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Steps of Genome Analysis

Organism
MRNA DNA
Make cDNA Genome sequencing & assembly

' Repeat sequence masking
Look for EST sequences Gene prediction

Gene annotation

Reconstruction of metabolic pathways & gene regulatory network

Comparat—iv';geno®
R2

Functional genomics

\{

Model building




What Is gene prediction?

 Detecting meaningful signals in uncharacterised DNA sequences.
« Knowledge of the interesting information in DNA.

« Gene prediction is ‘recognising protein-coding regions
IN genomic sequence’

GATCGGTCGAGCGTAAGCTAGCTAG
ATCGATGATCGATCGGCCATATATC |:> | H |_|:|_| |_| |
ACTAGAGCTAGAATCGATAATCGAT
CGATATAGCTATAGCTATAGCCTAT
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Why Is gene prediction important?

« INncreased volume of genome data generated

« Paradigm shift from gene by gene sequencing
(small scale) to large-scale genome sequencing.

« NOo more one gene at atime. A lot of data.

« Foundation for all further investigation. Knowledge of
the protein-coding regions underpins functional genomics.

Note: this presentation is for the prediction of genes that encode protein only;
Not promoter prediction, sequences regulate activity of protein encoding genes.
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Approaches for gene prediction (Gene finding)

* ORF finding (simple but messy)
 ab initio prediction
» Measures of codon bias

« Simple statistical frequencies
- Finding promoters and poly(A) sites
- Trandation initiation
- Coding regions
- Splice donors and acceptors

« Comparative prediction
» Using sequence similarity data

 Using cross-species similarities
- Using EST data
- Using protein sequences
- Using profilesand HMMs

Y M-Genetics



Gene prediction - ab initio

e Advantage: can find candidate genes even if they
do not resemble known genes or contain known
domains

 Most reliable criteria: coding region detection
coupled to splice acceptor/donor pairs, with
reading frame conservation

e Additional information gained from presence of
promoter elements (TATA or CAAT boxes),
Kozak sequences, poly(A) signals

Y M-Genetics



Gene prediction based on similarity

Sequencing projects have already produced a lot of
seguence data (CDNA, EST).

Many newly identified genes have already homologous
sequences in databases.

Use related proteins to derive exon-intron structure of
genomic sequences.

Most straightforward: align EST sequences to genome,
while observing splicing rules

For finding new genes, use BLASTX to search genome
piece against protein databases

Most sophisticated: align protein sequences or motif
descriptors (e.g. HMMSs) to genome sequence, while
Including a splicing model

Y M-Genetics



Gene prediction - complications

There can be more than one gene in agiven region
There can be genes on both strands

There are often splice variants

- exon-intron boundaries are not easily resolved. There are
conserved GT....AG bases at the ends of introns, but
same bases exists throughout genomes and it is difficult
to predict which of them form exon-intron junctions.

There can be overlapping genes

In eukaryotes most of the genomic DNA is*“junk”.
e.g., human: only 5 % of the whole genome (150
Mpb of 3 000 Mbp) is part of a coding region.

Y M-Genetics



Gene Finding via Open Reading Frame

(ORF) Prediction

* 6 possible ORFs

— frames1,2,and 3in 5 to 3'direction

— frames 1,2,and 3in 5’ to 3’ direction of complimentary strand
* Prokaryotes

— ATG start codon

— stop codonsusualy TAA, TAG, TGA

— lack of introns in coding regions

— find longest reading frame from ATG to stop codon

* non-encoding regions will have stop codons, hence short reading
frames

» can genesoverlap in different ORFs?? Textbook says ‘ sometimes
 good, but not perfect, prediction of protein-encoding regions

« usually > 300 amino acidsin length VM-Genetics



the leftmost ATG rule?

The simplest way: ook for long open reading frames (ORFsS).

ORF = DNA sequence that starts with a start codon and ends with
a stop codon and the sequence contains only one stop codon.

Long ORFs are potential genes:

— Average distance between stop codonsin “random” DNA is
64/3~ 21

— Length of average protein is about 300 amino acids.

Therule of the ‘longest ORF was frequently applied to annotate
complete microbial genomes with gene start assigned to the 5’ -
most ATG codon.
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The problems of using the leftmost ATG

(Briefingsin Bioinfo. 3:181, 2002)

 Leading to proliferation of annotation errors,

« Complicating genomic analyses that depend on
Intergenic distances,
(e.g., prediction of the operon structure)

e Making it impossible to predict secreted proteinsvia
analysis of signal peptides,

* Obstructing analysis of trandational regulation.

« Dealing with frame-shifts caused by sequencing errors.



ORF finding in prokaryotes

Simplest method of finding DNA sequences that
encode proteins by searching for open reading frames

An ORF isa DNA sequence that contains a contiguous
set of codons that species an amino acid

Six possible reading frames

Good for prokaryotic system (no/little post translation
modification)

Runs from Met (AUG) on mRNA - stop codon TER
(UAA, UAG, UGA)

http://www.ncbi.nih.gov/gorf/gorf.html
NCBI| ORF Finder
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Start and Stop codons

Start codons
- Prokaryotes - 90% of the time AUG isthe initiation codon,
but sometimes GUG or UUG isinitiation codon
- Eukaryotes - AUG isamost always the initiation codon

Stop codons
- UAA, UAG, UGA aways signal the end of trandlation

Y M-Genetics



ORF Finder {Open Reading Frame
Finder)

The ORF Findar [Open Reading Frame Findar] 1s a
graprucal anakysi s toalwhich hinds all open reading
frames of a selectable minimum size in a usar's
SeqUence or in 8 sequence already in the database

for data man T

This tool identfies all open reading framas wsing tha
ctandard or altemative ganelic codes, The deduced
arming atd sequence can be savad invanous
formats and searched against the saquence
database using the YWWW BLAST server. The ORF
Finder shoukd be helpful in prepaning complete and

1 gccurate saquence submissions. Itis s
= L packaged with the Saquin sequance submission
oHware !-1|:|I"I1.-'-|“F!|r-.=!

