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Steps of Genome Analysis

Genome sequencing & assembly
Repeat sequence masking

Organism
DNAmRNA

Make cDNA

Look for EST sequences Gene prediction

Gene annotation

Reconstruction of metabolic pathways & gene regulatory network

Comparative genomics

Functional genomics

Model building
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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

ACTAGAGCTAGAATCGATAATCGAT

CGATATAGCTATAGCTATAGCCTAT

What is gene prediction?



YM-Genetics

Why is gene prediction important?
Increased volume of genome data generated

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

No more one gene at a time. 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

- Translation initiation
- Coding regions
- Splice donors and acceptors

• Comparative prediction

• Using sequence similarity data

• Using cross-species similarities
- Using EST data

- Using protein sequences
- Using profiles and HMMs
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Gene prediction - ab initio
• 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

• Additional information gained from presence of 
promoter elements (TATA or CAAT boxes), 
Kozak sequences, poly(A) signals
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Gene prediction based on similarity
• Sequencing projects have already produced a lot of 

sequence 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. HMMs) to genome sequence, while 
including a splicing model
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Gene prediction - complications
• There can be more than one gene in a given 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.
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Gene Finding via Open Reading Frame 
(ORF) Prediction

• 6 possible ORFs
– frames 1,2,and 3 in 5’ to 3’direction
– frames 1,2, and 3 in 5’ to 3’ direction of complimentary strand

• Prokaryotes
– ATG start codon
– stop codons usually 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 genes overlap in different ORFs??  Textbook says ‘sometimes’
• good, but not perfect, prediction of protein-encoding regions
• usually > 300 amino acids in length
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the leftmost ATG rule?

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

• The simplest way: look for long open reading frames (ORFs).
• 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 codons in “random” DNA is 
64/3 ≈ 21

– Length of average protein is about 300 amino acids.



The problems of using the leftmost ATG
• Leading to proliferation of annotation errors,

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

• Making it impossible to predict secreted proteins via 
analysis of signal peptides,

• Obstructing analysis of translational regulation.

• Dealing with frame-shifts caused by sequencing errors.

(Briefings in Bioinfo. 3:181, 2002)
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ORF finding in prokaryotes
• Simplest method of finding DNA sequences that 

encode proteins by searching for open reading frames
• An ORF is a 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 is the initiation codon, 

but sometimes GUG or UUG is initiation codon
- Eukaryotes - AUG is almost always the initiation codon

Stop codons
- UAA, UAG, UGA always signal the end of translation



http://www.ncbi.nlm.nih.gov/gorf/gorf.html
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Gene finding: 
Prokaryotes vs. Eukaryotes

• Prokaryotes
– Contiguous open reading frames (ORF)
– Short intergenic sequences
– Good method: detecting large ORFs 
– Complications: 

• Partial sequences
• Sequencing errors
• Start codon prediction
• Overlapping genes on both strands
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Bacterial promoter

-35
T82T84G78A65C54A45…

(16-18 bp)…
T80A95T45A60A50T96…(A,G)

-10 +1
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Terminators

• Stem/loop
– structural only

• 3’-U tail

• Rho-independent

• C-rich
• G-poor
• “loose” consensus

Rho-dependent
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http://www.tigr.org/software/transterm.html

TransTerm from TIGR
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Translation
Ribosome Binding Site (RBS),

Shine-Dalgarno Site (SD sequence)

nnGGAGGnnnnnATG…

typical E. coli
nnaaAGGnnnnnATG
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Software Tools from TIGR
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RBS-Finder can be a post-processing
tool for GLIMMER or GeneMark.
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Summary: Bacterial genome annotation

• Find ORFs (e.g., 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
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Gene finding: 
Prokaryotes vs. Eukaryotes

• 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
• Long 3’ UTRs
• Complex transcription machinery

– ORF-finding alone is not adequate
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Approaches to finding genes

• 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

• 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
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Gene finding: genome

