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Course Syllabus
Jan 7 Sequence Analysis I. Pairwise alignments, database searching including

BLAST (FL) [1, 2, 3]
Jan 14 Sequence Analysis II. Database searching (continued), Pattern searching(FL)[7]
Jan 21 No Class - Martin Luther King Holiday
Jan 28 Sequence Analysis III. Hidden Markov models, gene finding algorithms (FL)[8]

Feb 4 Computational Methods I. Genomic Resources and Unix (GB)
Feb 11 Computational Methods II. Sequence analysis with Perl. (GB)
Feb 18 No Class - President's Birthday
Feb 25 Computational Methods III. Sequence analysis with Perl and BioPerl (GB)

Mar 4 Proteins I. Multiple sequence alignments, phylogenetic trees (RL) [4, 6]
Mar 11 Proteins II. Profile searches of databases, revealing protein motifs (RL) [9]
Mar 18 Proteins III.Structural Genomics:structural comparisons and predictions (RL)

Mar 25 Microarrays: designing chips, clustering methods (FL)
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Topics to Cover

• Pattern searching
• Gene Finding algorithms



WIBR Bioinformatics Course, © Whitehead Institute, 2002 4

GGATTGTAAGAGTTACTGTTACATTTTCTGGCCTACTACCTTTAAAATTCCTGTTGCATTTCTTTGTATTTACAAGGAAAAGACTGAACTTTTTCTCATCAAAACTAG
CTTTTTTCTCACAGGTTAAACTTGCACCAATGTCTGCTCTTTTTTTTTAATGTTTTTGGTACTCTGGGCAGACTTCAGTTTTTTAAAAAATAAAGATTCTAATGCAGC
TATCTTGGCATTCCCTTTAAATACCTGTCTTAACCTCCTACTTTTATTTCCTACTCCTTTCCACACACATGCATACAATCCTTTACCTTTTAAAGAATCATTAAGACT
GTCACACATTAGGAACTCTTTCGCTCACTCTTCTGTCATTTGCTGCAATATTGAAATTCTTATTTTGACCATCAATGCCTATTAATTCTTCTAATACATGAAGAAAAT
GATTGAGTAGCAGCAGTACTATAGGTGGGAAATACAGTTTAACTGCTGAATTTTTATACCTCTCTGATTTATAGCTTGCTAATTAAATTGCTATTAATAGTTTGTTTG
GCTTAATTAGACTTAAGAAAACAACAGGGCATGAGGAGAGAATTGTATGTAACCAGTGATATGATTATTCCTGAATGTACAGACAGAAGTAAGCCTGGACATTGTTTA
ATTTAAAAACTTTAGTCCCTGCTTTAAGGGAATATGATAATGTATACTATGACAAATGTACTTTATTCTTCTAACACAGTAAGAATTACTTGGAACTTTTTCCTGAAA
CTAAGTGCAGGAAAGCCCTGTGTGTCTTGGTTTAGTGATGGTTTCATTTCTAGCCATACAACTGATGGATTGTATACAATTTTTGTTAGTGCCAAAATAATCTGTTAT
ATGAACAGACTTCTAAAATAATTTCTGTATATTATATATGTAAGAAGGCTTTTATTGAACAGCTTATTTTCCACTTGCAAGTTTATGGAAATATCAATATGTCAAAAT
AAAAAGTGGGACAATTCTTTGCTGTTAGAAGAATGTGCTTATTATTTTGATTTCTTAAATGGTACATAATCAAAGTACTGCTGAACTATAGGTGCAGTATTCTACTAA
ACATTTCGCTAGTAATACCACTGATTTAGAAACAAAACTGTTTATTTTTGCTTTCTGAATTTAGAATGCTGGGATTACCTGTTTAAATATGTTTTAGGGAATATAGAG
ATTAAATCTGTACATACCTGTGCACATATATTCATGCACCCTCTGATTTTGGTTTTCTCGTTTTTGAGTTCTTAGAAAGTATCCACATACTCTTCTTTTAGTAGAAGT
AGCTGTTTTAGAGAGAAGAAAAGGATGAGACTTTAAATAGTTGATTCTTTTTGTGTTTTCTACAAACTTTTTTGAATTTTAAATCACAAGCAAACTAATTTTCTGGTT
TTTAGAAAGTAGATGATGATTTCAGAGGAGTAAGACATGCCAAACAGCGTGCTCGGTAGGATTTTAGGTAGTCAAATGCAGCTGAGAAAAAGTATTTTCAAGTCATAA
