Sequences in BacteriaA Single Class of Sequences in Bacteria
Bacteria have Bacteria have little repetitive DNAlittle repetitive DNA, so the , so the CC00tt curve is fairly curve is fairly 
simplesimple

There are There are a few repetitive sequencesa few repetitive sequences in bacteria, such as in bacteria, such as 
the the rRNArRNA genesgenes, but bacterial genomes are characterized , but bacterial genomes are characterized 
by the presence of by the presence of many proteinmany protein--coding genescoding genes and little and little 
elseelse



……and Multiple Classes of Sequencesand Multiple Classes of Sequences in in 
Complex EukaryotesComplex Eukaryotes
Complex eukaryotes like Complex eukaryotes like plantsplants and and animalsanimals tend to tend to 
have have more complex more complex CC00tt curvescurves

This reflects the fact that This reflects the fact that 
there are there are many repetitive many repetitive 
sequences sequences in eukaryotic in eukaryotic 
genomesgenomes
For example, For example, humanshumans have have 
about about 15% highly 15% highly 
repetitive DNArepetitive DNA and 10% and 10% 
middle repetitive DNAmiddle repetitive DNA
Repeats with a Repeats with a distinctdistinct
nucleotide composition nucleotide composition 
appear as appear as SATELLITESATELLITE
DNADNA in density gradient in density gradient 
centrifugationcentrifugation



AnnotationAnnotation



IntroductionIntroduction

““It is now apparent that the It is now apparent that the bottleneckbottleneck in genomics in genomics 
is no longer in sequencing the genomes but lies in is no longer in sequencing the genomes but lies in 
their their annotationannotation””

ThanarajThanaraj et al.et al. -- Paradigm shifts in the Approaches for Paradigm shifts in the Approaches for 
Gene Annotation (2000)Gene Annotation (2000)

ShirleyShirley©©



Databases & AnnotationsDatabases & Annotations
A database allows theA database allows the

Rapid and public scrutiny of data Rapid and public scrutiny of data 
AnalysisAnalysis of the data by others (of the data by others (e.ge.g. for phylogeny and gene . for phylogeny and gene 
finding) finding) 
And provides a basis for And provides a basis for researchresearch as a collective endeavor as a collective endeavor 

A well designed database that is A well designed database that is of optimal use to of optimal use to 
the researcherthe researcher shouldshould

Be Be well well curatedcurated
Have Have a minimum level of redundancya minimum level of redundancy
Have a high level of Have a high level of integrationintegration with other databaseswith other databases
Have a high level of Have a high level of annotationannotation
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What is Annotation? (1)What is Annotation? (1)

Sequence database entries have Sequence database entries have core datacore data
that comprises ofthat comprises of

SequenceSequence data data 
CitationCitation informationinformation
TaxonomicTaxonomic datadata
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What is Annotation? (2)What is Annotation? (2)

The The annotationannotation may consist may consist 
Identification of Identification of gene structural elementsgene structural elements
FunctionsFunctions of the proteinof the protein
PostPost--translational modifications translational modifications 
DomainsDomains and sitesand sites
Secondary structureSecondary structure
Quaternary structureQuaternary structure: to describe the protein composed of : to describe the protein composed of 
multiple subunits (several monomers)multiple subunits (several monomers)
Similarities to other proteinsSimilarities to other proteins
DiseasesDiseases
Sequence conflictsSequence conflicts
EtcEtc. . 
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EMBL/EMBL/GenBankGenBank/DDBJ /DDBJ AnnotationsAnnotations

DNA data base annotations are DNA data base annotations are ffullull ofof errorserrors
In sequences, in annotations, in CDs attributionIn sequences, in annotations, in CDs attribution……
No consistency of annotationsNo consistency of annotations
Most annotations are done by the Most annotations are done by the submitterssubmitters
Heterogeneity of quality and updatingHeterogeneity of quality and updating

Warning !Warning !



FT   source          1..124FT   source          1..124
FT                   /FT                   /db_xrefdb_xref="taxon:4097"="taxon:4097"
FT                   /organelle="plastid:chloroplast"FT                   /organelle="plastid:chloroplast"
FT                   /organism="FT                   /organism="NicotianaNicotiana tabacumtabacum""
FT                   /isolate="FT                   /isolate="Cuban Cuban cahibocahibo cigar, gift from President Fidelcigar, gift from President Fidel
FT                   FT                   CastroCastro""

Or:Or:
FT   source          1..17084FT   source          1..17084
FT                   /chromosome="complete mitochondrial genomeFT                   /chromosome="complete mitochondrial genome""
FT                   /FT                   /db_xrefdb_xref="taxon:9267"="taxon:9267"
FT                   /organelle="mitochondrion"FT                   /organelle="mitochondrion"
FT                   /organism="FT                   /organism="DidelphisDidelphis virginianavirginiana""
FT                   /dev_stage="adult"FT                   /dev_stage="adult"
FT                   /isolate="FT                   /isolate="fresh road killed individualfresh road killed individual""
FT                   /tissue_type="liver"FT                   /tissue_type="liver"

???

Some Interesting Sequence AnnotationSome Interesting Sequence Annotation



Taxonomy Taxonomy 

Browser Browser 

@ EBI:@ EBI:

http://http://www.www.
ebi.ac.ukebi.ac.uk/ne/ne
wt/wt/

http://www.ebi.ac.uk/newt/
http://www.ebi.ac.uk/newt/
http://www.ebi.ac.uk/newt/


Related ProjectsRelated Projects

Whole genome sequencingWhole genome sequencing
Human & model organismsHuman & model organisms

EST sequencingEST sequencing
CDs (coding CDs (coding DNAsDNAs))
Alternative splicingAlternative splicing

AbAb initioinitio gene discoverygene discovery
E.gE.g., Hidden Markov Models ., Hidden Markov Models 
(HMM) (HMM) 

Domain predictionDomain prediction
TransmembraneTransmembrane
Signal Signal peptiedpeptied

NonNon--protein coding genesprotein coding genes
Regulatory sequencesRegulatory sequences

Functional annotation and Functional annotation and 
gene family clustersgene family clusters, , e.ge.g., ., 

Homology searchHomology search
Clustering of genes by Clustering of genes by 
sequence similaritysequence similarity
((paraloguesparalogues))
Clusters of Clusters of orthologousorthologous
genesgenes (real homologues) (real homologues) 
PhylogeneticPhylogenetic classification classification 
of genesof genes
Gene ontology (GO) Gene ontology (GO) 
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Genome Annotation Genome Annotation –– The AimThe Aim

EnsemblEnsembl



UniGeneUniGene

A database created and maintained at NCBI as A database created and maintained at NCBI as an an 
experimental systemexperimental system for automatically partitioning for automatically partitioning 
expressed nucleotide sequencesexpressed nucleotide sequences into a into a nonnon--redundant set of redundant set of 
genegene--oriented clustersoriented clusters

Each Each UniGeneUniGene clustercluster contains sequences that represent contains sequences that represent a a 
unique geneunique gene, as well as related information such as , as well as related information such as the map the map 
locationlocation and and tissue typestissue types in which the gene has been in which the gene has been 
expressedexpressed

UniGeneUniGene is particularly important for reducing the is particularly important for reducing the 
redundancy and complexity of redundancy and complexity of EST dataEST data and is an important and is an important 
resource for gene discovery resource for gene discovery 
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Expressed Sequence Tag (EST)Expressed Sequence Tag (EST)

A short (300A short (300--1,000 nucleotide), single1,000 nucleotide), single--pass, singlepass, single--read read 
DNA sequence derived from DNA sequence derived from a randomly picked a randomly picked cDNAcDNA
cloneclone

EST sequences comprise the largest EST sequences comprise the largest GenBankGenBank divisiondivision

There are numerous There are numerous highhigh--throughput sequencing projectsthroughput sequencing projects
that continue to produce that continue to produce large numberslarge numbers of EST sequences of EST sequences 
for important organismsfor important organisms

Many Many ESTsESTs are classified into are classified into genegene--specific clustersspecific clusters in in 
the the UniGeneUniGene data set data set 
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Genome Annotation Genome Annotation –– ContextContext

Gene identificationGene identification
Known genesKnown genes

Where? (location)Where? (location)
Genome Genome 
structure/organizationstructure/organization
Transcript(sTranscript(s)?)?
Protein(sProtein(s)?)?
Attach useful linksAttach useful links

Novel genesNovel genes
How to predict?How to predict?

