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Today’s Goals

 Introduction
— Class introduction
— Challenges in Computational Biology

e Gene Regulation: Regulatory Motif Discovery
— Exhaustive search
— Content-based indexing
— Greedy optimization



Course Administrivia

e 6.096 — Algorithms for Computational Biology
— Taught jointly with 6.046, Introduction to Algorithms
— EXxplores specific application area of algorithms
— Algorithmic challenges in Computational Biology
— Design principles to address them

e | ectures

— Grading: 4 problem sets = 60%. Final: 30%.
Attendance: 10%
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FTATATTOAATTTTUAAAAATTULTTACLT T T T T T T TOOATUOALOULAAALAALT T TAATAATUATAT TAULATUOUAT TALULALLA
TATACATATCCATATCTAATCTTACTTATATGTTGTGGAAATGTAAAGAGCCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTG
GAACTTTCAGTAATACGCTTAACTGCTCATTGCTATATTGAAGTACGGATTAGAAGCCGCCGAGCGGGCGACAGCCCTCCGACGG
AAGACTCTCCTCCGTGCGTCCTCGTCTTCACCGGTCGCGTTCCTGAAACGCAGATGTGCCTCGCGCCGCACTGCTCCGAACAATA
AAGATTCTACAATACTAGCTTTTATGGTTATGAAGAGGAAAAATTGGCAGTAACCTGGCCCCACAAACCTTCAAATTAACGAATC
AAATTAACAACCATAGGATGATAATGCGATTAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAGCGAAGCGATGATTTTTGAT
CTATTAACAGATATATAAATGGAAAAGCTGCATAACCACTTTAACTAATACTTTCAACATTTTCAGTTTGTATTACTTCTTATTC
AAATGTCATAAAAGTATCAACAAAAAATTGTTAATATACCTCTATACTTTAACGTCAAGGAGAAAAAACTATAATGACTAAATCT
CATTCAGAAGAAGTGATTGTACCTGAGTTCAATTCTAGCGCAAAGGAATTACCAAGACCATTGGCCGAAAAGTGCCCGAGCATAA
TTAAGAAATTTATAAGCGCTTATGATGCTAAACCGGATTTTGTTGCTAGATCGCCTGGTAGAGTCAATCTAATTGGTGAACATAT
TGATTATTGTGACTTCTCGGTTTTACCTTTAGCTATTGATTTTGATATGCTTTGCGCCGTCAAAGTTTTGAACGAGAAAAATCCA
TCCATTACCTTAATAAATGCTGATCCCAAATTTGCTCAAAGGAAGTTCGATTTGCCGTTGGACGGTTCTTATGTCACAATTGATC
CTTCTGTGTCGGACTGGTCTAATTACTTTAAATGTGGTCTCCATGTTGCTCACTCTTTTCTAAAGAAACT TGCACCGGAAAGGTT
TGCCAGTGCTCCTCTGGCCGGGCTGCAAGTCTTCTGTGAGGGTGATGTACCAACTGGCAGTGGATTGTCTTCTTCGGCCGCATTC
ATTTGTGCCGTTGCTTTAGCTGTTGTTAAAGCGAATATGGGCCCTGGTTATCATATGTCCAAGCAAAATTTAATGCGTATTACGG
TCGTTGCAGAACATTATGTTGGTGTTAACAATGGCGGTATGGATCAGGCTGCCTCTGTTTGCGGTGAGGAAGATCATGCTCTATA
CGTTGAGTTCAAACCGCAGTTGAAGGCTACTCCGTTTAAATTTCCGCAATTAAAAAACCATGAAATTAGCTTTGTTATTGCGAAC
ACCCTTGTTGTATCTAACAAGTTTGAAACCGCCCCAACCAACTATAATTTAAGAGTGGTAGAAGTCACTACAGCTGCAAATGTTT