GTTGCTAATTGATATGCTATGAACTAGTCAAAATAGGAACCATATGATTCATGTTAGATTTTCCTCTAGAGATGGATCTGAATGTTCAGTTCCAGCCAAGGTAGATTT
TACTTTCAACTTTTTAATCAATATCACTTTCTGTGCTTAATCTCTTTGGTGTTACCTTGTCCATTTTCATTTGTCTAAAATTCTGCAGGGATGACTACAATTTGGCAT
AATGGTATAAATGAATTGTTAAGGGTAACTTTAAGTTGAAGATTAAAGCAAGATGCCATTTTCCCCATGTCTTTCATTTTGTTTACATTTTTTCCCTTTAAGTTAGTA
TACACTACACATACTACAATAAAATATAATAATATGAAAAGGATTGTAAGAGTTACTGTTACATTTTCTGGCCTACTACCTTTAAAATTCCTGTTGCATTTCTTTGTA
TTTACAAGGAAAAGACTGAACTTTTTCTCATCAAAACTAGCTTTTTTCTCACAGGTTAAACTTGCACCAATGTCTGCTCTTTTTTTTTAATGTTTTTGGTACTCTGGG
CAGACTTCAGTTTTTTAAAAAATAAAGATTCTAATGCAGCTATCTTGGCATTCCCTTTAAATACCTGTCTTAACCTCCTACTTTTATTTCCTACTCCTTTCCACACAC
ATGCATACAATCCTTTACCTTTTAAAGAATCATTAAGACTGTCACACATTAGGAACTCTTTCGCTCACTCTTCTGTCATTTGCTGCAATATTGAAATTCTTATTTTGA
CCATCAATGCCTATTAATTCTTCTAATACATGAAGAAAATGATTGAGTAGCAGCAGTACTATAGGTGGGAAATACAGTTTAACTGCTGAATTTTTATACCTCTCTGAT
TTATAGCTTGCTAATTAAATTGCTATTAATAGTTTGTTTGGCTTAATTAGACTTAAGAAAACAACAGGGCATGAGGAGAGAATTGTATGTAACCAGTGATATGATTAT
TCCTGAATGTACAGACAGAAGTAAGCCTGGACATTGTTTAATTTAAAAACTTTAGTCCCTGCTTTAAGGGAATATGATAATGTATACTATGACAAATGTACTTTATTC
TTCTAACACAGTAAGAATTACTTGGAACTTTTTCCTGAAACTAAGTGCAGGAAAGCCCTGTGTGTCTTGGTTTAGTGATGGTTTCATTTCTAGCCATACAACTGATGG
ATTGTATACAATTTTTGTTAGTGCCAAAATAATCTGTTATATGAACAGACTTCTAAAATAATTTCTGTATATTATATATGTAAGAAGGCTTTTATTGAACAGCTTATT
TTCCACTTGCAAGTTTATGGAAATATCAATATGTCAAAATAAAAAGTGGGACAATTCTTTGCTGTTAGAAGAATGTGCTTATTATTTTGATTTCTTAAATGGTACATA
ATCAAAGTACTGCTGAACTATAGGTGCAGTATTCTACTAAACATTTCAGCTAGTAATACCACTGATTTAGAAACAAAACTGTTTATTTTTGCTTTCTGAATTTAGAAT
GCTGGGATTACCTGTTTAAATATGTTTTAGGGAATATAGAGATTAAATCTGTACATACCTGTGCACATATATTCATGCACCCTCTGATTTTGGTTTTCTCGTTTTTGA
GTTCTTAGAAAGTATCCACATACTCTTCTTTTAGTAGAAGTAGCTGTTTTAGAGAGAAGAAAAGGATGAGACTTTAAATAGTTGATTCTTTTTGTGTTTTCTACAAAC
TTTTTTGAATTTTAAATCACAAGCAAACTAATTTTCTGGTTTTTAGAAAGTAGATGATGATTTCAGAGGAGTAAGACATGCCAAACAGCGTGCTCGGTAGGATTTTAG
GTAGTCAAATGCAGCTGAGAAAAAGTATTTTCAAGTCATAAGTTGCTAATTGATATGCTATGAACTAGTCAAAATAGGAACCATATGATTCATGTTAGATTTTCCTCT
AGAGATGGATCTGAATGTTCAGTTCCAGCCAAGGTAGATTTTACTTTCAACTTTTTAATCAATATCACTTTCTGTGCTTAATCTCTTTGGTGTTACCTTGTCCATTTT
CATTTGTCTAAAATTCTGCAGGGATGACTACAATTTGGCATAATGGTATAAATGAATTGTTAAGGGTAACTTTAAGTTGAAGATTAAAGCAAGATGCCATTTTCCCCA
TGTCTTTCATTTTGTTTACATTTTTTCCCTTTAAGTTAGTATACACTACACATACTACAATAAAATATAATAATATGAAAAGGATTGATTCATGTTAGATTTTCCTCT
AGAGATGGATCTGAATGTTCAGTTCCAGCCAAGGTAGATTTTACTTTCAACTTTTTAATCAATATCACTTTCTGTGCTTAATCTCTTTGGTGTTACCTTGTCCATTTT
CATTTGTCTAAAATTCTGCAGGGATGACTACAATTTGGCATAATGGTATAAATGAATTGTTAAGGGTAACTTTAAGTTGAAGATTAAAGCAAGATGCCATTTTCCCC
ATGTCTTTCATTTTGTTTACATTTTTTCCCTTTAAGTTAGTATACACTACACATACTACAATAAAATATAATAATATGAAAAGGATTGATTCATGTTAGATTTTCCTC
TAGAGATGGATCTGAATGTTCAGTTCCAGCCAAGGTAGATTTTACTTTCAACTTTTTAATCAATATCACTTTCTGTGCTTAATCTCTTTGGTGTTACCTTGTCCATTT