Enter Gl or ACCESSION | o The Standard Code
Clear I The Vertebeate Mitochendnal Cede

The Teast Mibechonpdmal Code

or 5'Eq|.|E|'ICE in FASTA format # Th= Mold Protorcan, and Coelenterate iitochondnal Code and the bycoplasma’Spiropl;
3 ¢ The Invertebeate Miochondnal Cods
o The Cihate Dasycladacesn and Hezarota Muclea Code
d o The Eckmedemn Mitechondsal Code

The Euploted Muclesr Code

The= Eactenal and Plant Flashid Code
The Alternative Veast Huclear Code
The Ascidian Miachondnal Code
The Flarmwrorm hitochondnal Code

FROM:|  TO:[

http://www.ncbi.nlm.nih.gov/gorf/gorf.html

Blephamsma Mucleag Code
Chlorophyoean Mitachondnal Cods

Trernatade Maachondnal Code
Scenedeerng Obliquue Baschendrial Code
e Theaustechstmmn Mitechondnal Code




Gene finding:
Prokaryotes vs. Eukaryotes

» Prokaryotes
— Contiguous open reading frames (ORF)
— Short intergenic sequences
— Good method: detecting large ORFs
— Complications:
* Partial sequences
e Sequencing errors
o Start codon prediction
» Overlapping genes on both strands
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Bacterial promoter

-35
TerTe4GreAesCosss. -
(16-18 bp)...

TeoAgs T asAs0As0 T o6 (AG)
-10 +1
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Terminators

o Stem/loop e C-rich
— structural only o G-poor
e 3-Utal * “loose” consensus

* Rho-independent Rho-dependent

Y M-Genetics



TransTerm from TIGR

TransTerm iz 2 program that finds rho-independent transcription terminators in bacterial genomes. Each
terminator found by the program is assigned a confidence walue that provides an estimate of itz probability of

bedng a trie terminator.

ra For a description on how (he confidence i= calculated ses our paper:
Maria D, Ermalaewa, Handf G, Ehalak, Owen White, Hamilion O, Smith and Steven L. Salzberg, Frediction of
Transcription Terminators in Bacterial Genomes, | Mal Biod 201, (1), 2723 2000)
The TransTerm runs under Unee and requoires about ten mimstes per megabase of mput sequence on 550 MHz
Intel processon, The computational time requirement scabss hoearly with gencme g12e. The input fior the

TranaTerm is genome sequence and genss coordinales.

You can select a Genome to View high-confidence TraneTerm results:

[eqedien aeciion: ﬂﬂ

Obtaining Trans Term:

TraneTerm ig available free of charge to researchers nsing it for pon-commercial purpeses, We ask only that you fill owt and retom our licenss agresment.
Once you've downloaded and printed the agresment, either vou ar an awthorized reprezeniative of wour metitaton should =ign it and mail i1 10 the address
Lizted oo {he agreament. We much prefer email! hesl email the agreement from the acoount where you'd like we zend fhe system, which mzsl be a nonprofrl
afganizaiion's emall address, (Mo doloom addresses for free leenses.) Send email 1o manae @tignoig, o faz to 3018330208, alteniion Mara Ermolasva,
IF won Fam it please =end an email message containing 1he email address o which we should send the system; sometimes f2x copies are rot clear, Afle you
(edmail or fax m vour license agreement, we will email woo instructons on how o download 3 Unex tar file contzining the complete gpglem, incloding
BOlmCe Code,

If you represent a for-profit arganization, please contact us by email at cense @tigr.org for detatls on how to oblain a commerdal license.

Last sooifed o e 12 2002

http://www.tigr.org/software/transterm.html
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Trandation

Ribosome Binding Site (RBYS),
Shine-Dalgarno Site (SD sequence)

NNGGAGGNNNNNATG...

typical E. coll
NNAaaAGGNNNNNATG

Y M-Genetics



Software Tools from TIGR

& system for finding genes in moderohial DA, especially the genomes of
bacteria and anchasa, Glimmer (Gene Locator and Interpolated Mardow
Medeler) vses interpolated Marzowr roodels (TMBa) to identify the coding regions and distingnish

thern fromn noncoding DA,

2 fast, flexikle
satern fior
detecting splice
sites in the
gencrnic DA of varions enloaryotes, The system
has been tradned and tested suooessfully on
Flacmodiinm faliumatir (malada), Arafeioners
thafranaand huran gencmes, Trining data sets
fior Huran and Arabidopsis thaliana are included.
It is fully descaibed in Perten M, Lin 2, Salshers
SL. GeneSplicer: a new cornpotational methad oo
splice site prediction, Ao 4 ol Fae 2001
Mar 1 29(5):1185-%0

Repeatfinder

RepeatPFinder i5 a comptational s3stem fior
analysis of mpetitive stache of gencrnic
sequences, The moethod nses soffiy wees for
etficient cornputation of eract repeats and
organizes those wpeats into classes, The method
can be applied to individnal genome sequences o
sets of sequences, The cutpmt 15 multi-fasta file of
fomnd repeat sequences that can be vsed as the
target of sEanches,