TAGCTGCCACGTACGGTGTTGTTTTACTTTCTGGAAAAGAAGGATCGAGCACGAATAAAGGTAATCTAAGAGATTTCATGAACGT
TTATTATGCCAGATATCACAACATTTCCACACCCTGGAACGGCGATATTGAATCCGGCATCGAACGGTTAACAAAGATGCTAGTA
CTAGTTGAAGAGTCTCTCGCCAATAAGAAACAGGGCTTTAGTGTTGACGATGTCGCACAATCCTTGAATTGTTCTCGCGAAGAAT
TCACAAGAGACTACTTAACAACATCTCCAGTGAGATTTCAAGTCTTAAAGCTATATCAGAGGGCTAAGCATGTGTATTCTGAATC
TTTAAGAGTCTTGAAGGCTGTGAAATTAATGACTACAGCGAGCTTTACTGCCGACGAAGACTTTTTCAAGCAATTTGGTGCCTTG
ATGAACGAGTCTCAAGCTTCTTGCGATAAACTTTACGAATGTTCTTGTCCAGAGATTGACAAAATTTGTTCCATTGCTTTGTCAA
ATGGATCATATGGTTCCCGTTTGACCGGAGCTGGCTGGGGTGGTTGTACTGTTCACTTGGTTCCAGGGGGCCCAAATGGCAACAT
AGAAAAGGTAAAAGAAGCCCTTGCCAATGAGTTCTACAAGGTCAAGTACCCTAAGATCACTGATGCTGAGCTAGAAAATGCTATC
ATCGTCTCTAAACCAGCATTGGGCAGCTGTCTATATGAATTATAAGTATACTTCTTTTTTTTACTTTGTTCAGAACAACTTCTCA
TTTTTTTCTACTCATAACTTTAGCATCACAAAATACGCAATAATAACGAGTAGTAACACTTTTATAGTTCATACATGCTTCAACT
ACTTAATAAATGATTGTATGATAATGTTTTCAATGTAAGAGATTTCGATTATCCACAAACTTTAAAACACAGGGACAAAATTCTT
GATATGCTTTCAACCGCTGCGTTTTGGATACCTATTCTTGACATGATATGACTACCATTTTGTTATTGTACGTGGGGCAGTTGAC
GTCTTATCATATGTCAAAGTCATTTGCGAAGTTCTTGGCAAGTTGCCAACTGACGAGATGCAGTAAAAAGAGATTGCCGTCTTGA
AACTTTTTGTCCTTTTTTTTTTCCGGGGACTCTACGAGAACCCTTTGTCCTACTGATTAATTTTGTACTGAATTTGGACAATTCA
GATTTTAGTAGACAAGCGCGAGGAGGAAAAGAAATGACAGAAAAATTCCGATGGACAAGAAGATAGGAAAAAAAAAAAGCTTTCA
CCGATTTCCTAGACCGGAAAAAAGTCGTATGACATCAGAATGAAAAATTTTCAAGT TAGACAAGGACAAAATCAGGACAAATTGT
AAAGATATAATAAACTATTTGATTCAGCGCCAATTTGCCCTTTTCCATTTTCCATTAAATCTCTGTTCTCTCTTACTTATATGAT
GATTAGGTATCATCTGTATAAAACTCCTTTCTTAATTTCACTCTAAAGCATACCCCATAGAGAAGATCTTTCGGTTCGAAGACAT
TCCTACGCATAATAAGAATAGGAGGGAATAATGCCAGACAATCTATCATTACATTTAAGCGGCTCTTCAAAAAGATTGAACTCTC
GCCAACTTATGGAATCTTCCAATGAGACCTTTGCGCCAAATAATGTGGATTTGGAAAAAGAGTATAAGTCATCTCAGAGTAATAT
AACTACCGAAGTTTATGAGGCATCGAGCTTTGAAGAAAAAGTAAGCTCAGAAAAACCTCAATACAGCTCATTCTGGAAGAAAATC
TATTATGAATATGTGGTCGTTGACAAATCAATCTTGGGTGTTTCTATTCTGGATTCATTTATGTACAACCAGGACT TGAAGCCCG
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IATTOAAT T T TULAAAAATTULTTALT T T T LT T TOOATUOALOULAAALAAL T T TAATAATUATAT TALATUOOUAT TAVLULALULATATL S
ATCCATATCTAATCTTACT TATATGTTGTGGAAATGTAAAGAGCCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTGGAACTTTC
AATACGCTTAACTGCTCATTGCTATATTGAAGTACGGATTAGAAGCCGCCGCAGCGGGCGACAGCCCTCCGACGGAAGACTCTCCTC
GCGTCCTCGTCTTCACCGGTCGCGTTCCTGAAACGCAGATGTGCCTCGCGCCGCACTGCTCGGAACAATAAAGATTCTACAATACT