Status of Sequencing (12/31/2001)

63%

35%

2%

Finished
Unfinished
Not Sequenced
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Topics to Cover

• Pattern searching
• Gene Finding algorithms
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Pattern Searching
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Pattern Searching
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Pattern Searching
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Pattern Searching
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Pattern Searching

TATAA, allowing 1 mismatchTATAA[1,0,0]

4 purines followed by 4
pyrimidines

RRRRYYYY
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Pattern Searching
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Pattern Searching
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Pattern Searching

p1=6...6 3...8 p1

a hairpin with GAGA as the loopp1=6...8 GAGA ~p1

TATAA, allowing 1 mismatchTATAA[1,0,0]

4 purines followed by 4
pyrimidines

RRRRYYYY
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Pattern Searching

exact 6 character repeat
separated by up to 8

p1=6...6 3...8 p1

a hairpin with GAGA as the loopp1=6...8 GAGA ~p1
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Pattern Searching

p1=6...6 3..8 p1[1,1,1]

exact 6 character repeat
separated by up to 8

p1=6...6 3...8 p1

a hairpin with GAGA as the loopp1=6...8 GAGA ~p1

TATAA, allowing 1 mismatchTATAA[1,0,0]

4 purines followed by 4
pyrimidines

RRRRYYYY
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Pattern Searching

allow one mismatch, deletion
and insertion

p1=6...6 3..8 p1[1,1,1]

exact 6 character repeat
separated by up to 8

p1=6...6 3...8 p1

a hairpin with GAGA as the loopp1=6...8 GAGA ~p1

TATAA, allowing 1 mismatchTATAA[1,0,0]