Genome composition

Long ORFs tend to be coding

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

Genome complexity

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

May need to mask sequence prior to gene prediction
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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
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Repeat sequences

• The Human Genome contains a high proportion of 
repetitive DNA

• Can be grouped into tandemly repeated DNA and 
interspersed repetitive DNA

• An estimated 1/3 of human genome consists of 
interspersed repetitive DNA sequences which are 
primarily degenerate copies of transposable elements
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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 III 
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Masking repetitive DNA
First step is to 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, RepeatMasker, XBLAST
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http://home.san.rr.com/dna/darryl/nucleotideAnalysis.html
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Knowing what to look 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
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DNA transcription unit features

• Promoter elements 
– Core promoter elements

• TATA box
• Initiator (Inr)
• Downstream promoter element (DPE)

– Transcription factor (“TF”) binding sites
• CAAT boxes
• GC boxes
• SP-1 sites
• GAGA boxes

– Enhancer site(s)
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http://home.san.rr.com/dna/darryl/nucleotideAnalysis.html
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mRNA features
• Exon

– Initial, internal, terminal
• Codon usage, preference * Control elements (e.g. splice enhancers)

• Intron
– 5’ splice site (“GT”), branchpoint (lariat), 3’ splice site (“AG”)
– Repeat elements

• Start codon (translation start site)
– “Kozak” rule

• UTR (untranslated regions)
– 5’ UTR

• Translation regulatory elements * RNA binding sites
– Initial, internal, terminal

• Control elements (e.g. splice enhancers)
– 3’ UTR

• RNA binding sites (cis-acting elements)
• Stop codon
• Poly-adenylation signal and site
• RNA destabilization signal



YM-Genetics

Finding tRNA genes
Recognition of tRNA genes is easier than recognition of 
protein coding genes.

Due to simpler structure of polIII 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 a method that reportedly identifies over 99% of true 
tRNA genes with less than one false positive expected per 
genome.

http://www.genetics.wustl.edu/eddy/tRNAscan-SE/



YM-Genetics

Alternate splicing

Human A

Human B

Human C

Alternate splicing (isoforms) are very difficult to predict.



YM-Genetics

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)
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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 site is called the donor site

• The 3’ splice site is called the acceptor site

• Virtually all spliceosomal introns begin with GT and 
end with AG – this nearly invariant rule is used by 
the majority of gene-finding programs to narrow the    
search space of exon and intron boundaries
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Useful databases for 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

Nucleic Acids Research, 2002, 30(19): 4103-4117
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Homology-based gene prediction programs

Nucleic Acids Research, 2002, 30(19): 4103-4117
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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

• Other features:

• Kozak sequence CCGCCAUGG

• Ribosome binding sites

• 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

• transcribed DNA sequence

• peptide sequence 

• related genomic sequence 
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ab initio prediction
What is ab initio gene prediction?
- Prediction from first principles using the raw DNA 

sequence only.

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

GATCGGTCGAGCGTAAGCTAGCTAG

ATCGATGATCGATCGGCCATATATC

ACTAGAGCTAGAATCGATAATCGAT

CGATATAGCTATAGCTATAGCCTAT
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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



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





Computer programs for
eukaryotic gene prediction

Briefings in Bioinformatics, 3(2): 195-199, 2002
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Transcript-based prediction: How it works

EST

cDNA

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

Gene
Model:
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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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• 1. Align the two sequences
• 2. Predict genes at both sequences simultaneously. 

• Computational problems:
– Aligning long (>200 Kb) sequences
– A model for cross-species gene prediction

Cross species sequence comparison-
based gene recognition

Comparative Gene Finding
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Signals for exon detection

• Cross-species conservation
– Protein Sequence Conservation
– Length conservation of coding exons

• Other signals
– Splice sites
– Codon usage statistics
– Length statistics
– Gene structure/coding frame restrictions
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Tips for gene prediction

• Gene prediction

– Anything found by most programs is high 
priority

– Anything found by one or a few is lower 
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.
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Genome annotation