TransTemn 15 a progam that
finds rho-independent
transcription Emninators in

] hacterial genornes, Bach

— 1 temdnater found by the
prograrn 15 asslgned a
confidence value that provides an estimate of its
prohability of being & toe temninater, Trns Temn
has been published: Prediction of Trnscription
Termoinaters in Bacterial Genornes Broolass,
M.D., Ehalade, Ho S, White, O, Sroith,

H.O, Saltzkerg, 5.1, Jowmal of Maolecnlar Biclogy
301, 27-33 2000

Eff d EBSfinder is a Pedl
sixipt that irnplernents
INCGer an algorithro to find
rihosomme hinding sites for genes in bacteial and
archaeal genores. Tt is noroally mn as & post-
provessor 1 the Glirnroer zene finder or 10 other
prokaryotic gene finders,

http://www.tigr.org/software
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Vol. 17 no. 122001
Fages 1123-1130

b A probabilistic method for identifying start
_— codons in bacterial genomes
. i Baris E. Suzek T Maria D. ErmolaevaZ Mark Schreiber® and

r

Steven L. Salzberg - 2:*

! Department of Computer Science, Johns Hopkins University, Baltimore, MD 21218,
1184 ZThe |nstitute for Genomic Research, 9712 Medical Center Dr, Rockville,

ABSTRACT

As the pace of genome sequencing has accelerated,
the need for highly accurate gene prediction systems
has grown. Computational systems for identifying genes
in prokaryotic genomes have sensitivities of 98-99% or
higher (Delcher ef al., Nucleic Acids Res., 27, 4636—4641,
1999). These accuracy figures are calculated by compar-
ing the locations of verified stop codons to the predictions.
Determining the accuracy of start codon prediction is more
problematic, however, due to the relatively small number
of start sites that have been confirmed by independent,
non-computational methods. Monetheless, the accuracy
of gene finders at predicting the exact gene boundaries at
both the 5" and 3" ends of genas is of critical importance
for microbial genome annotation, especially in light of
the important signaling information that is sometimes
found on the 5 end of a protein coding region. In this
paper we propose a probabilistic method to improve the
accuracy of gene identification systems at finding precise
translation start sites. The new system, BBESfinder, is
tested on a validated set of genes from Escherichia coli,
for which it improves the accuracy of start site locations
predicted by computational gene finding systems from the
range 67—=77% to 8096 correct.

50, USA and ®Department of Biochemistry, University of Otago, PO Box 56,
. New Zealand

an December 18, 2000; revised on April 12, 2001 and July 4, 2001 accepted on July 9, 2001

* RBS-Finder can be a post-processing
tool for GLIMMER or GeneMark.
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Summary: Bacterial genome annotation

e Find ORFs (e.g., run GeneMark/Glimmer)
e Find promoter & regulatory regions
 Document operons

e Document orthologs in other species,
determine function

e Verify termini by multiple alignment
e Document metabolic pathways, ensure all
enzymes are present

Y M-Genetics



Gene finding:
Prokaryotes vs. Eukaryotes

e Eukaryotes

— Complex gene structures (exon/introns)
* D. melanogaster has an average of 4 introns/gene
* Very long genes (D. melanogaster X gene 160 kb)
* Very long introns
* Many introns
» “Nested’, overlapping, and alternatively spliced genes
« 5 UTRs with non-coding exons
e Long 3 UTRSs
» Complex transcription machinery
— ORF-finding alone is not adequate

Y M-Genetics



Approaches to finding genes

o First find/mask repeats and other low complexity regions
« Search by signal - find genes by identifying the sequence
signals involved in gene expression
« Search by content - find genes by statistical properties
that distinguish protein-coding DNA
from non-coding DNA
e Combined - newest systems for gene finding combine
these two strategies
» To make use of the best computational techniques, it is
necessary to submit one’s sequence to the analysis of
several different software packages

Y M-Genetics



Gene finding: genome

« Genome composition
« Long ORFstend to be coding

 Presence of more putative ORFs in GC rich genomes
(Stop codons = UAA, UAG & UGA)

« Genome complexity

o Simple repetitive sequences (e.g. dinucleotide) &
dispersed repeats tend to be anti-coding

« May need to mask sequence prior to gene prediction

Y M-Genetics



Complex genome DNA

~10% highly repetitive (300 Mbp)

— NOT genes

~25% moderate repetitive (750 Mbp)
— Some genes

~25% exons and introns (800 Mbp)
40%="

— Regulatory regions

— Intergenic regions

Y M-Genetics



Repeat sequences

¢ The Human Genome contains a high proportion of
repetitive DNA

e Can be grouped into tandemly repeated DNA and
Interspersed repetitive DNA

e An estimated 1/3 of human genome consists of

Interspersed repetitive DNA sequences which are
primarily degenerate copies of transposable elements

Y M-Genetics



Repeat sequence types

« Short Interspersed Nuclear Elements (SINES)
- Alu repeats, GC rich, length: ~ 280 base pairs,
located in untranslated intronic regions

« Tandemly repeated DNA
- repeats often associated with disease syndromes,
telomeres contain long arrays of TTAGGG repeats

 Long Interspersed Nuclear Elements (LINES)
- AT rich regions, length: 6-8 kb, LINES
contain internal promotors for RNA polymerase |11

Y M-Genetics



Masking repetitive DNA

o First step isto locate and remove interspersed and simple repeats
from eukaryotic sequences

« Such repeats may overlap regions transcribed by RNA
polymerase, but they rarely overlap promoters or coding regions
of exons