EvidenceEvidence requiredrequired
Transcript(sTranscript(s)?)?
Protein(sProtein(s)?)?
Attach useful linksAttach useful links

TranscriptTranscript= = A sequence A sequence 
of of RNARNA produced by produced by 
transcription from a transcription from a 
DNA templateDNA template
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Genome Annotation Genome Annotation –– ApproachesApproaches

Automatic annotationAutomatic annotation
EnsEMBLEnsEMBL, EBI, EBI
MapViewerMapViewer, NCBI, NCBI
Genome Browser, UCSCGenome Browser, UCSC

Manual Manual curationcuration
G16 Finishing Standards for G16 Finishing Standards for 
the Human Genome Projectthe Human Genome Project

Standard Finishing Practices Standard Finishing Practices 
and Annotation of Problem and Annotation of Problem 
Regions for the Human Genome Regions for the Human Genome 
ProjectProject

http://genomeold.wustl.edu/Ovhttp://genomeold.wustl.edu/Ov
erview/finrulesname.php?G16=1erview/finrulesname.php?G16=1
General rulesGeneral rules
VocabularyVocabulary

WormBaseWormBase
FlyBaseFlyBase

http://genomeold.wustl.edu/Overview/finrulesname.php?G16=1
http://genomeold.wustl.edu/Overview/finrulesname.php?G16=1


Manual Manual CurationCuration –– Identifying GenesIdentifying Genes

KnownKnown
NovelNovel
Novel transcriptNovel transcript
PutativePutative
PseudogenePseudogene

http://vega.sanger.ac.uk/index.html






Five Agreed Groups of Genes (1)Five Agreed Groups of Genes (1)

KnownKnown
Which have identities in databases like Which have identities in databases like RefSeqRefSeq
((EntrezEntrez Gene) Gene) (NCBI)(NCBI) and are fully supported by and are fully supported by 
proteinprotein and and DNA evidenceDNA evidence

NovelNovel
Which have evidence which either isnWhich have evidence which either isn’’t complete or t complete or 
from a different organism from a different organism e.ge.g a human gene a human gene 
supported by supported by mouse mouse ESTsESTs and and proteinprotein



Five Agreed Groups of Genes (2)Five Agreed Groups of Genes (2)

Novel transcriptNovel transcript
Have multiple Have multiple potential potential ORFsORFs and no protein and no protein 
evidenceevidence

PutativePutative
Only supported by Only supported by ESTsESTs and have and have no ORFno ORF covering covering 
on on exonexon

PseudogenePseudogene



Identification of Homologous GenesIdentification of Homologous Genes

PairwisePairwise Sequence AlignmentsSequence Alignments
Needleman & Needleman & WunschWunsch (1970)(1970)

Global alignmentGlobal alignment –– similarity similarity acrossacross the full extentthe full extent
of the sequence of the sequence 

End to endEnd to end

Smith & Waterman (1981)Smith & Waterman (1981)
Local alignmentLocal alignment –– regionsregions of similarity of similarity in parts ofin parts of
the sequencesthe sequences
GlobalGlobal LocalLocal

_____  _______ __ ____    
__   ____   ____  ____________
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Searching Sequence Database Using BLAST Searching Sequence Database Using BLAST 
((AltschulAltschul et al.et al. 1991)1991)

The single The single most influentialmost influential bioinformatics tool bioinformatics tool 

Score (substitution) matricesScore (substitution) matrices
PAMsPAMs

DayhoffDayhoff et al.et al. 19781978

BLOSUMBLOSUM familyfamily
HenikoffHenikoff & & HenikoffHenikoff (1992)(1992)
Practical experience suggests that the Practical experience suggests that the BLOSUM62BLOSUM62
matrix is quite useful for general usematrix is quite useful for general use
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Automated Annotation (1)Automated Annotation (1)

Currently databases cannot cope with manually Currently databases cannot cope with manually 
annotating annotating the vast amount of sequence datathe vast amount of sequence data, they need , they need 
automatic methodsautomatic methods to to find the genesfind the genes and then and then predict predict 
the structurethe structure and and functionalityfunctionality of the proteinsof the proteins

The annotation level for The annotation level for each each speciesspecies crucially depends crucially depends 
on on the existence of the existence of homologshomologs (vs. (vs. paralogsparalogs) of the ) of the 
proteins that are potentially encoded in the genome proteins that are potentially encoded in the genome 
sequencesequence

Comparative genomicsComparative genomics
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Automated Annotation (2)Automated Annotation (2)

Regions Regions within a genomewithin a genome can can differ in featuresdiffer in features
such as such as 

Gene densityGene density
GC contentGC content

Subtle details of Subtle details of statistical propertiesstatistical properties required required 
for the for the abab initioinitio gene prediction methodsgene prediction methods can can 
differ for genome to genomediffer for genome to genome
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Automated Annotation (3)Automated Annotation (3)

Limitations in the Limitations in the representativesrepresentatives of of proteinprotein and and 
ESTEST sequencesequence collections can limit the collections can limit the reliabilityreliability
of predictionsof predictions

Evolution of Evolution of functionfunction and and sequencesequence may not be as may not be as 
tightly linkedtightly linked as is sometimes believed, making as is sometimes believed, making 
accurate predictions using accurate predictions using homology inferenceshomology inferences
difficult difficult 
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Automated Annotation (4)Automated Annotation (4)

A more general problem is that A more general problem is that the the abab initioinitio
methodsmethods for for gene predictiongene prediction are trained and are trained and 
optimized on optimized on short to medium length DNA short to medium length DNA 
sequencessequences containing containing single genessingle genes, rather , rather 
than than the currentthe current and and much longer genomicmuch longer genomic
sequencesequence,, such as regions containing such as regions containing long long 
intronsintrons, where the current programs are , where the current programs are 
known to perform known to perform poorlypoorly
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Gene Annotation MethodsGene Annotation Methods

BasicBasic methodologies for identifying methodologies for identifying gene structural elementsgene structural elements
SignalSignal based  based  
ContentContent basedbased
SimilaritySimilarity basedbased

StatisticalStatistical and and mathematicalmathematical techniques used includetechniques used include
Decision tree approaches (powerful rules)Decision tree approaches (powerful rules)

The The accuracyaccuracy of a of a classificationclassification or or predictionprediction is the only thing that is the only thing that 
mattersmatters

Discriminate analysisDiscriminate analysis

Various statistical approaches, Various statistical approaches, etcetc..
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Example of a Simple Decision TreeExample of a Simple Decision Tree



SwissSwiss--Prot and Prot and TrEMBLTrEMBL (1)(1)

SwissSwiss--ProtProt
CuratedCurated protein sequence database protein sequence database 
Provides Provides a high levela high level of annotationof annotation
Minimal redundancy and Minimal redundancy and a high level of a high level of integrationintegration
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SwissSwiss--Prot and Prot and TrEMBLTrEMBL (2)(2)

TrEMBLTrEMBL
Contains the Contains the translationstranslations of all coding sequences (CDs) of all coding sequences (CDs) 
present in the EMBL nucleotide sequencespresent in the EMBL nucleotide sequences
SPSP--TrEMBLTrEMBL CDs that should be given accession numbers CDs that should be given accession numbers 
and should be incorporated into SPand should be incorporated into SP
REMREM--TrEMBLTrEMBL entries that wont be included in SPentries that wont be included in SP