4 purines followed by 4
pyrimidines

RRRRYYYY
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Pattern Searching Programs
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Pattern Searching Programs
Patscan
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Pattern Searching Programs
scan_for_matches patfile < inputfilePatscan
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Pattern Searching Programs

findpatterns

scan_for_matches patfile < inputfilePatscan
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Pattern Searching Programs

gcg; findpatternsfindpatterns

scan_for_matches patfile < inputfilePatscan
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Pattern Searching Programs

fuzznuc,
fuzzprot,
fuzztrans, dreg

gcg; findpatternsfindpatterns

scan_for_matches patfile < inputfilePatscan
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Pattern Searching Programs

EMBOSS programs; web and Unixfuzznuc,
fuzzprot,
fuzztrans, dreg

gcg; findpatternsfindpatterns

scan_for_matches patfile < inputfilePatscan
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Topics to Cover

• Pattern searching
• Gene Finding algorithms
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Problem to Solve
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Types of Signals to Detect
• Transcriptional
ß TSS
ß TATA box
ß PolyA

• Translational
– Kozak (CC A/G CCAUGG)
– Termination codon (UAA, UAG, UGA)

• Splicing
– Introns - GT……AG
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Gene Finding Strategies
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Gene Finding Strategies

• Content-based methods
– codon usage, compositional complexity
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Gene Finding Strategies

• Content-based methods
– codon usage, compositional complexity

• Site-based methods
– presence or absence of specific pattern or sequence
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Gene Finding Strategies

• Content-based methods
– codon usage, compositional complexity

• Site-based methods
– presence or absence of specific pattern or sequence

• Comparative methods
– determination based on homology
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Evolution of Gene Finding Programs
1980

1990

2000

???
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Evolution of Gene Finding Programs
ORF

1980

1990

2000

???
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Evolution of Gene Finding Programs
ORF

Codon Usage
1980

1990

2000

???
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Evolution of Gene Finding Programs
ORF

Codon Usage

Splice Sites/Exons

1980

1990

2000

???
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Evolution of Gene Finding Programs
ORF

Codon Usage

Splice Sites/Exons

Multiple genes
Whole genes

1980

1990

2000

???
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Evolution of Gene Finding Programs
ORF

Codon Usage

Splice Sites/Exons

Multiple genes
Whole genes

Alternative splicing
Functional RNAs
Nested genes

1980

1990

2000

???
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RepeatMasker
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RepeatMasker
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RepeatMasker

Summary:
Total length:    8750 bp

GC level:         35.61%

Bases masked: 6803 bp (77.75%)
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Coding Measures
• Look at frequencies of codons (e.g.

redundancy of genetic code; Leucine =
UUA, UUG, CUU, CUC, CUA, CUG)

• 6-tuple or hexamer approach
ACCTCG  TACTCG  GCCCTC
Thr    Ser    Tyr   Ser    Ala  Leu
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Fifth Order Markov Models

Periodic fifth order Markov model. Circles represent consecutive DNA
bases, numbers indicate codon position, and the arrows indicate that
the next base is generated conditionally on the previous five and on the
codon position.

Burge and Karlin, Current Opinions in Structural Biology 1998, 8:346-354.
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Fifth Order Markov Models

Periodic fifth order Markov model. Circles represent consecutive DNA
bases, numbers indicate codon position, and the arrows indicate that
the next base is generated conditionally on the previous five and on the
codon position.