« Locations can often provide important negative information on the
location of gene features

« Repeats can often confuse other analysis, especially database
searches

« For local installation of programs, it may be useful to add cloning
vector sequences to sequence collections that should be masked

 Repeat finding programs — CENSOR, RepeatM asker, XBLAST

Y M-Genetics



REPEAT /VECTOR MASKING SOFTWARE

The CEMSOR web server allows users to have query sequences aligned against a reference
CEMSOR .
collection of human, rodent, or plant repeats,
|DN.-“-‘« Fepeats |Thi5 is a collection of DNA repeat-finding sites.
RepeatMasker screens DMA sequences in fasta format against a library of repetitive
Fepeathasker elements and returns a masked query sequence ready for database searches as well as a
table annotating the masked regions.
|RegMaSk: |repeat masking using RepeatiMasker, ®Blast , xMU and SEG at TigemMet
VecScreen at NCBI WecScraen is a system for quickly identifying segments of a nucleic acid sequence that may
be of vector origin,

|><E-Lf-‘«5T |Read5 BLAST output and masks query,

http://home.san.rr.com/dna/darryl/nucleotideAnalysis.html
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Knowing what to ook for...

Transcribed region

— MRNA, tRNA, snoRNA, snRNA, rRNA

Structural region

— Exon, intron, 5’ UTR, 3 UTR, ORF, cleavage product

— Mutations: insertion, deletion, substitution, inversion, translocation

— Functional or signal region

— Promoter, enhancer, DNA/RNA binding site, splice site signal,
poly-adenylation signal

— Protein processing: glycosylation, methylation, phosphorylation
site

Similarity

— Homolog, paralog, genomic overlap (syntenic region)

Other feature types

— Transposable element, repetitive element

— Pseudogene

— STS, Insertion Site Y M-Genetics



DNA transcription unit features

 Promoter elements

— Core promoter elements
 TATA box
e Initiator (Inr)
» Downstream promoter element (DPE)
— Transcription factor (“TF”) binding sites
o CAAT boxes
» GC boxes
e SP-1 sites
* GAGA boxes

— Enhancer site(s)
Y M-Genetics



REGULATORY SITE FINDING SOFTWARE
site vame ______Joescription of Site |

The Eukaryotic Promoter Database i1s an annotated non-redundant collection of eukaryotic
POL II promoters, for which the transcription start site has been determined

Eukaryotic Promoter

Database :

experimentally.
Weh Promoter Scan Predicts Promoter regions based on scoring homologies with putative eukaryotic Pol 11
Service promoter sequences,

PEOMOTER SCaAM II is a program dewveloped to recognize and predict pol II promoters in

PROIMOTER SLAN 1] genomic DNA sequences. Presently it is limited to mammalian promoter sequences.

Eegulatory Sequence ||This site pravides a series of modular computer programs specifically designed for the

Analysis Tools detection of regulatory signals in non-coding sequences
|TR£\N5F&C |The Transcription Factor Database to search for binding sites and more
IWeIc:Dme to TESS |Trar‘|5|:ripti|:|r‘| Element Search System

http://home.san.rr.com/dna/darryl/nucleotideAnalysis.html
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MRNA features

— Initia, internal, terminal
» Codon usage, preference * Control elements (e.g. splice enhancers)
Intron
— 5 gplicesite (“GT"), branchpoint (lariat), 3' splice site (“AG”)
— Repeat elements
Start codon (translation start site)
— “Kozak” rule
UTR (untrand ated regions)
- 5 UTR
» Trandation regulatory elements * RNA binding sites
— Initia, internal, termina
» Control elements (e.g. splice enhancers)
- 3 UTR
* RNA binding sites (cis-acting elements)
Stop codon
Poly-adenylation signal and site
RNA destabilization signal

Y M-Genetics



Finding tRNA genes

= Recognition of tRNA genesis easier than recognition of
protein coding genes.

» Due to simpler structure of pollll promoters and the conserved
secondary structure of tRNAS.

» The tRNA gene recognition problem has apparently been
solved in tRNAscan-SE program, which combines the
elements of several earlier programs.

» Result is amethod that reportedly identifies over 99% of true
tRNA genes with less than one false positive expected per
genome.

= http://www.genetics.wustl.edu/eddy/tRNA scan-SE/

Y M-Genetics



Alternate splicing

o Alternate splicing (isoforms) are very difficult to predict.

Human A L] L]
HumanB [ F—1 1
HumanC [ —1 {1

NN
DED
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Alternative splicing — How common?

* Preliminary estimates — 35% of human genes display
alternative splicing at 5’ end

(Miranov, Genome Research 1999)

 Human genome draft — about 60% of genes display
alternative splicing

(International Human Genome Sequencing Consortium, Nature 2001)

Y M-Genetics



Splice junctions

 Splice junctions - sites where introns are spliced out
of RNA transcripts

» The splice sites on either end of the intron have
different properties

 The 5 splice siteis called the donor site
e The 3’ splice siteis called the acceptor site

« Virtually all spliceosomal introns begin with GT and
end with AG —this nearly invariant rule is used by
the mgority of gene-finding programs to narrow the
search space of exon and intron boundaries

Y M-Genetics



Useful databasesfor identifying alternatively spliced RNAS
& regulatory elements of alternative splicing data

(Genome Biology 2002, 3(11):reviews0008.1-0008.16)
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Splice site prediction programs

Program Organism Method

GeneSplicer (152) Arabidopsis, human HMM + MDD
NETPLANTGENE (42) Arabidopsis NN

(http:/fwww cbs.diudk/services/NetPGene/)