Contains the entriesContains the entries that we that we do not wantdo not want to be included in to be included in SwissProtSwissProt
REMREM--TrEMBLTrEMBL entries have entries have no accession numbers,no accession numbers, these including these including 

ImmunoglobulinsImmunoglobulins and and TT--cell receptorscell receptors, , synthetic sequencessynthetic sequences, , patent patent 
application sequencesapplication sequences, small fragments, CDs not coding for real , small fragments, CDs not coding for real 
proteinsproteins

REMainingREMaining TrEMBLTrEMBL
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GenequizGenequiz (1)(1)

http://www.cmbi.kun.nl/swift/genequiz/http://www.cmbi.kun.nl/swift/genequiz/

Integrated systemIntegrated system for for largelarge--scale biological sequence scale biological sequence 
analysisanalysis (highly (highly automatedautomated analysis)analysis)

Protein sequence Protein sequence biochemical functionbiochemical function
Using a variety of Using a variety of searchsearch & & analysis methodsanalysis methods, and up, and up--toto--
date date protein & DNA databasesprotein & DNA databases
Applying Applying an an ““expert systemexpert system”” modulemodule to the results of the to the results of the 
different methodsdifferent methods

Create a compact summary of findings, focusing onCreate a compact summary of findings, focusing on
Deriving Deriving a predicted protein functiona predicted protein function, based on, based on

The available evidence The available evidence 

ShirleyShirley©©

http://www.cmbi.kun.nl/swift/genequiz/




GenequizGenequiz (2) (2) –– the Available Evidencethe Available Evidence

The evaluation of The evaluation of the similarity to the similarity to the closest homologuethe closest homologue
in the databasein the database

IdenticalIdentical
Clear Clear 
Tentative, or Tentative, or 
MarginalMarginal

The analysis yields The analysis yields everythingeverything that can possibly be that can possibly be 
extracted from extracted from the current databasesthe current databases, including , including threethree--
dimensional (3D) models by homologydimensional (3D) models by homology, when the structure , when the structure 
can be reliably calculatedcan be reliably calculated
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GenequizGenequiz (3) (3) –– Four ModulesFour Modules

GQupdateGQupdate
The The databasedatabase updateupdate

GQsearchGQsearch
The The searchsearch systemsystem

GQreasonGQreason
The The interpretationinterpretation module module 

GQbrowseGQbrowse
The The visualizationvisualization & & browsingbrowsing
system system 

The principal design The principal design 
requirement requirement -- the complete the complete 
automation ofautomation of all repetitive all repetitive 
actionsactions

Database updatesDatabase updates

Efficient Efficient sequence sequence 
similaritysimilarity searchessearches

Sampling of results Sampling of results in a in a 
uniform fashion uniform fashion 

The automated The automated evaluationevaluation & & 
interpretationinterpretation of the results of the results 
using expert knowledge using expert knowledge 
coded in rulescoded in rules
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InternetInternet

Query Query 
SequenceSequence

GQUpdateGQUpdate

GQReasonGQReason
This is some This is some 
text text thatyouthatyou
probably wont be probably wont be 
able to able to reeadreead but but 
it is here to it is here to 
make. It at least make. It at least 
look like look like 
somehtingsomehting
important has important has 
been written orbeen written or

GQSearchGQSearch
This is This is 
some some 
text text 
thatyouthatyou
probablprobabl
y wont y wont 
be able be able 
to to 
reeadreead
but it but it 
is hereis here

This is This is 
some some 
text text 
thatyouthatyou
probablprobabl
y wont y wont 
be able be able 
to to 
reeadreead
but it but it 
is hereis here

This is This is 
some some 
text text 
thatyouthatyou
probablprobabl
y wont y wont 
be able be able 
to to 
reeadreead
but it but it 
is hereis here

This is This is 
some some 
text text 
thatyouthatyou
probablprobabl
y wont y wont 
be able be able 
to to 
reeadreead
but it but it 
is hereis here

NetworkNetwork

GQBrowseGQBrowse
This is This is 
some text some text 
thatyouthatyou
probably probably 
wont be wont be 
ableable

The modules are driven by The modules are driven by Perl Perl 
programsprograms and and RDBRDB (a simple relational (a simple relational 
database engine also written in Perl)database engine also written in Perl)

The frontThe front--end end 
program for program for 
visualizationvisualization
are WWWare WWW--
browsersbrowsers



Current ProblemsCurrent Problems

ReRe--annotation of the annotation of the MycoplasmaMycoplasma PneumoniaePneumoniae genome genome 
discovered discovered numerousnumerous errorserrors

Finding Finding new drug targetsnew drug targets with with incomplete or incorrectincomplete or incorrect
annotation annotation is very difficultis very difficult

Manual methodsManual methods are are time consumingtime consuming and and text abstractiontext abstraction is is 
extremely difficult in such extremely difficult in such a varied vocabularya varied vocabulary

Controlled vocabulariesControlled vocabularies are required are required 

Problems still exist when gene finding due to Problems still exist when gene finding due to errors in resultserrors in results
from software analysisfrom software analysis
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Future DevelopmentsFuture Developments

ShirleyShirley©©

Will Will fully sequenced genomesfully sequenced genomes add value to function prediction?add value to function prediction?

Knowledge of the mechanisms of Knowledge of the mechanisms of postpost--translational translational 
modificationsmodifications (PTM) need to be improved(PTM) need to be improved

More dataMore data could be used to extend the function prediction could be used to extend the function prediction 
further thanfurther than the molecular levelthe molecular level

Text analysis systemsText analysis systems to extract to extract keywordskeywords and and other other 
informationinformation from abstracts and related articlesfrom abstracts and related articles



AbAb initioinitio Gene Discovery (1)Gene Discovery (1)

Protein coding sequencesProtein coding sequences within a whole genome within a whole genome 
sequence can be sequence can be identifiedidentified byby

Software that recognizes Software that recognizes featuresfeatures common to common to protein protein 
coding reading framescoding reading frames

EspEsp. . the the codoncodon biasbias is typical of that observed for the is typical of that observed for the 
speciesspecies being studiedbeing studied

Proximity of Proximity of 
Transcriptional & translational Transcriptional & translational initiationinitiation motifs, motifs, 
33’’--polyadenylation sites, polyadenylation sites, 
Splicing consensus sequences at putative Splicing consensus sequences at putative intronintron--exonexon
boundariesboundaries
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rintgc.cgirintgc.cgi

http://www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi
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AbAb initioinitio Gene Discovery (2)Gene Discovery (2)

In In bacteriabacteria & & eukaryoteseukaryotes with small, compact genomes, with small, compact genomes, 
programs such as programs such as GeneFinderGeneFinder & & Grail Grail have been found to have been found to 
predict predict accuratelyaccurately in excess 90% (>90%) of all true in excess 90% (>90%) of all true 
genesgenes

The genome of The genome of higher eukaryotes,higher eukaryotes, tend to have tend to have 
numerous numerous intronsintrons and extensive and extensive nonnon--coding coding intergenicintergenic
regionsregions, , transtrans--splicingsplicing and and genes located within the genes located within the 
intronsintrons of other genesof other genes

AbAb initioinitio gene discovery considerably gene discovery considerably more difficult more difficult 
ProgramsPrograms: : GenieGenie, , GenScanGenScan, , HMMgeneHMMgene, , FGENESFGENES incorporate incorporate 
statistical approaches into statistical approaches into hidden Markov models (hidden Markov models (HMMsHMMs) ) 
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AbAb initioinitio Gene Discovery (3)Gene Discovery (3)