Burge and Karlin, Current Opinions in Structural Biology 1998, 8:346-354.
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Hidden Markov Models

Burge and Karlin, Current Opinions in Structural Biology 1998, 8:346-354.
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Hidden Markov Models

Burge and Karlin, Current Opinions in Structural Biology 1998, 8:346-354.

unobserved or
“hidden” states (e.g.
coding or noncoding)
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Hidden Markov Models

Burge and Karlin, Current Opinions in Structural Biology 1998, 8:346-354.

unobserved or
“hidden” states (e.g.
coding or noncoding)

states generated
according to a first
order Markov chain
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Hidden Markov Models

Burge and Karlin, Current Opinions in Structural Biology 1998, 8:346-354.

unobserved or
“hidden” states (e.g.
coding or noncoding)

states generated
according to a first
order Markov chain

observable DNA
bases
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Hidden Markov Models

Burge and Karlin, Current Opinions in Structural Biology 1998, 8:346-354.

unobserved or
“hidden” states (e.g.
coding or noncoding)

states generated
according to a first
order Markov chain

observable DNA
bases each base generated

conditionally on identity
of corresponding hidden
state
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GENSCAN

Burge and Karlin, JMB:268:78-94, 1997
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GENSCAN
• MM - prob for a given nuc to occur at position p

depends on nuc occupying previous k postions

Burge and Karlin, JMB:268:78-94, 1997



WIBR Bioinformatics Course, © Whitehead Institute, 2002 19

GENSCAN
• MM - prob for a given nuc to occur at position p

depends on nuc occupying previous k postions
• Generalized Hidden Markov Model (GHMM)

Burge and Karlin, JMB:268:78-94, 1997
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GENSCAN
• MM - prob for a given nuc to occur at position p

depends on nuc occupying previous k postions
• Generalized Hidden Markov Model (GHMM)
• Optimize module performing signal recognition

Burge and Karlin, JMB:268:78-94, 1997
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GENSCAN
• MM - prob for a given nuc to occur at position p

depends on nuc occupying previous k postions
• Generalized Hidden Markov Model (GHMM)
• Optimize module performing signal recognition
• Incorporates influence of C+G content

Burge and Karlin, JMB:268:78-94, 1997
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GENSCAN
• MM - prob for a given nuc to occur at position p

depends on nuc occupying previous k postions
• Generalized Hidden Markov Model (GHMM)
• Optimize module performing signal recognition
• Incorporates influence of C+G content
• Considers gene models on both strands

Burge and Karlin, JMB:268:78-94, 1997
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GENSCAN
• MM - prob for a given nuc to occur at position p

depends on nuc occupying previous k postions
• Generalized Hidden Markov Model (GHMM)
• Optimize module performing signal recognition
• Incorporates influence of C+G content
• Considers gene models on both strands
• Can identify multiple genes

Burge and Karlin, JMB:268:78-94, 1997
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GENSCAN

Burge and Karlin,
JMB:268:78-94, 1997
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Gene Finding Programs
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Gene Finding Programs
• FGENES   -  Sanger Center, UK
• GeneMark HMM - Georgia Tech
• Genie - UCSC
• Genscan - Stanford and MIT
• HMMgene - CBS, Denmark
• Morgan - John Hopkins
• MZEF - Cold Spring Harbor
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HMR195  Test Set

Rogic, Mackworth and Ouellette, Genome Research 11:817-832, 2001
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• 103 human, 82 mouse, 10 rat sequences
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HMR195  Test Set
• 103 human, 82 mouse, 10 rat sequences
• Sequence new since August, 1997
• Genomic sequences containing exactly one

gene

Rogic, Mackworth and Ouellette, Genome Research 11:817-832, 2001
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HMR195  Test Set
• 103 human, 82 mouse, 10 rat sequences
• Sequence new since August, 1997
• Genomic sequences containing exactly one

gene
• No mRNA sequences, pseudogenes or

alternatively spliced genes

Rogic, Mackworth and Ouellette, Genome Research 11:817-832, 2001
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HMR195  Test Set
• 103 human, 82 mouse, 10 rat sequences
• Sequence new since August, 1997
• Genomic sequences containing exactly one

gene
• No mRNA sequences, pseudogenes or

alternatively spliced genes
• The mean length of sequences is 7,096 bp

Rogic, Mackworth and Ouellette, Genome Research 11:817-832, 2001
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HMR195  Test Set (con’t)