TTTTATGGTTATGAAGAGGAAAAATTGGCAGTAACCTGGCCCCA CAAATTAACAACCATAGGATC
ATGCGATTAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAGCG TAACAGATATATAAATGGAA
CTGCATAACCACTTTAACTAATACTTTCAACATTTTCAGTTTGTATT AAAAGTATCAACAAAAAAT
TAATATACCTCTATACTTTAACGTCAAGGAGAAAAAACTATAATGACTAAA TTCAGAAGAAXGATTGTACCTGAGTTCA/
TAGCGCAAAGGAATTACCAAGACCATTGGCCGAAAAGTGCCCGAGCATAATTAA TATGATGCTAAACCGC
TTGTTGCTAGATCGCCTGGTAGAGTCAATCTAATTGGTGAACATATTGATTATTGTG CCTTTAGCTATTGAT
GATATCOTTTLOCCOCTOANACTTITIGAACG ATCCATCCATTACCTTAATAAATG CCCANMNT TTGCTCAAAGGAA
CG f;:::ﬁ$$;%$CCTTCTGTGTCGGACTGGTCTA ~TOoTOoOATOTTG
AC Genes SAAAGGTTTGCCAGTGCTCCTCTGGCCGGGCTG | f LCA
G NTTCATTTGTGCCGTTGCTTTAGCTGTTGTTAA Regu atory motifs |,
CA TCGTTGCAGAACATTATGTTGGTGTTAACAATG T
GTl Encode SAGTTCAAACCGCAGTTGAAGGCTACTCCGTTT| o SAL
AG . TGTATCTAACAAGTTTGAAACCGCCCCAACCAA Control PAC
AG ProteiNS  nCGGTGTTGTTTTACTTTCTGGAAAAGAAGGAT . BAC
T Figure by MIT 0CW. PACAACATTTCCACACCCTGGAACGGCGATATT| |@ | 9ENE EXPIresSIon jac
CTAGTACTAGTTGAAGAGTCTCNSCCAATAAGAAACAGGGCTTTAGTGTTGACGATGT Figure by MIT OCW. [/
ATTCACAAGAGACTACTTAACAACKXCTCCAGTGAGATTTCAAGTCTTAAAGCTATATCAGAGCGA/AAAGCATGTGTATTCTGAAT
TAAGAGTCTTGAAGGCTGTGAAAT TR \TGACTACAGCGAGCTTTACTGCCGACGAAGACTTTT AAGCAATTTGGTGCCTTGATC

GAGTCTCAAGCTTCTTGCGATAAACT
TGGTTCCCGTTTGACCGGAGCTGGCTG
AAGCCCTTGCCAATGAGTTCTACAAGGT
TTGGGCAGCTGTCTATATGAATTATAAGTA
GCATCACAAAATACGCAATAATAACGAGTAG

CCTATTCTTGACATGATATGACTACCATTTTGTT
TTGGCAAGTTGCCAACTGACGAGATGCAGTAAAAA

CGAATGTTCTTGTCCAGAGATTGACAAAATTTG
TGGTTGTACTGTTCACTTGGTTCCAGGGGGC AAATGGCAACATAGAAAAGGTAL
GTACCCTAAGATCACTGATGCTGAGCTAG ATGCTATCATCGTCTCTAAACCA