Irrespective of which discovery Irrespective of which discovery algorithmalgorithm is used, all is used, all 
computationally identified putative genescomputationally identified putative genes must bemust be
confirmedconfirmed by by a second line of evidencea second line of evidence before being before being 
elevated to gene status in the genome annotationelevated to gene status in the genome annotation

Three biggest deficiencies of Three biggest deficiencies of computational gene computational gene 
discovery methodsdiscovery methods are are 

ImpreciseImprecise or or incompleteincomplete characterization of characterization of gene structuregene structure
Characterization of Characterization of false positive genesfalse positive genes
Failure to identify true genes (Failure to identify true genes (false negativefalse negative))
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AbAb initioinitio Gene Discovery (4)Gene Discovery (4)

ImprovementsImprovements
Sequencing of Sequencing of complete complete cDNAscDNAs resolve the resolve the complexitycomplexity
of of alternative splicingalternative splicing in most of genes (MM, in most of genes (MM, MapViewerMapViewer, , 
NCBI)NCBI)
Comparison of the genome sequences of Comparison of the genome sequences of related speciesrelated species
improve the annotation of improve the annotation of gene structuregene structure
~ 80~ 80--90% of 90% of all true genesall true genes are identified are identified < 10% false < 10% false 
negative ratenegative rate
False negativesFalse negatives can be detected using can be detected using 

A different A different gene finding programgene finding program, or , or 
By By adjusting the stringencyadjusting the stringency of the original programof the original program’’s search s search 
parametersparameters, or even the properties of the database that is searched, or even the properties of the database that is searched
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AbAb initioinitio Gene Discovery (5)Gene Discovery (5)

Confirmation that an annotated gene corresponds Confirmation that an annotated gene corresponds 
to a to a true genetrue gene ultimately depends on ultimately depends on functional functional 
datadata

Functional genomics (all wetFunctional genomics (all wet--based)based)
Gene knockout, Gene knockout, EST or EST or cDNAcDNA expression, expression, 
transcriptomicstranscriptomics by by microarraymicroarray, quantitative RT, quantitative RT--PCR, PCR, 
RNAiRNAi, , transgenicstransgenics etcetc. . 
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Alternative SplicingAlternative Splicing

Every conceivable pattern of Every conceivable pattern of 
alternative splicingalternative splicing is found in natureis found in nature

ExonsExons have have multiple 5multiple 5’’ or 3or 3’’ splice sitessplice sites
alternatively used (a, b).alternatively used (a, b).
Single cassette Single cassette exonsexons can reside can reside 
between 2 constitutive between 2 constitutive exonsexons such that such that 
alternative alternative exonexon is either included or is either included or 
skipped (c)skipped (c)
Multiple cassette Multiple cassette exonsexons can reside can reside 
between 2 constitutive between 2 constitutive exonsexons such that such that 
the splicing machinery must choose the splicing machinery must choose 
between them (d)between them (d)
IntronsIntrons can be can be retained in the mRNAretained in the mRNA
and become translated (d)and become translated (d)

GraveleyGraveley, , ““Alternative splicing:  Alternative splicing:  
increasing diversity in the proteomic increasing diversity in the proteomic 
world.world.”” Trends in GeneticsTrends in Genetics, Feb., , Feb., 
2001. 2001. 

aa

bb

cc

dd

dd



The Five Standard Types Direct EvidenceThe Five Standard Types Direct Evidence

Identity to a previously Identity to a previously annotated reference sequenceannotated reference sequence
A match to A match to one or more EST sequencesone or more EST sequences from from the same the same 
organismorganism
Similarity of the Similarity of the nucleotidenucleotide or or conceptuallyconceptually translated translated 
proteinprotein sequence to such sequences sequence to such sequences from other from other 
organismsorganisms in in GenBankGenBank or other databasesor other databases
Protein structure predictionProtein structure prediction that matches a that matches a domaindomain in in 
the the PfamPfam database database 
Association with Association with predicted promoter sequencespredicted promoter sequences, , 
including including a TATA box consensus sequencea TATA box consensus sequence, proximity to , proximity to 
a a CpGCpG islandisland
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NonNon--Protein Coding Genes Protein Coding Genes -- DifficultiesDifficulties

tRNAtRNA, , rRNArRNA, , snoRNAsnoRNA, , snRNAsnRNA, , miRNAmiRNA (micro(micro--))

The transcripts are The transcripts are not not polyadenylatedpolyadenylated, , not represented in not represented in 
standard standard cDNAcDNA libraries libraries 

The constraint on The constraint on sequence divergencesequence divergence is at the level of is at the level of 
secondary structuresecondary structure, rather than , rather than codoncodon sequence sequence the the 
sequence divergencesequence divergence between speciesbetween species is is often too greatoften too great to to 
identify the genes purely by sequence similarityidentify the genes purely by sequence similarity

Relatively little is known about Relatively little is known about the functionthe function and and distributionsdistributions
of nonof non--protein coding protein coding RNAsRNAs ((ncRNAsncRNAs) ) other thanother than those those 
involved in transcriptional processing and translationinvolved in transcriptional processing and translation

They are usually identified using They are usually identified using BLASTnBLASTn
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Assigning Function to GenesAssigning Function to Genes

Annotation processAnnotation process
Protein sequencesProtein sequences
Features to look forFeatures to look for

Similarity with other proteinsSimilarity with other proteins
Signal peptideSignal peptide
Protein domainsProtein domains
TransmembraneTransmembrane domainsdomains
Low complexity regionsLow complexity regions

Other sources of dataOther sources of data

Representation in databaseRepresentation in database
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Annotation of Eukaryotic GenomesAnnotation of Eukaryotic Genomes

transcriptiontranscription

RNA processingRNA processing

translationtranslation

AAAAAAAAAAAAAA

Genomic Genomic 
DNADNA

Unprocessed RNAUnprocessed RNA

Mature Mature 
mRNAmRNA

Nascent Nascent 
polypeptidepolypeptide foldingfolding

Reactant AReactant A Product BProduct BFunctionFunction

Active enzymeActive enzyme

ab initioab initio
gene gene 
predictionprediction

Comparative Comparative 
gene predictiongene prediction

Functional Functional 
identificationidentification

GmGm33



Levels ofLevels of AnnotationAnnotation

Not: to give in depth annotation which may be Not: to give in depth annotation which may be 
highly species dependenthighly species dependent

To give generic information regarding the To give generic information regarding the 
biochemical function of the proteinbiochemical function of the protein
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Similarity with Similarity with ““KnownKnown”” ProteinsProteins

Single most important procedure in assigning Single most important procedure in assigning 
peptide functionpeptide function
OrthologousOrthologous proteins that share function are proteins that share function are 
similarsimilar
BlastPBlastP against a nonagainst a non--redundant protein databaseredundant protein database

SwissSwiss--Prot: excellent annotation, limited coverageProt: excellent annotation, limited coverage
TrEMBLTrEMBL: poor annotation, full coverage: poor annotation, full coverage

Multiple sequence alignment can be a trigger for Multiple sequence alignment can be a trigger for 
rere--predictionprediction
Remember that the protein sequences & annotation Remember that the protein sequences & annotation 
could be incorrectcould be incorrect
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The Danger of Inferring Function from The Danger of Inferring Function from 
Similarity DataSimilarity Data

Inferring the function of a peptide from similarity data is flawInferring the function of a peptide from similarity data is flawed ed 
Example: Protein B is similar to protein A, therefore the functiExample: Protein B is similar to protein A, therefore the functional onal 
assignment of A is inherited to Bassignment of A is inherited to B

Protein C is similar to protein C, therefore the functional assiProtein C is similar to protein C, therefore the functional assignment of B gnment of B 
is inherited to Cis inherited to C
But protein C is not similar to protein A indicating that A & B But protein C is not similar to protein A indicating that A & B are not are not 
orthologousorthologous & the functional assignments are invalid & the functional assignments are invalid 