Rogic, Mackworth and Ouellette, Genome Research 11:817-832, 2001
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HMR195  Test Set (con’t)
• 43 single-exon genes; 152 multi-exon genes

Rogic, Mackworth and Ouellette, Genome Research 11:817-832, 2001
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HMR195  Test Set (con’t)
• 43 single-exon genes; 152 multi-exon genes
• Average number of exons per gene is 4.86

Rogic, Mackworth and Ouellette, Genome Research 11:817-832, 2001
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HMR195  Test Set (con’t)
• 43 single-exon genes; 152 multi-exon genes
• Average number of exons per gene is 4.86
• Mean exon length = 208 bp,

mean intron length = 678 bp,
mean coding length per gene = 1,015 bp
(~330 aa)

Rogic, Mackworth and Ouellette, Genome Research 11:817-832, 2001
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HMR195  Test Set (con’t)
• 43 single-exon genes; 152 multi-exon genes
• Average number of exons per gene is 4.86
• Mean exon length = 208 bp,

mean intron length = 678 bp,
mean coding length per gene = 1,015 bp
(~330 aa)

• Coding sequence 14%, intronic sequence
46% and intergenic DNA 40%.

Rogic, Mackworth and Ouellette, Genome Research 11:817-832, 2001
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Definitions
• Sensitivity:  the proportion of true sites(e.g.,

exons or donor splice sites) which are
correctly predicted = TP/(TP + FN)

• Specificity:  the proportion of predicted
sites which are correct = TP/(TP + FP)
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Results of Program Comparisons

Rogic, Mackworth and
Ouellette, Genome Research
11:817-832, 2001
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Results of Program Comparisons
• Genscan and HMMgene

had reliable scores for
exons

• Nucleotide Sn = .95  for
Genscan and .93 for
HMMgene.

• Sp = .90 and .93,
respectively

• Accuracy dependent on
G+C content

Rogic, Mackworth and
Ouellette, Genome Research
11:817-832, 2001
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GenomeScan

Yeh, Lim, and Burge, Genome Research 11:803-816, 2001.



WIBR Bioinformatics Course, © Whitehead Institute, 2002 26

GenomeScan
• Combines exon-intron and splice signal
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GenomeScan
• Combines exon-intron and splice signal

models with similarity to know proteins
• Used to identify genes in human draft

sequence
• Uses GENSCAN and BLASTX

Yeh, Lim, and Burge, Genome Research 11:803-816, 2001.
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GenomeScan
• Combines exon-intron and splice signal

models with similarity to know proteins
• Used to identify genes in human draft

sequence
• Uses GENSCAN and BLASTX
• Procrustes and Genewise similar but can

only predict one gene per genomic sequence

Yeh, Lim, and Burge, Genome Research 11:803-816, 2001.
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GenomeScan

Yeh, Lim, and Burge, Genome Research 11:803-816, 2001.
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GenomeScan

Yeh, Lim, and Burge, Genome Research 11:803-816, 2001.
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GenomeScan

Yeh, Lim, and Burge, Genome Research 11:803-816, 2001.
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Other Approaches
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Other Approaches
• Use microarrays to identify expressed genes

based on the coexpression of sets of
adjacent exons as predicted by GENSCAN
(Shoemaker, et al, Nature 409:922-927, 2001)
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Other Approaches
• Use microarrays to identify expressed genes

based on the coexpression of sets of
adjacent exons as predicted by GENSCAN
(Shoemaker, et al, Nature 409:922-927, 2001)

• RT-PCR with radio-labeled primers targeted
to pairs of adjecent predicted exons,
followed by sequencing of the amplified
product (Burge et al, in preparation)
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Future Challenges

• Alternative Splicing
• Gene products functioning at RNA level
• Nested genes
• 5' end of genes
• Other unusual characteristics
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Coming attractions
• Next section on Computational Methods
• Unix accounts
• Course Projects