CACTTTTATAGTTCATACATGCTT CTACTTAATAAATGATTGTATGATA

CATTGCTTTGTCAAATGGATC

TGTCCTTTTTTTTTTCCGGGGACTCTAC
GACAAGCGCGAGGAGGAAAAGAAATGACA
CCGGAAAAAAGTCGTATGACATCAGAATGA

GAATAGGAGGGAATAATGCCAGACAATCTATCATTACATT
GCGGCTCTTCAAAAAGATTGAACTCTCGCCAACTTATGGAATC CAATGAGACCTTTGCGCCAAATAATGTGGATTTGGAAAAA
TATAAGTCATCTCAGAGTAATATAACTACCGAAGTTTATGAGGC GAGCTTTGAAGAAAAAGTAAGCTCAGAAAAACCTCAATA
CTCATTCTGGAAGAAAATCTATTATGAATATGTGGTCGTTGACAAATCAATCTTGGGTGTTTCTATTCTGGATTCATTTATGTACA
AGGACTTGAAGCCCGTCGAAAAAGAAAGGCGGGTTTGGTCCTGGTACAATTATTGTTACTTCTGGCTTGCTGAATGTTTCAATATC
ACTTGGCAAATTGCAGCTACAGGTCTACAACTGGGTCTAAATTGGTGGCAGTGTTGGATAACAATTTGGATTGGGTACGGTTTCGT
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TATTOAAT T T TUCAAAAAT TUT TALTTT T T T T 1TUOOATOUOUALOULAAALAALT T TAATAATUATAT TALATUOOULAT TAVLUALLATALF
ATCCATATCTAATCTTACTTATATGTTGTGGAAATGTAAAGAGCCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTGGAACTTTC
AATACGCTTAACTGCTCATTGCTATATTGAAGTACGGATTAGAAGCCGCCGAGCGGGCGACAGCCCTCCGACGGAAGACTCTCCTC
GCGTCCTCGTCTTCACCGGTCGCGTTCCTGAAACGCAGATGTGCCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAATACT
TTTTATGGTTATGAAGAGGAAAAATTGGCAGTAACCTGGCCCCACAAACCTTCAAATTAACGAATCAAATTAACAACCATAGGATC
ATGCGATTAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAGCGAAGCGATGATTTTTGATCTATTAACAGATATATAAATGGAL
CTGCATAACCACTTTAACTAATACTTTCAACATTTTCAGTTTGTATTACTTCTTATTCAAATGTCATAAAAGTATCAACAAAAAAT
TAATATACCTCTATACTTTAACGTCAAGGAGAAAAAACTATAATGACTAAATCTCATTCAGAAGAAGTGATTGTACCTGAGTTCAZ
TAGCGCAAAGGAATTACCAAGACCATTGGCCGAAAAGTGCCCGAGCATAATTAAGAAATTTATAAGCGCTTATGATGCTAAACCGC
TTGTTGCTAGATCGCCTGGTAGAGTCAATCTAATTGGTGAACATATTGATTATTGTGACTTCTCGGTTTTACCTTTAGCTATTGAT
GATATGCTTTGCGCCGTCAAAGTTTTGAACGAGAAAAATCCATCCATTACCTTAATAAATGCTGATCCCAAATTTGCTCAAAGGAA
CGATTTGCCGTTGGACGGTTCTTATGTCACAATTGATCCTTCTGTGTCGGACTGGTCTAATTACTTTAAATGTGGTCTCCATGTTC
ACTCTTTTCTAAAGAAACTTGCACCGGAAAGGTTTGCCAGTGCTCCTCTGGCCGGGCTGCAAGTCTTCTGTGAGGGTGATGTACCA
GGCAGTGGATTGTCTTCTTCGGCCGCATTCATTTGTGCCGTTGCTTTAGCTGTTGTTAAAGCGAATATGGGCCCTGGT TATCATAT
CAAGCAAAATTTAATGCGTATTACGGTCGTTGCAGAACATTATGTTGGTGTTAACAATGGCGGTATGGATCAGGCTGCCTCTGTTT
GTGAGGAAGATCATGCTCTATACGTTGAGT TCAAACCGCAGTTGAAGGCTACTCCGTTTAAATTTCCGCAATTAAAAAACCATGAA
AGCTTTGTTATTGCGAACACCCTTGTTGTATCTAACAAGTTTGAAACCGCCCCAACCAACTATAATTTAAGAGTGGTAGAAGTCAC