AA BB CC

kinasekinase kinasekinase kinasekinase



Protein FeaturesProtein Features

Peptide sequences have Peptide sequences have featuresfeatures which we can predict which we can predict 
to aid to aid the functional assignmentthe functional assignment of that peptideof that peptide

Features can be short (a few aminoFeatures can be short (a few amino--acids) to very long acids) to very long 
(100(100’’s of amino acids)s of amino acids)

MethodsMethods of finding them range from the crude (regular of finding them range from the crude (regular 
expression), prosaic (expression), prosaic (pairwisepairwise similaritysimilarity) to complex ) to complex 
((HMMsHMMs, neural network & hierarchical knowledge based , neural network & hierarchical knowledge based 
systemssystems
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Signal PeptidesSignal Peptides

Information regarding whether a protein is to be Information regarding whether a protein is to be moved moved 
across membranesacross membranes in the cellin the cell

Classic examples are Classic examples are nuclear encoded peptidesnuclear encoded peptides which which 
reside in the reside in the mitochondriamitochondria or peptides which are to be or peptides which are to be 
presented on presented on the cell surfacethe cell surface

SignalPSignalP 3.0 program3.0 program

ShirleyShirley©©

http://www.cbs.dtu.dk/services/SignalP/


TransmembraneTransmembrane DomainsDomains

Regions of the peptide which Regions of the peptide which span a membranespan a membrane

ExamplesExamples
The respiratory complex in mitochondria, transporters, The respiratory complex in mitochondria, transporters, 
ionion--channels channels etcetc..

A number of different methodologies to predict these A number of different methodologies to predict these 
““sliding windowsliding window”” algorithms based on the aminoalgorithms based on the amino--acid acid 
composition (composition (hydrophobic residueshydrophobic residues))

TmPredTmPred
TMHMM (Hidden Markov Model)TMHMM (Hidden Markov Model)
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Prediction Prediction SubcellularSubcellular LocalizationLocalization

PSORTPSORT
A knowledgeA knowledge--based system, which attempts to predict the based system, which attempts to predict the 
subcellularsubcellular localization for a given proteinlocalization for a given protein

Run Run SignalPSignalP & TMHMM& TMHMM
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LowLow--complexity Regionscomplexity Regions

PeptidePeptide regions which are repetitive or more regions which are repetitive or more 
formally have a low information contentformally have a low information content

Think of these regions as peptide repeatsThink of these regions as peptide repeats
LowLow--complexity regions can be indicative of some function, complexity regions can be indicative of some function, 
structural or molecular structural or molecular minicryminicry/host evasion or incorrect /host evasion or incorrect 
gene predictiongene prediction
SEG program (in SEG program (in BLASTsBLASTs): a preliminary masking process): a preliminary masking process
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Secondary Protein DatabasesSecondary Protein Databases

A number of secondary protein databases exist A number of secondary protein databases exist 
which are designed to collates similar (which are designed to collates similar (orthologousorthologous) ) 
proteins togetherproteins together

Pfam/SMART/PROSITE/InterProPfam/SMART/PROSITE/InterPro
COGsCOGs (Clusters of (Clusters of OrthologousOrthologous Genes)Genes)

Searching against these databases give an excellent Searching against these databases give an excellent 
guide to assign functionguide to assign function
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Finding Protein Domains/Families (1)Finding Protein Domains/Families (1)

PfamPfam & SMART& SMART are collections of multiple are collections of multiple 
sequence alignments for protein domains/familiessequence alignments for protein domains/families

Each family can be identified using an Each family can be identified using an HMMHMM
Each family has Each family has limited annotationlimited annotation & list of family & list of family 
members in the primary protein databasesmembers in the primary protein databases

PROSITEPROSITE
A collection of A collection of regular expressionregular expression designed to identify designed to identify 
important resides for protein (important resides for protein (e.ge.g., active sites of enzymes)., active sites of enzymes)
Of limited use because of the searching methodologyOf limited use because of the searching methodology
Excellent Excellent documentationdocumentation

ShirleyShirley©©



Finding Protein Domains/Families (2)Finding Protein Domains/Families (2)

InterProInterPro
The repository for all the annotation regarding the The repository for all the annotation regarding the 
domaindomain

Assigning an Assigning an InterProInterPro family to the peptide is an family to the peptide is an 
acceptable level of functional annotation  acceptable level of functional annotation  
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Clusters of Clusters of OrthologousOrthologous Genes (Genes (COGsCOGs))

A database of A database of orthologousorthologous genes from a range of genes from a range of 
completed genomes (currently this is weighted completed genomes (currently this is weighted 
toward toward microbialmicrobial genomes)genomes)

Available from NCBI website Available from NCBI website 

Excellent coverage of the standard Excellent coverage of the standard metabolic metabolic 
enzyme familiesenzyme families make make COGsCOGs ideal for crossideal for cross--
referencing between genomesreferencing between genomes
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Genome Ontology (GO)Genome Ontology (GO)

An ontology is a restricted An ontology is a restricted vocabularyvocabulary used to used to 
describe/classifydescribe/classify
The GO consortium grew from efforts in the fly community to The GO consortium grew from efforts in the fly community to 
assign function/localization/process information to the assign function/localization/process information to the 
biology of the biology of the fruitflyfruitfly
The GO consortium currently has representatives of The GO consortium currently has representatives of all the all the 
major model organismsmajor model organisms and provides a methodology of and provides a methodology of 
comparing genomescomparing genomes based on functional/biological termsbased on functional/biological terms
There are several levels of assigning GO terms that There are several levels of assigning GO terms that lowestlowest of of 
which is by which is by similaritysimilarity
To this end the consortium has prepared a list of To this end the consortium has prepared a list of InterProInterPro to to 
GO mappingsGO mappings from which GO terms can be added to the from which GO terms can be added to the 
protein based on itprotein based on it’’s s InterProInterPro matchesmatches
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Functional AssignmentsFunctional Assignments

In addition to the searches mentioned thus far the annotator In addition to the searches mentioned thus far the annotator 
also read also read the literaturethe literature regarding the gene under regarding the gene under 
investigationinvestigation

This comes from This comes from crosscross--referencesreferences in the DNA/protein database in the DNA/protein database 
entryentry

Annotation should take the form of a oneAnnotation should take the form of a one--line description line description 
of the proteins function (if assignable) with the ability for of the proteins function (if assignable) with the ability for 
a user to search the database for the protein feature a user to search the database for the protein feature 
informationinformation

More inMore in--depth annotations should be stored in an atomic depth annotations should be stored in an atomic 
fashion (fashion (single fact with evidencesingle fact with evidence) to aid searching/cross) to aid searching/cross--
referencing in a databasereferencing in a database

ShirleyShirley©©



Utility of Functional AssignmentsUtility of Functional Assignments

Central to data mining & interpretation of Central to data mining & interpretation of other other 
experiments experiments 

Example: a one line description for each gene in expression Example: a one line description for each gene in expression 
microarraymicroarray workwork

Generalized Generalized multimulti--species attemptsspecies attempts to catalogue to catalogue 
the proteomes of model organisms (the proteomes of model organisms (e.ge.g., GO and ., GO and 
COGsCOGs))
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Functional Annotation & Gene Family Functional Annotation & Gene Family 
Clusters (1)Clusters (1)

FirstFirst--pass classificationpass classification
ProteinProtein--similaritysimilarity searches, searches, BLASTpBLASTp (or (or BLASTxBLASTx) ) 
to screen for to screen for amino acid sequence matchesamino acid sequence matches in in 
protein databases protein databases 

1/3~1/2 of all of 1/3~1/2 of all of the predicted proteinsthe predicted proteins do not do not 
match match a proteina protein for which any functional data is for which any functional data is 
available available ““unknown functionunknown function”” or or ““orphansorphans””