NETGENE?2 (43) Human, C.elegans, Arabidopsis NN + HMM

(http:/fwww cbs.dtudk/services/NetGene 2/)

SPLICEVIEW (39} Eukaryotes Score with consensus

(http: /12 5.itha.mi.cor.it/~webgenewwwspliceview. html )

NNSPLICEQD.9 (44) Drosophila, human or other NN

(http:fwww fruitfly.org/fseq_tools/splice. html )

SPLICEPREDICTOR (40.133) Arabidopsis, maize Logitlinear models: (1) score with
(http://bioinformatics.iastate.edu/cgi-bin/sp.cgi) consensus; (1) local composition
BCM-SPL Human, Drosophila, C.elegans, Linear discriminant analysis
(http:/fwww softberry com/berry.phtml; http://genomic.sanger.ac.uk/gf/gf. html) yeast, plant

HMM, hidden MM; MDD, maximal dependence decomposition; NN, neural nerworks.

Nucleic Acids Research, 2002, 30(19): 4103-4117
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Homol ogy-based gene prediction programs
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Gene finding: ab initio

» What features of a ORF can we use?
» Size - large open reading frames
 DNA composition - codon usage / 3rd position codon bias
o Other features:
» Kozak sequence CCGCCAUGG
» Ribosome binding sites
e Termination signal (stops)

 Splice junction boundaries
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Gene finding: comparative

» Use knowledge of known coding sequences to
Identify region of genomic DNA by similarity

o transcribed DNA sequence
e peptide sequence

e related genomic sequence

Y M-Genetics



ab initio prediction

o What isab initio gene prediction?

- Prediction from first principles using the raw DNA
sequence only.

GATCGGTCGAGCGTAAGCTAGCTAG
ATCGATGATCGATCGGCCATATATC |:> | H |_|:|_| |_| |
ACTAGAGCTAGAATCGATAATCGAT
CGATATAGCTATAGCTATAGCCTAT

Requires ‘training sets' of known gene structures
to generate statistical tests for the likelihood of a
prediction being real.
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Gene finding software

Signal recognition

— Promoter prediction

— Splice site prediction

— Start codon prediction

— Poly-adenylation site prediction
Coding potential

Coding exons

Gene structure prediction
— Spliced alignment

— Neural networks

— HMMs

Y M-Genetics



GENE-FINDING SOFTWARE

This page prowvidas an intarface to a programn for identification of open reading frames in

The GeneMark program ralies upon an Inhomaoganaous Markoy “Model approach combinad
with traimng datasets to predct ganas,

Gernlang i a syntactic pattern recognitson system, which uses the tools and techniques
ol computationgl inguistics ta find genas and other Fegher-order features in bialogical

GaneParsar i a program far the identification of protain -:-:u:llng regions in ganamic DML

This server prowides accaess to the program Genscan for predicking the locations and exon-
intran strectures of genes in genomic sequences from & vanety of

:ﬂﬂﬂﬂm DIN& SEQuEnCES
Ganafark
Genlang

sequnce data.
CenaParser

FEQUENCES
GEMSCAN

A= Imis.
DERE Grad (91,3} Gane pradiction softwane

HMMgene sarver

PROC I

Frediction of vartebrate and C. elegans genes. H¥bgene i a program for prediction of
QEMES N anorymows DR,

The ORF Finder {Open Reading Frame Finder) is a graphical analysis taal which finds all
open resdng frames of 3 sslactable minemum Sze in & USArs SEOUBNCE OF N & SSquence
slready in the databasa.

.giml|ﬂ'lt'|.l-ﬂ-.'.|5|:|:| Gene Fecognition via Spliced Abgnment. PROCRIFSTES finds the chain of
exons with the best fit tao the target proteins.

Wise2 can compare a single protein of a profile HMM to a genomic DMA sequence, and
predict a gane strecturs,

& mathod to dantify potential sphce sitas in (plant’ pre-mRNS l:l\_.' SROUENCE INERECIGN

W Taals for prediction and analydis of protéem-coding gene struchure

http://home.san.rr.com/dna/darryl/nucleotideAnalysis.html
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A list of gene finding programs

Hame

EE

CEMSCAN (e ihe mosi
Fociarabe)

GRAIL

Cenlang
Cren View

CeneFinder(FGEMEH 2tc.]

GenelD
GeneMark
CeneFarsar
Cenie
CGlimmes
MORGAMN
MZEF
MetFlaniGene
ol
FROCRIISTES
Sogfind

VEIL

Hogehoge

hdethieda
TDriscrminant Analysis

Seml Markovr Maodel

Henral Metwork

Cefimite Clauss Grammes
Linear combinalkion

LO#A

':-E[-:etnlmn.mles
Sib-Markov
rewral networks
GHMM

interpolated Markow medels
CThzE)