AGCTGCAAATGTTTTAGCTGCCACGTACGGTGTTGTTTTACTTTCTGGAAAAGAAGGATCGAGCACGAATAAAGGTAATCTAAGAC
TCATGAACGTTTATTATGCCAGATATCACAACATTTCCACACCCTGGAACGGCGATATTGAATCCGGCATCGAACGGT TAACAAAC
CTAGTACTAGTTGAAGAGTCTCTCGCCAATAAGAAACAGGGCTTTAGTGTTGACGATGTCGCACAATCCTTGAATTGTTCTCGCGA
ATTCACAAGAGACTACTTAACAACATCTCCAGTGAGATTTCAAGTCTTAAAGCTATATCAGAGGGCTAAGCATGTGTATTCTGAAT
TAAGAGTCTTGAAGGCTGTGAAATTAATGACTACAGCGAGCTTTACTGCCGACGAAGACTTTTTCAAGCAATTTGGTGCCTTGATC
GAGTCTCAAGCTTCTTGCGATAAACTTTACGAATGTTCTTGTCCAGAGATTGACAAAATTTGTTCCATTGCTTTGTCAAATGGATC
TGGTTCCCGTTTGACCGGAGCTGGCTGGGGTGGTTGTACTGTTCACT TGGTTCCAGGGGGCCCAAATGGCAACATAGAAAAGGTAL
AAGCCCTTGCCAATGAGTTCTACAAGGTCAAGTACCCTAAGATCACTGATGCTGAGCTAGAAAATGCTATCATCGTCTCTAAACC
TTGGGCAGCTGTCTATATGAATTATAAGTATACTTCTTTTTTTTACTTTGTTCAGAACAACTTCTCATTTTTTTCTACTCATAACT
GCATCACAAAATACGCAATAATAACGAGTAGTAACACTTTTATAGTTCATACATGCTTCAACTACTTAATAAATGATTGTATGATA
TTTTCAATGTAAGAGATTTCGATTATCCACAAACTTTAAAACACAGGGACAAAATTCTTGATATGCTTTCAACCGCTGCGTTTTGC
CCTATTCTTGACATGATATGACTACCATTTTGTTATTGTACGTGGGGCAGTTGACGTCTTATCATATGTCAAAGTCATTTGCGAAC
TTGGCAAGTTGCCAACTGACGAGATGCAGTAAAAAGAGATTGCCGTCTTGAAACTTTTTGTCCTTTTTTTTTTCCGGGGACTCTAC
AACCCTTTGTCCTACTGATTAATTTTGTACTGAATTTGGACAATTCAGATTTTAGTAGACAAGCGCGAGGAGGAAAAGAAATGACH
AAATTCCGATGGACAAGAAGATAGGAAAAAAAAAAAGCTTTCACCGATTTCCTAGACCGGAAAAAAGTCGTATGACATCAGAATGA
ATTTTCAAGTTAGACAAGGACAAAATCAGGACAAATTGTAAAGATATAATAAACTATTTGATTCAGCGCCAATTTGCCCTTTTCCA
TCCATTAAATCTCTGTTCTCTCTTACTTATATGATGATTAGGTATCATCTGTATAAAACTCCTTTCTTAATTTCACTCTAAAGCAT
CCATAGAGAAGATCTTTCGGTTCGAAGACATTCCTACGCATAATAAGAATAGGAGGGAATAATGCCAGACAATCTATCATTACATT
GCGGCTCTTCAAAAAGATTGAACTCTCGCCAACTTATGGAATCTTCCAATGAGACCTTTGCGCCAAATAATGTGGATT TGGAAAAL
TATAAGTCATCTCAGAGTAATATAACTACCGAAGTTTATGAGGCATCGAGCTTTGAAGAAAAAGTAAGCTCAGAAAAACCTCAATA
CTCATTCTGGAAGAAAATCTATTATGAATATGTGGTCGTTGACAAATCAATCTTGGGTGTTTCTATTCTGGATTCATTTATGTACA
AGGACTTGAAGCCCGTCGAAAAAGAAAGGCGGGTTTGGTCCTGGTACAATTATTGTTACTTCTGGCTTGCTGAATGTTTCAATATC
ACTTGGCAAATTGCAGCTACAGGTCTACAACTGGGTCTAAATTGGTGGCAGTGTTGGATAACAATTTGGATTGGGTACGGTTTCGT
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1 1{-AA1 1 111 ARARAAAT 1L 1 1AL 1 11 1 1111 1{alaa11xaAl sl AAAUAAUIITIAATAATUATALT TAULATUUOUUAILT TALUAULULULALTALF
CCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTGGAACTTTC

I I l AGCCGCCGAGCGGGCGACAGCCCTCCGACGGAAGACTCTCCTC
EXtraCtlng Slgnal from NoIS€ LCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAATACT
ACAAACCTTCAAATTAACGAATCAAATTAACAACCATAGGATC
ATGCGATTAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAGCGAAGCGATGATTTTTGATCTATTAACAGATATATAAATGGAA
CTGCATAACCACTTTAACTAATACTTTCAACATTTTCAGTTTGTATTACTTCTTATTCAAATGTCATAAAAGTATCAACAAAAAAT
TAATATACCTCTATACTTTAACGTCAAGGAGAAAAAACTATAATGACTAAATCTCATTCAGAAGAAGTGATTGTACCTGAGTTCAA
TAGCGCAAAGGAATTACCAAGACCATTGGCCGAAAAGTGCCCGAGCATAATTAAGAAATTTATAAGCGCTTATGATGCTAAACCGC
TTGTTGCTAGATCGCCTGGTAGAGTCAATCTAATTGGTGAACATATTGATTATTGTGACTTCTCGGTTTTACCTTTAGCTATTGAT
GATATGCTTTGCGCCGTCAAAGTTTTGAACGAGAAAAATCCATCCATTACCTTAATAAATGCTGATCCCAAATTTGCTCAAAGGAA
CGATTTGCCGTTGGACGGTTCTTATGTCACAATTGATCCTTCTGTGTCGGACTGGTCTAATTACTTTAAATGTGGTCTCCATGTTC
ACTCTTTTCTAAAGAAACTTGCACCGGAAAGGTTTGCCAGTGCTCCTCTGGCCGGGCTGCAAGTCTTCTGTGAGGGTGATGTACCA
GGCAGTGGATTGTCTTCTTCGGCCGCATTCATTTGTGCCGTTGCTTTAGCTGTTGTTAAAGCGAATATGGGCCCTGGTTATCATAT
CAAGCAAAATTTAATGCGTATTACGGTCGTTGCAGAACATTATGTTGGTGTTAACAATGGCGGTATGGATCAGGCTGCCTCTGTTT
GTGAGGAAGATCATGCTCTATACGTTGAGT TCAAACCGCAGTTGAAGGCTACTCCGTTTAAATTTCCGCAATTAAAAAACCATGAA
AGCTTTGTTATTGCGAACACCCTTGTTGTATCTAACAAGTTTGAAACCGCCCCAACCAACTATAATTTAAGAGTGGTAGAAGTCAC
AGCTGCAAATGTTTTAGCTGCCACGTACGGTGTTGTTTTACTTTCTGGAAAAGAAGGATCGAGCACGAATAAAGGTAATCTAAGAC
TCATGAACGTTTATTATGCCAGATATCACAACATTTCCACACCCTGGAACGGCGATATTGAATCCGGCATCGAACGGT TAACAAAC
CTAGTACTAGTTGAAGAGTCTCTCGCCAATAAGAAACAGGGCTTTAGTGTTGACGATGTCGCACAATCCTTGAATTGTTCTCGCGA
ATTCACAAGAGACTACTTAACAACATCTCCAGTGAGATTTCAAGTCTTAAAGCTATATCAGAGGGCTAAGCATGTGTATTCTGAAT
TAAGAGTCTTGAAGGCTGTGAAATTAATGACTACAGCGAGCTTTACTGCCGACGAAGACTTTTTCAAGCAATTTGGTGCCTTGATC
GAGTCTCAAGCTTCTTGCGATAAACTTTACGAATGTTCTTGTCCAGAGATTGACAAAATTTGTTCCATTGCTTTGTCAAATGGATC
TGGTTCCCGTTTGACCGGAGCTGGCTGGGGTGGTTGTACTGTTCACTTGGTTCCAGGGGGCCCAAATGGCAACATAGAAAAGGTAL
AAGCCCTTGCCAATGAGTTCTACAAGGTCAAGTACCCTAAGATCACTGATGCTGAGCTAGAAAATGCTATCATCGTCTCTAAACC
TTGGGCAGCTGTCTATATGAATTATAAGTATACTTCTTTTTTTTACTTTGTTCAGAACAACTTCTCATTTTTTTCTACTCATAACT
GCATCACAAAATACGCAATAATAACGAGTAGTAACACTTTTATAGTTCATACATGCTTCAACTACTTAATAAATCATTGTATGATA
TTTTCAATGTAAGAGATTTCGATTATCCACAAACTTTAAAACACAGGGACAAAATTCTTGATATGCTTTCAACCGCTGCGTTTTGG
CCTATTCTTGACATGATATGACTACCATTTTGTTATTGTACGTGGGGCAGTTGACGTCTTATCATATGTCAAAGTCATTTGCGAAC
TTGGCAAGTTGCCAACTGACGAGATGCAGTAAAAAGAGATTGCCGTCTTGAAACTTTTTGTCCTTTTTTTTTTCCGGGGACTCTAC
AACCCTTTGTCCTACTGATTAATTTTGTACTGAATTTGGACAATTCAGATTTTAGTAGACAAGCGCGAGGAGGAAAAGAAATGACH
AAATTCCGATGGACAAGAAGATAGGAAAAAAAAAAAGCTTTCACCGATTTCCTAGACCGGAAAAAAGTCGTATGACATCAGAATGA
ATTTTCAAGTTAGACAAGGACAAAATCAGGACAAATTGTAAAGATATAATAAACTATTTGATTCAGCGCCAATTTGCCCTTTTCCA
TCCATTAAATCTCTGTTCTCTCTTACTTATATGATGATTAGGTATCATCTGTATAAAACTCCTTTCTTAATTTCACTCTAAAGCAT
CCATAGAGAAGATCTTTCGGTTCGAAGACATTCCTACGCATAATAAGAATAGGAGGGAATAATGCCAGACAATCTATCATTACATT
GCGGCTCTTCAAAAAGATTGAACTCTCGCCAACTTATGGAATCTTCCAATGAGACCTTTGCGCCAAATAATCTGGATTTGGAAAAL
TATAAGTCATCTCAGAGTAATATAACTACCGAAGTTTATGAGGCATCGAGCTTTGAAGAAAAAGTAAGCTCAGAAAAACCTCAATA
CTCATTCTGGAAGAAAATCTATTATGAATATGTGGTCGTTGACAAATCAATCTTGGGTGTTTCTATTCTGGATTCATTTATGTACA
AGGACTTGAAGCCCGTCGAAAAAGAAAGGCGGGTTTGGTCCTGGTACAATTATTGTTACTTCTGGCTTGCTGAATGTTTCAATATC
ACTTGGCAAATTGCAGCTACAGGTCTACAACTGGGTCTAAATTGGTGGCAGTGTTGGATAACAATTTGGATTGGGTACGGTTTCGT
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Challenges in Computational Biology