Others: Others: a finite numbera finite number of structural protein of structural protein 
domainsdomains in the combined proteome of in the combined proteome of all organismsall organisms

To cluster all proteins into To cluster all proteins into gene familiesgene families
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Functional Annotation & Gene Family Clusters (2) Functional Annotation & Gene Family Clusters (2) ––
Clustering of Gene by Sequence Similarity (1)Clustering of Gene by Sequence Similarity (1)

A common resultA common result
Each query sequence matches Each query sequence matches multiple proteinsmultiple proteins from from 
oneone or or more speciesmore species

ReasonsReasons
One One domaindomain in the query is present in the query is present in in a family of a family of 
proteinsproteins
Multiple domainsMultiple domains match different proteinsmatch different proteins
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Functional Annotation & Gene Family Clusters (2) Functional Annotation & Gene Family Clusters (2) ––
Clustering of Gene by Sequence Similarity (2)Clustering of Gene by Sequence Similarity (2)

When comparing When comparing closely related speciesclosely related species, a query , a query 
sequence containing sequence containing multiple domainsmultiple domains will typically will typically 
identify identify a proteina protein or or proteinsproteins with the same with the same 
domain structure domain structure 

Biological logic to Biological logic to domain clusteringdomain clustering
Multiple domain matchesMultiple domain matches tend to classify the gene tend to classify the gene 
product product in the same board categoryin the same board category

E.gE.g., transcriptional factors or receptors., transcriptional factors or receptors
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Functional Annotation & Gene Family Clusters Functional Annotation & Gene Family Clusters 
(3) (3) –– Clustering of Gene by Sequence SimilarityClustering of Gene by Sequence Similarity

Two different DNATwo different DNA--binding domainsbinding domains may be combined on the may be combined on the 
same proteinsame protein

E.gE.g., ., transmembranetransmembrane region may be linked to a range of different region may be linked to a range of different 
intracellular and intracellular and extracellularextracellular domains domains 

DatabasesDatabases: to classify : to classify protein domainsprotein domains according to according to 
criteria agreed upon by groups of expertscriteria agreed upon by groups of experts

Enzyme Commission (EC)Enzyme Commission (EC) hierarchical classification of enzymeshierarchical classification of enzymes
NonNon--enzymatic proteins enzymatic proteins not so obviousnot so obvious
Classification of Classification of bacterial proteinsbacterial proteins has attained wide has attained wide 
acceptanceacceptance
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Functional Annotation & Gene Family Clusters Functional Annotation & Gene Family Clusters 
(4) (4) –– Clustering of Gene by Sequence SimilarityClustering of Gene by Sequence Similarity

Structural biologyStructural biology
PFAM/the Sanger CentrePFAM/the Sanger Centre

A large collection of A large collection of multiple sequence alignmentsmultiple sequence alignments & hidden Markov & hidden Markov 
models (models (HMMsHMMs) covering many ) covering many common protein domainscommon protein domains & & familiesfamilies

InterProInterPro
To classifying To classifying individual protein domainsindividual protein domains
Gene annotations now typically link directly to Gene annotations now typically link directly to InterProInterPro classificationsclassifications

EtcEtc..

Classification of Classification of genes as genes as membersmembers of the same familyof the same family
ParalogsParalogs
OrthologsOrthologs (homologues or (homologues or homologshomologs))
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Functional Annotation & Gene Family Clusters Functional Annotation & Gene Family Clusters 
(5) (5) –– Clustering of Gene by Sequence SimilarityClustering of Gene by Sequence Similarity

Protein Protein function predictionfunction prediction
Major classes of proteinsMajor classes of proteins

EnzymeEnzyme
Signal transductionSignal transduction

Receptors and Receptors and kinaseskinases

Nucleic acid bindingNucleic acid binding
Transcriptional factors & nucleic acid enzymesTranscriptional factors & nucleic acid enzymes

StructuralStructural
CytoskeletalCytoskeletal, , extracellularextracellular matrix, motor proteinmatrix, motor protein

ChannelChannel
Voltage & chemically gatedVoltage & chemically gated

OthersOthers
ImmunoglobulinsImmunoglobulins, calcium, calcium--binding proteins, transportersbinding proteins, transporters……
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Functional Annotation & Gene Family Clusters Functional Annotation & Gene Family Clusters 
(6) (6) –– Clusters of Clusters of OrthologousOrthologous GenesGenes

PSIPSI--BLAST (iterative)BLAST (iterative)
To align the sequences obtained in an initial To align the sequences obtained in an initial proteinprotein
database search and use this to construct database search and use this to construct a profilea profile, , 
which is then used to initiate a fresh search which is then used to initiate a fresh search until until no no 
further matches are identifiedfurther matches are identified
A A true familytrue family of genes ought to be bounded by a of genes ought to be bounded by a 
significance cutsignificance cut--offoff

Gene family Gene family 

COGCOG = = clusters of clusters of orthologousorthologous genesgenes ((TatusovTatusov et al.et al.
2001)2001)

Identification of Identification of the best hitthe best hit for for each geneeach gene in in 
complete complete pairwisepairwise comparisonscomparisons of a set of genomesof a set of genomes
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Functional Annotation & Gene Family Clusters Functional Annotation & Gene Family Clusters 
(7) (7) –– Clusters of Clusters of OrthologousOrthologous GenesGenes

COG (COG (http://http://www.ncbi.nlm.nih.govwww.ncbi.nlm.nih.gov/COG/COG))
E.gE.g., comparison of the 45,350 proteins encoded by the ., comparison of the 45,350 proteins encoded by the 
genomes of genomes of 30 microbes30 microbes 2,791 2,791 COGsCOGs

Triad of proteinsTriad of proteins
COGsCOGs are assembled by are assembled by merging triads of proteinsmerging triads of proteins from from 
different speciesdifferent species that are that are the best match to one anotherthe best match to one another

Both Both orthologsorthologs and and paralogsparalogs
ParalogParalog= a duplicate copy of a gene that arose subsequent to = a duplicate copy of a gene that arose subsequent to 
the split between the split between two lineagestwo lineages that are being comparedthat are being compared
OrthologOrtholog= a gene in another lineage that is derived from the = a gene in another lineage that is derived from the 
same ancestral gene that was present prior to the lineage same ancestral gene that was present prior to the lineage 
splitsplit
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Dashed linesDashed lines: the best match occurs only in : the best match occurs only in one directionone direction; solid lines: ; solid lines: 
each gene is the match in the genome of the othereach gene is the match in the genome of the other

The tree at the left: a more standard representation of The tree at the left: a more standard representation of the the 
relationship among the genesrelationship among the genes

COG0837: COG0837: GlucokinaseGlucokinase



Gene Ontology (GO) (1)Gene Ontology (GO) (1)

Annotation on the basis of Annotation on the basis of molecular functionmolecular function alone is alone is 
insufficientinsufficient to describe or predict to describe or predict biological functionbiological function

ExamplesExamples
The evolution of The evolution of a novel functiona novel function is the is the reuse of enzymesreuse of enzymes e.ge.g., ., 
Lactate Lactate dehydrogenasedehydrogenase (LDH) as lens (LDH) as lens crystallinscrystallins

Occurred multiple times in vertebrate lineages (an Occurred multiple times in vertebrate lineages (an enzymeenzyme is is 
converted into a converted into a structural proteinstructural protein))

The The DrosophilaDrosophila orthologortholog of the of the mammalianmammalian dioxin receptordioxin receptor is is 
encoded by the encoded by the spinelessspineless--aristapediaaristapedia gene (one of the key gene (one of the key 
regulatory genes that control regulatory genes that control antenna differentiationantenna differentiation) ) 