Decizion Tres

Cuadratic Discriminant
finalysis

Combined Neural Nelwogks
decisioh fres

spliced alignmemn

rule base

HMM

Waonderbul metbiod

CTganism
‘Human, Arbidopss

verlebiate, casncdbabadalis, arabidopsis,
malzs

kuman, mouse, arabidopsis, diosophils,
E.oli

Verebrale, Drosophila, Dioo
Hummnan, Mouss, Diptera

Human, E.zoli, Droeophila, Flans,
Hemaloda, Yeasl

Verlebrate

Almest all model ceganism
Hurman

Human [verfebrate]

micTobial

verlebrabe

Human, mouse, Arabidopets, Fombe

A, thaliana
Hurnan
varlebrate
Human
hrestebrate

wxiraterresinal

ACCEES
WWW

WWW (Stanford), WWW (MIT), Email
WWW (ORML o0 TAFA N, Email, X-

cln
W WY, Ernail
WA

W'Y, Email

WW, Email

WWW, Email

Figr froim the (W WY page)
WA

W W
W
W, binary

ol vel (mavbe going 1o be annowncsd al

Spril 1)

http://www.hgc.ims.u-tokyo.ac.jp/~katsu/genefinding/programs.html

Y M-Genetics




BRIEFINGE IH BIDINFORAATICS. YOL 1 "0 3 19170 JUNE 3302 |

i o wiall scientiaf at the
bdoinformatics company

e oo @UKaryotic gene prediction
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bicenformatics knowledge
rranagemerd systems anvd Abstract

ulgerithims 0 Parace, a , . N
e e Gomis, | 3€ven popular programs for gene prediction in eukaryotic arganisms are described and

wamemer — Computer programs for

and az Cares, Inc. &8 wall a8 evaluated on the basis of availability for in-house and on-line use and prediction accuracy. This
conducped research in repart cutlines generally applicable agpraaches to computational gene prediction and known
trustral and eamputatianal limitations in this feekd,
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Houwston and Baylor College of
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Table 1: Availability of gene prediction software

Computer programs for

k . w . Program URL Web interface  Download Source
eukaryotic gene prediction ERE R = = =
ndex. kitml
Glimmiart herpe/heeww tigr.erglsaftlabigimmearmd b Ls] i) yag®
Briefingsin Bioinformatics, 3(2): 195-199, 2002 Giantionn e A A VCENE AN ol [ yes© o
Genomebcun  heplgenes. mitedu genaomescan yesd ne ne
MHHgena herpolferww chis. diu. dilserdces HMMgens) yos no na
FGEMES httpcligenomic sanger ac. uk/gh' gl shibmil yes no na
Genie herpe/ e cse. scsc aduf~dkulp/cgi-bingenie  yes® ne nex

“Free to all under GHU licence.

“Fros anly to academes users. Commarcial users must purchass a licance.

Wl Inperface 1o Ganle uses an older version of this pragram, ot that one referred to In publicasons of frul fiy and
hurran genomes or the GASP.

Table 2: Applicability of gene prediction sofoware by organism

Table 3: Comparative accuracy of gene prediction on nucleotide level
Program Pararmeters available for May train
and test
Program Sn* Sp* Sn* Sp* Sof Sp° S0’ Sp' S0 Sp
Gearenid Humans and fruiz fly (Drosophila melanogasier) Yas » — 4=
Glimmer™ Plazmodum folciparum {the maliria parasite), Tes “Ibm:! s W %3 %3 9§ W
Arabidopas thalans, Qo sotsa (ree) and Aspergilu — B m B 92 % W
GenSan General vertebrate parameter set,” Anahidopsis Mo Canis & 1 4 &f T8 i
thaliana, maize FGEMES B 7 K oE T B N w0
Genomedan General vertebrate parameter set.* Arabidopsis thaliona, Mo GanoaTHSaan Tt requdit ot avaitshle
maiza Glimmer Teax resules noc available
HMMgene Humarns and Coenorhobditic slegons Mo
FGEMES Humans , feui fly (D. mefanegoster), nematode, yexst Mo *Tusted o the Adh region in Dresophie'™ dats from Prdove 1ol "™ snd Resse o ™
and Fh"lb “Teatnd on n sotof 195 high-quality mammabsn sequences [urman, mouss and cat), shich
o i Humars , fruit fly (0. mefanegoser) Ma Fas been expermentaly validubed and inchudes both multiple and ungle gene sequences
This set & described im decall inthe original paper; ~ daca from Roge e ol
. . “Tested ona ser of § 70 srgle-pene vertebrate sequences; dam from Emnmdﬁuﬂn
“The general '|Il'|'.t|:|:vl1tl'.' parameter Et‘lf is -:I|§:rn‘-=d l'n:|r.|1 rJ'r: training and testing set of 370 A et "ﬁ"ﬂhﬁ' the austhar in-Bouse [prevously unpublished) on a ser of 570
sequences desoribed n Burpet and Guige. It is not limived vo haman sequeences, seqeenest Oeher performancs fgures callested by thee authar Trem th web sites Tar
EThere is no explaration on the web site for what exact species of nemarodes, yeast and reripactivg pregams

plants the parameter sets are offered. “Sarme as (d). except tevted on the Agh region in [h'u-lqu-sl.



Transcript-based prediction: How It works

 Align transcript data to genomic sequence using
a pair-wise sequence comparison

Gene

Model: [T ] ] |
EST N e ] |
[ H1 ] ]

[(H] ] ] |

C—{ 1 |

CONA m— e ] ] |
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EST databases

EMBL/GenBank have separate sections for EST
sequences

ESTs are the most abundant entries in the databases
(>60%)

ESTs are separated by division in the databases

EST sequences are submitted in bulk, but do have to
meet minimal quality criteria
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Cross species sequence compari son-
based gene recognition

Comparative Gene Finding

« 1. Align the two sequences
o 2. Predict genes at both sequences simultaneously.

o Computational problems:
— Aligning long (>200 Kb) sequences
— A model for cross-species gene prediction
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Signals for exon detection

» Cross-species conservation
— Protein Sequence Conservation
— Length conservation of coding exons
o Other signals
— Splice sites
— Codon usage statistics
— Length statistics
— Gene structure/coding frame restrictions

Y M-Genetics



Tipsfor gene prediction

* Gene prediction

— Anything found by most programs is high
priority

— Anything found by one or afew islower
priority

— Some have been rated as more accurate than
others (i.e., should look into current literatures)

— One program is not reliable = combine
different evidence.