@ Genome Assembly

@ Regulatory motif discovery @ Gene Finding

DNA

Sequence alignment

-0 rrtr—tr— =
@ Comparative Genomics

TCATGCTAT

TCGTGATAA
@Evolutlonary Theory !

TTATGATTT

@ Database lookup

Gene expression analysis

RNA transcript

@ Protein network analysis

@ Regulatory network inference

@ Emerging network properties




Algorithms and techniques covered

Enumeration approaches

— Exhaustive search, pruning, greedy algorithms, iterative
refinement

Content-based indexing

— Hashing, database lookup, pre-processing

lterative methods

— Combining sub-problems, memorization, dynamic programming
Statistical methods

— Hypothesis testing, maximum likelihood, Bayes’ Law, HMMs
Machine learning techniques

— Supervised and unsupervised learning, classification



Genomic Scales

Base pairs Genes Notes
Phi-X 174 5,386 10 virus of E. coli
Human mitochondrion 16,569 37 Energy production for human cells
Epstein-Barr virus (EBV) 172,282 80 causes mononucleosis
nucleomorph of Guillardia thet 551,264 511 Remains of the nuclear genome of a red alga (eukaryote) engulfed long ago by another eukaryote
Mycoplasma genitalium 580,073 483 One of the smallest true organisms
Treponema pallidum 1,138,011 1,039 bacterium that causes syphilis
Mimivirus 1,181,404 1,262 A virus (of an amoeba) with a genome larger than several cellular organisms above
Helicobacter pylori 1,667,867 1,589 chief cause of stomach ulcers (not stress and diet)
Methanococcus jannaschii 1,664,970 1,783 Classified in a third kingdom: Archaea.
Haemophilus influenzae 1,830,138 1,738 bacterium that causes middle ear infections
Streptococcus pneumoniae 2,160,837 2,236 the pneumococcus
Propionibacterium acnes 2,560,265 2,333 causes acne
E. coli 4,639,221 4,377 Most well-studied bacterium
Saccharomyces cerevisiae 12,495,682 5,770 Budding yeast. A eukaryote.
Neurospora crassa 38,639,769 10,082 Green mold fungus.
Caenorhabditis elegans 100,258,171 19,000 The first multi-cellular eukaryote to be sequenced.
Arabidopsis thaliana 115,409,949 25,498 a flowering plant (angiosperm) See note.
Drosophila melanogaster 122,653,977 13,379 the fruit fly
Anopheles gambiae 278,244,063 13,683 Mosquito vector of malaria.
Humans 3,000,000,000 22,000 Sequenced in 1999, completed in 2004.
Tetraodon nigroviridis 342,000,000 27,918 Much less repetitive DNA, but slightly more genes.
Rice 4,300,000,000 60,000 Extremely repetitive. Genes show GC gradient
Amphibians 109,000,000,000 ?