Only clear Only clear functional similarityfunctional similarity = the involvement of the protein = the involvement of the protein 
product in product in the olfactory systemthe olfactory system
Knowledge from one species is not directly transferable to Knowledge from one species is not directly transferable to 
another another 

ShirleyShirley©©



Gene Ontology (GO) (2)Gene Ontology (GO) (2)

Molecular functionMolecular function has remained the same but the has remained the same but the 
physiological functionphysiological function has evolvedhas evolved

E.gE.g, HOX genes in patterning both the cranial , HOX genes in patterning both the cranial （（頭蓋頭蓋））nerves of nerves of 
vertebratesvertebrates & the appendages & the appendages （（附屬肢體）附屬肢體） of of invertebratesinvertebrates ––
a a shared common functionshared common function in patterning along the body axisin patterning along the body axis

One or more biological functionsOne or more biological functions are clearly derivative, the use of are clearly derivative, the use of 
TollToll--dorsal pathwaydorsal pathway in in the embryonic patterningthe embryonic patterning of flies as of flies as 
apposed to apposed to innate immunityinnate immunity in both in both vertebratesvertebrates and and invertebratesinvertebrates

1,500 genes have unambiguous 1,500 genes have unambiguous orthologsorthologs among the fly, worm among the fly, worm 
& human genomes& human genomes

A A singlesingle closest match in each genomeclosest match in each genome

ShirleyShirley©©



Gene Ontology (GO) (3)Gene Ontology (GO) (3)

Gene Ontology (GO) consortium (Gene Ontology (GO) consortium (AshburnerAshburner et al.et al. 2000)2000)

To annotate all these features for the complete set of genes To annotate all these features for the complete set of genes 
identified by genome projectsidentified by genome projects

http://www.geneontology.orghttp://www.geneontology.org

Three major categoriesThree major categories
Biological processBiological process

The The nature of processnature of process that is regulated or affectedthat is regulated or affected
Behavior, cell communication, cell growth & maintenance, death, Behavior, cell communication, cell growth & maintenance, death, 
developmental processes, perception of external stimulus, developmental processes, perception of external stimulus, 
physiological processes, viral life cyclephysiological processes, viral life cycle

E.gE.g., cell growth and division, respiration, signal transduction, ., cell growth and division, respiration, signal transduction, cAMPcAMP
biosynthesisbiosynthesis

ShirleyShirley©©

http://www.geneontology.org/


Gene Ontology (GO) (4)Gene Ontology (GO) (4)

Molecular functionMolecular function
The The biochemical activitiesbiochemical activities
Antitoxin, anticoagulant, antioxidant, apoptosis regulator, Antitoxin, anticoagulant, antioxidant, apoptosis regulator, 
cell cycle regulatory, defense/immunity protein, vitamin cell cycle regulatory, defense/immunity protein, vitamin 
transportertransporter……

E.gE.g., enzymes, nucleic acid binding, DNA ., enzymes, nucleic acid binding, DNA helicasehelicase, or , or 
tyrosine tyrosine kinasekinase

Cellular componentCellular component
The place in a cell where The place in a cell where the gene product is activethe gene product is active
Cell fraction, cell wall, Cell fraction, cell wall, extracellularextracellular, intracellular, , intracellular, 
membrane, membrane, unlocalizedunlocalized

E.gE.g., the cell surface, ., the cell surface, GolgiGolgi apparatus, or apparatus, or splicesomesplicesome

ShirleyShirley©©



Gene Ontology (GO) (5)Gene Ontology (GO) (5)

Each of these terms are arranged Each of these terms are arranged 
hierarchically, hierarchically, from general to specific from general to specific 
functionfunction

Dynamic, continually updatedDynamic, continually updated

Each organism portray different attributes in Each organism portray different attributes in 
their annotationtheir annotation

WormbaseWormbase, , FlybaseFlybase……

ShirleyShirley©©



Core databaseCore database

EnsemblEnsembl
pipeline & pipeline & 
GeneBuildGeneBuild

Manual Manual 
annotationannotation

Web siteWeb siteEnsMARTEnsMARTData Mining Data Mining 
SystemSystem

Automatic Annotation Automatic Annotation -- EnsembleEnsemble



Repeat maskingRepeat masking

AbAb initioinitio predictionspredictions
((GenscanGenscan))

Blast the predictions against:Blast the predictions against:
SwallSwall, vertebrate RNA, , vertebrate RNA, UnigeneUnigene

ePCRePCR places markers places markers 
on the sequenceon the sequence

Assembly information is used toAssembly information is used to
position position contigscontigs on a on a ““golden pathgolden path””

Sequence dataSequence data
arrives in arrives in contigscontigs

Automatic Annotation Automatic Annotation -- Raw ComputesRaw Computes

EnsEMBLEnsEMBL corecore



Database Search ServiceDatabase Search Service
http://http://www.sanger.ac.uk/DataSearch/databases.shtmlwww.sanger.ac.uk/DataSearch/databases.shtml

http://www.sanger.ac.uk/DataSearch/databases.shtml


Human proteins

Genes

Other 
proteins

cDNAs

Pmatch Exonerate

GeneWise Est2Genome

ESTs

Add UTRs

EST-genes

Merge
Genscan exons

Automatic Annotation Automatic Annotation -- GeneBuildGeneBuild



GeneWiseGeneWise –– by by EwanEwan BirneyBirney
Protein SequencesProtein Sequences

Aligned to the GenomeAligned to the Genome

Blast Blast MiniSeqsMiniSeqs

GeneWiseGeneWise



Blast sequence and create a Blast sequence and create a miniseqminiseq

Run est2genome on Run est2genome on miniseqminiseq
(determine strand, (determine strand, splicingsplicing))

Map Map cDNAscDNAs and and ESTsESTs using Exonerateusing Exonerate
(determine coverage, % identity and location in genome)(determine coverage, % identity and location in genome)

Store hits and filter on percentage identity and length coverageStore hits and filter on percentage identity and length coverage

Map transcripts back into genomeMap transcripts back into genome--assemblyassembly

ESTsESTs and and cDNAcDNA



MinigenomicMinigenomic: 1kb on either side: 1kb on either side
run run GenewiseGenewise

Blast proteinsBlast proteins
Hits ~ 100kbHits ~ 100kb

Convert to Convert to miniseqminiseq

Spliced alignmentSpliced alignment

Map back to genomicMap back to genomic

MiniseqMiniseq -- the Need for Speedthe Need for Speed



•• 8x ES40 Alpha (667 MHz) 8x ES40 Alpha (667 MHz) 
with 2Tb fibre channel storagewith 2Tb fibre channel storage

•• 6x ES45 Alpha (1GZ) with 6x ES45 Alpha (1GZ) with 
4Tb fibre channel storage4Tb fibre channel storage

•• 360x DS10L (467 MHz) farm 360x DS10L (467 MHz) farm 
with 60Gb local disk storagewith 60Gb local disk storage

•• 767xRLX800i with 80Gb of 767xRLX800i with 80Gb of 
local disk storagelocal disk storage

•• Further 21Tb storage on farmFurther 21Tb storage on farm

•• Tru64 UNIX (avoids the 2Gb Tru64 UNIX (avoids the 2Gb 
file limit)file limit)

•• 7 7 MySQLMySQL (v. 3) instances(v. 3) instances

•• Most binaries and all Most binaries and all 
sequence databases stored sequence databases stored 
locally (avoids using NFS)locally (avoids using NFS)

ResourcesResources



NCBI NCBI 3434 build, version 1, released Dec. 2003build, version 1, released Dec. 2003
http://www.ncbi.nlm.nih.gov/mapview/stats/BuildStats.cgi?http://www.ncbi.nlm.nih.gov/mapview/stats/BuildStats.cgi?
taxid=9606&build=34&ver=1#GBSourceSeqtaxid=9606&build=34&ver=1#GBSourceSeq