Y M-Genetics



Genome annotation

No universal criteria..

Document repetitive elements, low-complexity regions,
tRNA genes

Document known genes (i.e. full-length mMRNA known)
Document EST hits

Document regions with similarity to known proteins
Run gene prediction algorithm(s)
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Bacterial genome annotation

Find ORFs, run GeneMark / Glimmer

Find promoter & regulatory regions

Document operons

Document orthologs in other species, determine function
Verify termini by multiple alignment

Document metabolic pathways, ensure all enzymes are
present

Y M-Genetics



Genome annotation

Annotation is the process of interpreting raw sequence data
Into useful biological information

Annotations describe the genome and transform raw genome
sequences into biological information by integrating
computational analyses, other biological data and biological
expertise.

Old Days. One Gene done by one Lab = LOTS of INFO

Now: Many genes = Superficial and incomplete of many
genes.

Features could be repeats, genes, promoters, protein
domains........

Features can be linked to other databases eg Pfam/Pubmed
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Annotation is the description of:

Function(s) of the protein

Post-tranglational modification(s)

Domains and sites

Secondary structure

Quaternary structure

Similarities to other proteins

Disease(s) associated with deficiencie(s) in the protein
Seguence conflicts, variants, etc.
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Annotation sources

Publications that report experimental data

Review articles on specific protein families or groups of
proteins

Protein sequence analysis
External experts on the organism
Comparison with other, related sequenced organisms
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Similarity with ‘known’ proteins

« Single most important procedure in assigning peptide function
« Orthologous proteins that share function are similar

« Blastp against a non-redundant protein database
o SWISSPROT — excellent annotation, limited coverage
« TREMBL — poor annotation, full coverage

« Multiple sequence alignment can be atrigger for re-prediction

« Remember that the protein sequences and annotation could be incorrect
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Signal peptides

« Information regarding whether a protein isto be moved
across membranes in the cell.

o Classic examples are nuclear encoded peptides which reside
In the mitochondria or peptides which are to be presented on
the cell surface

« One example isthe SignalP program which is avallable as a
web/mail server as well as an older implementation in the
emboss/bioperl packages
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Transmembrane domains

« Regions of the peptide which span a membrane

« Examplesinclude the respiratory complex in mitochondria,
transporters, ion-channels etc

« A number of different methodologies to predict these

o ‘diding window’ algorithms based on the amino-acid composition
(hydrophobic residues) e.g. TmPred

« Hidden Markov modelse.g. TMHMM
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L ow-complexity regions

o Peptide regions which are repetitive or more formally
have alow information content

 Think of these regions as peptide repeats

« Low-complexity regions can be indicative of some function,
structural or molecular mimicry/host evasion or incorrect
gene prediction

« Program of choice for finding low-complexity regionsis seg
(thisiswidely used in blast servers as a preliminary masking
Process.
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Secondary protein databases

« A number of secondary protein databases exist which are
designed to collate similar (orthologous) proteins together

o PFam/SMART/Prosite/InterPro
o COGs (Clusters of Orthologous Genes)

« Searching against these databases gives an exellent guide to
assigning function
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Finding protein motif

* All ORFs/Genes should be tested with motif
searching software, e.q.,

— Pfam
— Prosite
— SMART

o Eventually run through InterPro
(gives graphical representation of all motif hits)
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Clusters of Otrthologous Genes (COGS)

o A database of orthologous genes from a range of completed
genomes (currently this is weighted toward microbial
genomes)

o Avallable from the NCBI website

« Excellent coverage of the standard metabolic enzyme families
make COGS ideal for cross-referencing between genomes
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Grouping genes

e Gene Ontology
— based on
e cellular component
e molecular function
* biological process

— problem where prediction overlaps sets,
being sorted now.
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Genome Ontology (GO)

« An ontology is arestricted vocabulary used to describe/classify

o The GO consortium grew from efforts in the fly community to
assign function/localisation/process information to the biology of
the fruit fly.

« The GO consortium currently has representatives of all the major
model organisms and provides a methodology of comparing
genomes based on functional/biological terms

« There are several levels of assigning GO terms the lowest of which
IS by similarity. To this end the consortium has prepared alist of
InterPro to GO mappings from which GO terms can be added to
the protein based on it’s InterPro matches
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The 3 Layers of Genome Annotation: Where, What & How?

Where?
Mucleotide-level annotation

. S e e
o oo o o o

What? l

Protein-level annotation

Nature Reviews Genetics 2; 493-503 (2001)
GENOME ANNOTATION: FROM SEQUENCE TO BIOLOGY



Gene Annotation Pipeline

(BLASTn, tRNAscan) (Artemis, Glimmer, GenM ark)
(BLASTp, BLASTX)

(PSI/PHI-BLAST, RPS-BLAST)

(Orthologs)
Find similar sequencesin other species

(Pairwise-BLAST)

Find similar sequences in the same genome (CLUSTAL W)

(Paralogs)

(STMPA, SegFold, Cails)

Output sequence annotation
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Predicting function from sequence similarity

* Orthologs- arose from speciation, same gene in different organisms
-can have <30% homology

e Paralogs- from duplication within a genome, second copy may
have new or changed function

(difficult to distinguish between otho- and paral ogs unless whole
genome is available)

« Equivalog- proteins with equivalent functions

» Analog- proteins catalyzing same reaction but not structurally
related

e Some enzymes may have sequence similarity simply because
common catalytic site, substrate, pathway.
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Types of homology

Superfamily PROTEIN/DOMAIN

/\Duplication within species

Paralogs
may have different A B
functions
/ \Speci ation
Orthologs
may have different
funztions, If same - Bl B2
Equivalogs
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Protein families, motifs & domains.