• No universal criteria…
• Document repetitive elements, low-complexity regions, 

tRNA genes
• Document known genes (i.e. full-length mRNA 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
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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-translational modification(s) 
• Domains and sites 
• Secondary structure
• Quaternary structure
• Similarities to other proteins
• Disease(s) associated with deficiencie(s) in the protein
• Sequence 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
SWISSPROT – excellent annotation, limited coverage

TREMBL – poor annotation, full coverage

Multiple sequence alignment can be a trigger for re-prediction 

Remember that the protein sequences and annotation could be incorrect



YM-Genetics

Signal peptides

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

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

One example is the SignalP program which is available 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

Examples include the respiratory complex in mitochondria, 
transporters, ion-channels etc

A number of different methodologies to predict these
‘sliding window’ algorithms based on the amino-acid composition 
(hydrophobic residues) e.g. TmPred

Hidden Markov models e.g. TMHMM 
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Low-complexity regions
Peptide regions which are repetitive or more formally
have a low 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 regions is seg
(this is widely 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

Pfam/SMART/Prosite/InterPro

COGs (Clusters of Orthologous Genes)

Searching against these databases gives an exellent guide to 
assigning function
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• All ORFs/Genes should be tested with motif 
searching software, e.g.,
– Pfam
– Prosite
– SMART

• Eventually run through InterPro
(gives graphical representation of all motif hits)

Finding protein motif
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Clusters of Otrthologous Genes (COGS)

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

Available 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

• Gene Ontology
– based on 

• cellular component
• molecular function
• biological process

– problem where prediction overlaps sets,
being sorted now.
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Genome Ontology (GO) 
An ontology is a restricted vocabulary used to describe/classify

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 a list of 
InterPro to GO mappings from which GO terms can be added to 
the protein based on it’s InterPro matches   



The 3 Layers of Genome Annotation: Where, What & How?

Nature Reviews Genetics 2; 493-503 (2001)
GENOME ANNOTATION: FROM SEQUENCE TO BIOLOGY
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Obtain more info about function of related genes

Predict the putative structure

Input genome sequence data

Nucleotide sequence similarity search

Protein sequence similarity search

Output sequence annotation

(Artemis, Glimmer, GenMark)

Gene Annotation Pipeline

ORF prediction & translation

Search for specific patterns

(BLASTn, tRNAscan)

(PSI/PHI-BLAST, RPS-BLAST)
Global alignment of similar sequences

(Pairwise-BLAST)
Find gene families by M.S.A.

(CLUSTAL W)

(BLASTp, BLASTx)

(STMPA, SeqFold, Coils)

Find similar sequences in the same genome

Find similar sequences in other species
(Orthologs)

(Paralogs)
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Predicting function from sequence similarity

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

• Paralogs- from duplication within a genome, second copy may 
have new or changed function
(difficult to distinguish between otho- and paralogs unless whole 
genome is available)

• Equivalog- proteins with equivalent functions
• Analog- proteins catalyzing same reaction but not structurally 

related 
• Some enzymes may have sequence similarity simply because 

common catalytic site, substrate, pathway.
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Types of homology
PROTEIN/DOMAIN

A B

Duplication within species

Superfamily

Paralogs 
may have different 

functions

Speciation

Orthologs
may have different 
functions, if same -

Equivalogs
B2B1
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• Proteins with common functions have some common 
features.

• Domains and motifs from conserved residues. 
• Families can be grouped, profiles and HMMs derived.
• There is more to life than Blast

Protein families, motifs & domains.
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Naming protocols

• Hypothetical protein unknown function and no homology

• Conserved hypothetical protein unknown function WITH homology

• alcohol dehydrogenase like looks a bit like it, but may not be.

• Putative alcohol dehydrogenase probably a alcohol dehydrogenase

• Alcohol 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 22q sequences

Computational annotation

Experimental annotation

Exon microarrays

Tiling microarrays

exon validation
(572 EVGs)

refining of the
intron-exon 
boundary

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

8,183 exons of chromosome 22q
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Metabolic databases