» Importance of algorithm design for efficiency
— Compare human vs. mouse (blocks of 1,000 nucleotides)
» 3,000,000*3,000,000 comparisons, each 1,000*1,000 operations (w/dynamic progr.)
» At 1 trillion operations per second, it would take 104 days
— Search all regulatory motifs of length 20 (11720) in the human genome
* 426 years



Today:
Gene Regulation and Motif Discovery

N\

Gene regulation: The process by which genes are Regulatory motifs: sequences that control gene

turned on or off, in response to environmental stimuli usage; short sequence patterns, ~6-12 letters
long, possibly degenerate

Replication

i Transcription

RNA v

: Translation

\

Protein

Figure by MIT OCW.



Why cellular programs change

e Environmental Response

e Cell differentiation

Direct activation

Signaling compound
enters the cell

Indirect activation

&0 <:| Signal transduction via

\ a cell surface receptor

Temperature
response

Surface receptor

Food supply

— Cells adapt to their environment, carry
out different molecular processes,
depending on their environment

— Produce same nutrients in entirely
different pathways

e Genome Remains Unchanged!

Precursor cell

Regulatory protein

|

| Cell division |

| Regulatory protein | Regulatory protein
Regulatory Regulatory Regulatory Regulatory
| protem / protein . | protein . | protein .

m/\m mz) O
Cell A Cell B Cell C Cell D CellE  Cell F Cell G Cell H

— Cells have distinct functions: hair, nail,
skin, heart, eye, brain, muscle, bone

— Cells differentiate, by using different parts
of the same genome

— These morphological changes are due to
expression levels

Figures by MIT OCW.




How cellular programs change

Regulatory knobs

DNA level: gene dosage
— How many copies of a particular gene
— How many homologs, how many pathways
— Accessibility of gene within chromatin
MRNA: Transcription initiation

— Regulatory motifs recognized by
transcription factors

— Transcription factors recruit transcription
machinery

— Dictates number of messages sent to
cytoplasm

MRNA: Post-transcriptional control

— How long messages stay active

— How fast messages they degraded
Protein: Translation level

— How many times is each message
translated to protein

— How stable are protein products, how long
before degraded

Protein: Post-translational modifications
— Some proteins only perform their functions

DNA

RNA

Protein

T

i Transcription

\

Translation

\

when phosphorylated

— Some are only active as a hetero-dimer, can
regulate only one.

Figure by MIT OCW.




Regulatory motif discovery

 Regulatory motifs
— Genes are turned on / off in response to changing environments
— No direct addressing: subroutines (genes) contain sequence tags (motifs)
— Specialized proteins (transcription factors) recognize these tags

 What makes motif discovery hard?
— Motifs are short (6-8 bp), sometimes degenerate
— Can contain any set of nucleotides (no ATG or other rules)
— Act at variable distances upstream (or downstream) of target gene



Protein/DNA contact dictates regulatory motifs

Sugar phosphate
backbone

» Sequence specificity
— Topology of 3D contact
dictates sequence
specificity of binding
— Some positions are fully

constrained; other
positions are degenerate

 Protein-DNA interactions

— Proteins read DNA by
“feeling” the chemical
properties of the bases

— Without opening DNA
(not by base
complementarity)

Figure by MIT OCW.




Computational approaches

Method #1: Enumerate all motifs

Method #2: Randomly sample the genome

Method #3: Enumerate motif seeds + refinement

Method #4: Content-based addressing



Need: Evaluation method

N :> Candidate
—1 Motifs

Motif Generator Motif Evaluator

e To test whether a motif is meaningful:
— Evaluate its conservation rate



Lecture continued on the blackboard
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