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Central dogma

Picture from: Roy H, Ibba M. Molecular biology: sticky end in protein synthesis. 
Nature. 2006 Sep 7;443(7107):41-2.

DNA -> RNA -> Protein

Short version:
DNA

RNA

Protein

Long version:
DNA molecules contain information about 
how to create proteins; this information is 
transcribed into RNA molecules, which, in 
turn, direct chemical machinery which 
translates the nucleic acid message into a 
protein. Hunter, Lawrence. "Life and its molecules: A brief 

introduction." AI Magazine 25.1 (2004): 9.

Transcription

Translation



Bacterial genes

Genes (colored arrows) 
packed tightly into the 
Staphylococcus aureus 
genome

In bacteria, one gene 
corresponds to one 
continuous interval on 
the genome

We have good methods 
for predicting where 
these genes are



Bacterial gene !nding

Delcher, Arthur L., et al. "Identifying bacterial genes and endosymbiont DNA with Glimmer." Bioinformatics 
23.6 (2007): 673-679.

Approaches can identify exact bacterial genes with as high as 92% 
accuracy; can identity gene ends with ≥98% accuracy



Eukaryotic genes

Eukaryotic genes are more complex than prokaryotic (bacterial) 
genes for several reasons, as we’ll see

Likewise, !nding eukaryotic genes computationally is harder



A human gene
ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTC
ATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAGCCAGG
GCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAA
CAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTT
GGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGA
CAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTG
GTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGT
GAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCA
CACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGCTTGATGTTTT
CTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATGGGAAACAG
ACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTT
GTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAA
AGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATAT
ATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATACATAT
TTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAA
AATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAA
TGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCT
CTGCATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTA
CCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCA
TACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACC
CCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTT
TCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTT
GAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTA
AAAAGGGAATGTGGGAGGTCAGTGCATTTAAAACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATA
TCTTAAACTCCATGAAAGAAGGTGAGGCTGCAAACAGCTAATGCACATTGGCAACAGCCCCTGATGCATATGCCTTATTC

chr11:5246500-5248500 (reverse strand):



A human gene
ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTC
ATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAGCCAGG
GCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAA
CAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTT
GGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGA
CAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTG
GTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGT
GAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCA
CACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGCTTGATGTTTT
CTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATGGGAAACAG
ACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTT
GTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAA
AGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATAT
ATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATACATAT
TTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAA
AATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAA
TGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCT
CTGCATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTA
CCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCA
TACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACC
CCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTT
TCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTT
GAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTA
AAAAGGGAATGTGGGAGGTCAGTGCATTTAAAACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATA
TCTTAAACTCCATGAAAGAAGGTGAGGCTGCAAACAGCTAATGCACATTGGCAACAGCCCCTGATGCATATGCCTTATTC

chr11:5246500-5248500 (reverse strand):

Homo sapiens hemoglobin, beta (HBB)



Transcription

Can an HMM help us !nd eukaryotic genes and their constituent parts?

Parts: non-genes, exons (both coding and non-coding portions), introns

ATG GTG CAT CTG ACT CCT GAG GAG AAG TCT TAA

Genome ...

Sequence signals: acceptors, donors, branch sites, pyrimidine-rich 
sites, nucleotide compositions

...
GT  AG GT  AG



Eukaryotic gene !nding

Attempt 1:

nucleotides splice 
sites start/stop 

codons exons genes 
Sn Sp F Sn Sp Sn Sp Sn Sp F Sn # 

baseline 100 28 44 0 0 0 0 0 0 0 0 0 
H3 53 88 66 0 0 0 0 0 0 0 0 0 

Intergenic 

Start 
codon 

Stop 
codon 

Exon 

Donor Acceptor 

Intron 

q0 

≈ 

Emissions are 
nucleotides

q0 is a start state; 
guarantees we start in 
the N (intergenic) state

I = intron
E = exon
N = intergenic  
       (between genes)

Model captures:

Genes, exons and introns

Does not capture:

Start/stop codons, 
acceptors/donors, 
codons

Figure: Majoros, William H. Methods for computational gene prediction. Vol. 1. Cambridge: Cambridge University Press, 2007. 



Eukaryotic gene !nding

Attempt 2:

nucleotides splice 
sites start/stop 

codons exons genes 
Sn Sp F Sn Sp Sn Sp Sn Sp F Sn # 

H3 53 88 66 0 0 0 0 0 0 0 0 0 
H5 65 91 76 1 3 3 3 0 0 0 0 0 

Three exon states 
additionally capture codons

Figure: Majoros, William H. Methods for computational gene prediction. Vol. 1. Cambridge: Cambridge University Press, 2007. 



Eukaryotic gene !nding

Attempt 3:

States 2-4 capture start codon

Figure: Majoros, William H. Methods for computational gene prediction. Vol. 1. Cambridge: Cambridge University Press, 2007. nucleotides splice 
sites start/stop 

codons exons genes 
Sn Sp F Sn Sp Sn Sp Sn Sp F Sn # 

H5 65 91 76 1 3 3 3 0 0 0 0 0 
H17 81 93 87 34 48 43 37 19 24 21 7 35 

Intergenic 

Start 
codon 

Stop 
codon 

Exon 

Donor Acceptor 

Intron 

q0 

13, 14 capture donor

16, 17 capture acceptor

8-12 capture stop codons



Eukaryotic gene !nding

Attempt 4:

Additional copies of the 
accepter/intron/donor loop 
allow us to pick up where we 
left off in reading frame

Figure: Majoros, William H. Methods for computational gene prediction. Vol. 1. Cambridge: Cambridge University Press, 2007. 

nucleotides splice start/stop exons genes 
Sn Sp F Sn Sp Sn Sp Sn Sp F Sn # 

H17 81 93 87 34 48 43 37 19 24 21 7 35 
H27 83 93 88 40 49 41 36 23 27 25 8 38 

Recall transition probability 
matrix has | Q |2 elements

27 states → 729 transition probs