HTG Phase 3 HTG Phase 3 
Sequence number used: 28,479 Sequence number used: 28,479 
Length: 3.42288 x 10Length: 3.42288 x 1099

Length of sequences assembled: 3,020,300,000Length of sequences assembled: 3,020,300,000

Latest full Human Build Latest full Human Build -- NCBINCBI

http://www.ncbi.nlm.nih.gov/mapview/stats/BuildStats.cgi?taxid=9606&build=34&ver=1#GBSourceSeq
http://www.ncbi.nlm.nih.gov/mapview/stats/BuildStats.cgi?taxid=9606&build=34&ver=1#GBSourceSeq


http://http://www.ncbi.nlmwww.ncbi.nlm
.nih.gov/mapview/st.nih.gov/mapview/st
ats/BuildStats.cgi?tats/BuildStats.cgi?t
axidaxid=9606&build=34=9606&build=34
&ver=1#GBSourceS&ver=1#GBSourceS
eqeq

http://www.ncbi.nlm.nih.gov/mapview/stats/BuildStats.cgi?taxid=9606&build=34&ver=1#GBSourceSeq
http://www.ncbi.nlm.nih.gov/mapview/stats/BuildStats.cgi?taxid=9606&build=34&ver=1#GBSourceSeq
http://www.ncbi.nlm.nih.gov/mapview/stats/BuildStats.cgi?taxid=9606&build=34&ver=1#GBSourceSeq
http://www.ncbi.nlm.nih.gov/mapview/stats/BuildStats.cgi?taxid=9606&build=34&ver=1#GBSourceSeq
http://www.ncbi.nlm.nih.gov/mapview/stats/BuildStats.cgi?taxid=9606&build=34&ver=1#GBSourceSeq
http://www.ncbi.nlm.nih.gov/mapview/stats/BuildStats.cgi?taxid=9606&build=34&ver=1#GBSourceSeq


http://http://www.ensembl.owww.ensembl.o
rg/Homo_sapiens/indrg/Homo_sapiens/ind
ex.htmlex.html

http://www.ensembl.org/Homo_sapiens/index.html
http://www.ensembl.org/Homo_sapiens/index.html
http://www.ensembl.org/Homo_sapiens/index.html


Santa Cruz Genome Browser (1)Santa Cruz Genome Browser (1)

http://www.genome.ucsc.eduhttp://www.genome.ucsc.edu

Species: human, mouse, rat, Species: human, mouse, rat, C. C. eleganselegans, , C. C. briggsaebriggsae, , SARsSARs
Most recent version of the mouse, rat and human genome data Most recent version of the mouse, rat and human genome data 
+ several earlier assemblies (better annotations)+ several earlier assemblies (better annotations)

Search protocolSearch protocol
Select the appropriate organism from the pullSelect the appropriate organism from the pull--down menu, down menu, e.ge.g., ., 
human chr22(:1human chr22(:1--49396972)49396972)

Select the version of the human assembly to viewSelect the version of the human assembly to view
E.gE.g., May, 2004: based on an assembly of the human genome done  by ., May, 2004: based on an assembly of the human genome done  by UCSC UCSC 
using sequence data available on that dateusing sequence data available on that date

E.gE.g., position = ., position = TBX1TBX1 jumpjump

http://www.genome.ucsc.edu/




Santa Cruz Genome Browser (2)Santa Cruz Genome Browser (2)

RefSeqRefSeq GenesGenes
Known genes shows the mapping of the NCBI Known genes shows the mapping of the NCBI 
Reference mRNA sequences to the genomeReference mRNA sequences to the genome
NM_080647NM_080647

Human Aligned mRNA SearchHuman Aligned mRNA Search
The mRNA associated search results = the mapping of The mRNA associated search results = the mapping of 
other other GenBankGenBank mRNA sequences to the genomemRNA sequences to the genome

NonHumanNonHuman Aligned mRNA SearchAligned mRNA Search



http://www.genome.ucshttp://www.genome.ucs
c.edu/cgic.edu/cgi--
bin/hgTracks?positionbin/hgTracks?position==
chr22:18118779chr22:18118779--
18141620&hgsid=6893018141620&hgsid=68930
088&knownGene=088&knownGene=pack&pack&
hgFind.matcheshgFind.matches=NM_0=NM_0
8064680646

http://www.genome.ucsc.edu/cgi-bin/hgTracks?position=chr22:18118779-18141620&hgsid=68930088&knownGene=pack&hgFind.matches=NM_080646
http://www.genome.ucsc.edu/cgi-bin/hgTracks?position=chr22:18118779-18141620&hgsid=68930088&knownGene=pack&hgFind.matches=NM_080646
http://www.genome.ucsc.edu/cgi-bin/hgTracks?position=chr22:18118779-18141620&hgsid=68930088&knownGene=pack&hgFind.matches=NM_080646
http://www.genome.ucsc.edu/cgi-bin/hgTracks?position=chr22:18118779-18141620&hgsid=68930088&knownGene=pack&hgFind.matches=NM_080646
http://www.genome.ucsc.edu/cgi-bin/hgTracks?position=chr22:18118779-18141620&hgsid=68930088&knownGene=pack&hgFind.matches=NM_080646
http://www.genome.ucsc.edu/cgi-bin/hgTracks?position=chr22:18118779-18141620&hgsid=68930088&knownGene=pack&hgFind.matches=NM_080646
http://www.genome.ucsc.edu/cgi-bin/hgTracks?position=chr22:18118779-18141620&hgsid=68930088&knownGene=pack&hgFind.matches=NM_080646
http://www.genome.ucsc.edu/cgi-bin/hgTracks?position=chr22:18118779-18141620&hgsid=68930088&knownGene=pack&hgFind.matches=NM_080646


Santa Cruz Genome Browser (3)Santa Cruz Genome Browser (3)
Blue trackBlue track

RefSeqRefSeq: : intronintron--exonexon structure structure 
Vertical boxes = Vertical boxes = exonsexons
Horizontal lines = Horizontal lines = intronsintrons
Three Three isoformsisoforms

Direction of transcriptionDirection of transcription
Arrowheads on the Arrowheads on the intronintron

GenescanGenescan predictionprediction
Alignments for other database nucleotide sequences Alignments for other database nucleotide sequences 

Human mRNA from Human mRNA from GenBankGenBank, spliced EST, , spliced EST, UniGeneUniGene & Nonhuman mRNA& Nonhuman mRNA
Tracks displaying singleTracks displaying single--nucleotide polymorphisms (nucleotide polymorphisms (SNPsSNPs), repetitive ), repetitive 
elements and elements and microarraymicroarray database are shown at the bottomdatabase are shown at the bottom

To view the genomic context of TBX1, zoom out 10x by clicking onTo view the genomic context of TBX1, zoom out 10x by clicking on the the 
zoom out 10x boxzoom out 10x box

TBX1 is located between GP1BB and GNB1LTBX1 is located between GP1BB and GNB1L





ReferencesReferences

SwissSwiss--Prot and Prot and TrEMBLTrEMBL
http://www.expasy.ch/swissprothttp://www.expasy.ch/swissprot

GeneQuizGeneQuiz
http://columba.ebi.ac.uk:8765/extgenequiz//genequiz.htmlhttp://columba.ebi.ac.uk:8765/extgenequiz//genequiz.html

PIPMakerPIPMaker InformationInformation
http://nog.cse.psu.edu/pipmaker/http://nog.cse.psu.edu/pipmaker/

Gene Ontology Consortium Gene Ontology Consortium 
http://http://www.geneontology.orgwww.geneontology.org//

http://www.expasy.ch/swissprot
http://columba.ebi.ac.uk:8765/extgenequiz//genequiz.html
http://nog.cse.psu.edu/pipmaker/
http://www.geneontology.org/
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