Proteins with common functions have some common
features.

Domains and motifs from conserved residues.
Families can be grouped, profilesand HMMs derived.
Thereismoreto lifethan Blast
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Naming protocols

Hypothetical protein

Conserved hypothetical protein
alcohol dehydrogenase like
Putative alcohol dehydrogenase

Alcohol dehydrogenase

unknown function and no homology
unknown function WITH homology
looks a bit like it, but may not be.
probably a acohol dehydrogenase

this has previously been
characterised and shown to be
alcohol dehydrogenase in this
organism.
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Experimental annotation of the human
genome using microarray technology

D. D. SHOEMAKER*, E. E. SCHADT*, C. D. ARMOUR, Y. D. HE, P. GARRETT-ENGELE,
P. D. MCDONAGH, P. M. LOERCH, A. LEONARDSON, P. Y. LUM, G. CAVET, L. F. WU,
S.J. ALTSCHULER, S. EDWARDS, J. KING, J. S. TSANG, G. SCHIMMACK,

J. M. SCHELTER, J. KOCH, M. ZIMAN, M. J. MARTON, B. LI, P. CUNDIFF, T. WARD,

J. CASTLE, M. KROLEWSKI, M. R. MEYER, M. MAO, J. BURCHARD, M. J. KIDD, H. DAI,
J.- W. PHILLIPS, P. S. LINSLEY, R. STOUGHTON, S. SCHERER & M. S. BOGUSKI

Rosetta Inpharmatics, Inc., 12040 115th Avenue N.E., Kirkland, Washington 98034, USA

Nature 409, 922 - 927 (2001)
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Overview

Chromosome 229 sequences

: : = Genscan predicted 817 genes(6,684 exons)
‘ Computational annotation I Dunham, I. et al. Nature 402, 489-495 (1999).

1 exon validation
(572 EVGS)
‘ Experimental annotation I

intron-exon
boundary
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Metabolic databases

Database URL
PFBP http ffwnarw. ebiac ukfresearchipfmp
KEGI http: {ferarw. cenome. ad. ipfkes o
BRENDA .  http:/fsrsb ebiacuks St es e s :
hitp/fwennee. uni-koeln.d edmath-nat-fak'biochemie/ds/dshren_e htm
 hitp ffwrww. brenda uni-koeln. de

PathDE = hittpSeww.noor argfrezsearchipathdbS

SRS - httpfferst el ac uld

Ecolyc  °  httpffecocycpanbic.comiecocyc/ -
MPW-EMP = http/fsrst ebiac ukd Or hitp: At mes. anl Ec::vﬂ?thI'Ef
CSMNbd - httpffeeo mhs so i osndb

Transfac - http/ftransfac.obf def

RegulonDE  http:#waner cifin. unam. mer C omp utati onal E-1|:|1|:|gwregulnndhf :
DPinteract http: Hfarep. med harvard edu/ dpinteract!
ooTFD http: ffwnarwr. 15k net!
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Genome Annotation Quality

What 1s the quality of genome annotation?

Quality of sequence well known

Quality of gene prediction at least roughly

understood

Functional accuracy of 99.5% claimed...
... but not tested experimentally

We rely upon functional assignments for
biological interpretation




The Annotation of M. genitalium

1. TIGR sequences genome and makes initial annotation

2. GeneQuiz consortium automatically annotates

3. Eugene Koonin et al (NCBI) manually make annotations
4. GeneQuiz consortium automatically re-annotates

5. Updates
. Several groups make automated structural annotations
. I'GR makes updates to annotation, including new genefinding

Different groups use similar methods and operated
sequentially, reviewing each others’ results




Compatible Annotations

mg463

TIGR: L high level kasgamycin resistance (ksgA)
NCBI: ® rRNA (adenosine-N6, N6-)-dimethyltransferase (ksgA)
GeneQuiz: @ Dimethyladenosine transfe [sic|

mg010

TIGR: L] DNA primase (dnakE)

NCBI: L] DNA primase (truncated version) (DnaGp)
GeneQuiz: @ DNA primase (EC 2.7.7.-)

mg225

TIGR: hypothetical protein

NCBI: L amino acid permease

GeneQuiz: @ histidine permease




Incompatible Annotations

mg302
TIGR:
NCBI:

GeneQuiz:

mg448
TIGR:
NCBI:

GeneQuiz:

mg(85
TIGR:
NCBI:
GeneQuiz

no database match
(glycerol-3-phosphate?) permease
mitochondrial 60S ribosomal protein L2

pilin repressor (pilB)
putative chaperone-like protein
pilB protein

hvdroxymethylglutaryl-CoA reductase (NADPH)
ATP(GTP?)-utilizing enzyme
NADH-ubiquinone oxidoredu [sic]|




Genome Annotation Quality

« Average error rate at least 8%
— Actual error rate likely to be 2-3 times higher

* Where do errors come from?
— Poor sequence comparison: not homology at all
— Incorrect inferences of function from homology
— Propagation of erroneous data -

¢« Solutions?
— Caretul sequence comparison
— Avoidance of over-annotation
— Complete description of method in database
— New methods for functional characterization




