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CENTRAL DOGMA OF
MOLECULAR BIOLOGY

anscription

RNA
!

Pransiction

|

Protein

Classical definition




CENTRAL DOGMA OF
MOLECULAR BIOLOGY

DNA replication
{(DNA -> DNA)

RNA replication
(RNA-> RNA)

Rev.Transcriffitase RNA.Polymerase \\\"IA

LA P () Sense RNA (-) Sense RNA gf T T iy T T Py 1T

T\
translation RNA Dependent

~ (RNA -> Protein) RNA Polymerase
Ribosomes

O-0O-0-0O-0O-0O0 Prrotein

Modern definition

reverse ~ transcription
transcription (DNA -> RNA)

http://www.thefullwiki.org/



http://www.thefullwiki.org
http://www.thefullwiki.org

CENTRAL DOGMA OF
MOLECULAR BIOLOGY

[DNA]
|

Transcription

[RNA]
|

translation

‘Pr'o’rein‘

CCTGAGCCAACTATTGATGAA

v

CCUCAGCCAACUAUUGAUGAA

PEPTIDE




HISTORICAL DIGRESSION -
DISCOVERY OF CODONS

Crick, Brenner et al. experiment

In the experiment, proflavin-induced mutations of the T4 bacteriophage gene, rIIB, were isolated. Proflavin
causes mutations by inserting itself between DNA bases, typically resulting in insertion or deletion of a

single base pair.

-2 Deletion of a single or two nucleotides
changed the protein

-® Deletion of three nucleotides didn’t
change the protein significantly

-2:.CONCLUSION: each nucleotide triplet
codes for a single amino acid

Crick FH, Barnett L, Brenner S, Watts-Tobin RJ (1961). "General nature of the genetic code for proteins". Nature 192: 1227-32.




HISTORICAL DIGRESSION -
DISCOVERY OF CODONS

Let’s consider the following sentence

THE SLY FOX AND THE SHY DOG
Let’s remove one, two, or three letters after first “S”

THE SYF OXA NDT HES HYD OG

THE SFO XAN DTH ESH YDO G
THE SOX AND THE SHY DOG

Which of the resulted sentences make sense?




GETTING SEQUENCES

G G CECAREETIACEIAGRIRAGCEE CALCCIMAGCEFAGCEIEAGEITAGC CIRAGCA MG ERNHEE
L EESAINE GATECRTGEATGE I ANCERAGEIIAGEES IV GEARGEIAGERAGEIR GERANREE
S CIEECAA G GARE GRMNEE ARGE ARG AMEE G CERTMIRSILA A GE G MNER (EINE T
EEEECECN I RAEGECEEEEEAIECIECEEACNET (G E TN GHANTAGE AT E IR e
EEECEEECTATATINITNCNCEATAGCGIRECEEEEEEEEECERAGETAGCTGEC RAGEITIEINE
RGN ENCRE CIAGERAGEIRAGCE GEEACEING G CHE GG G RE G Al
AECTLGTERAGETACEEACGEATCETEELLAGEATGEAGCATGEATECEECEEELMNE
€. CeECILEESEAGETAGEIRACEIEE C PN EEECIR AR AN MEANTIS R G 16 (S E EHE AT
AR R NN TSR EEGEIRGEIREAT R CCECECEEE L C AT EAIIEANNE G G EEHRA T
S ECIERET TCEEEEEEEEEEATEEINIAGCCERGELEGRGIRGIE TCIRG CIEGIRGIE NG CIRE
GBS A GIEGE €A EEEE GEAT CELT GEETAGINEET TECAECE AT ST L MG
REAGH GEEC AERCHI CREIMCINRETC GE THREGIRCGREE € WAECEECEEG TN CERNEI(EE
EENECEE TN TASHERNEANCEAGEAIACT G EEEEEEEEEE C GG CRAGHNEE T AGEIF A E NS
NEERECTEAREECEEEEECEEELTGCRIACEETGETGIRCIE TELCRGCHGRETEHNEEIRG
RE GO TCEANMECEDT GETIECEEAECTE A E LA CEIAGEAT CEIACE A GEEIEAE S S MNiiEE
SEyN Y S GEEC ERSREE CEE CATEE NG EEMRA G EEATNE E7NNE G RN AL ST
WEERAGEIAGETSRG O EETSEG GRS CEAREGASECE ATTRASAAG GG @6 ARG AC SIS SENE
REEEEIRAEACAS GHACEIFAECIAEETECHEAGCERE CAREEIRE CAMRG NG (CLSEANE S







IMPROVING
TECHNOLOGY

1,000,000,000

Single
molecule?

100,000,000+ Massively parallel
sequencing

10,000,000+ Short-read
sequencers

1,000,000
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Capillary sequencing
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MR Stratton et al. Nature 458, 719-724 (2009)




EXISTING SEQUENCING
TECHNOLOGIES (2012)

Sanger

454

INlumina

SOLID

Ion
Torrents

PacBio

1977

2004

2006

2008

2010

2011

p Sequencing

by synthesis

Emulsion
PCR

Pyrose-
quencing

Bridge
amplific.

Sequencing
by synthesis

Emulsion
PCR

Ligation-
based

Emulsion
PCR

Ion semi-
conductor

Single
molecule seq.
by synthesis

0.7

600

240

10

Yearof |Amplifi- | Sequen- | Gb per Run Read Run
introduction| cation cing run time length | price ($)
CR

1000 bp

1day 1000bp 6,000

11days 150bp 23,000

10days 50bp 5,000

2 hours 200bp 1,000

40 min 3000 bp 100

http://blueseq.com/knowledgebank/
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GENOME SEQUENCING
PROJECTS

Organism
Prokaryotes
Archaea
Bacteria
Eukaryotes
Animas
Plants
Fungi
Protists

As of 16/02/2012

Complete

1117
100
1017
36
6

Draft assembly In progress
966

5
061

183

39 93

http://www.ncbi.nlm.nih.gov/genomes/static/gpstat.html
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GETTING SEQUENCES

G G CECAREETIACEIAGRIRAGCEE CALCCIMAGCEFAGCEIEAGEITAGC CIRAGCA MG ERNHEE
L EESAINE GATECRTGEATGE I ANCERAGEIIAGEES IV GEARGEIAGERAGEIR GERANREE
S CIEECAA G GARE GRMNEE ARGE ARG AMEE G CERTMIRSILA A GE G MNER (EINE T
EEEECECN I RAEGECEEEEEAIECIECEEACNET (G E TN GHANTAGE AT E IR e
EEECEEECTATATINITNCNCEATAGCGIRECEEEEEEEEECERAGETAGCTGEC RAGEITIEINE
RGN ENCRE CIAGERAGEIRAGCE GEEACEING G CHE GG G RE G Al
AECTLGTERAGETACEEACGEATCETEELLAGEATGEAGCATGEATECEECEEELMNE
€. CeECILEESEAGETAGEIRACEIEE C PN EEECIR AR AN MEANTIS R G 16 (S E EHE AT
AR R NN TSR EEGEIRGEIREAT R CCECECEEE L C AT EAIIEANNE G G EEHRA T
S ECIERET TCEEEEEEEEEEATEEINIAGCCERGELEGRGIRGIE TCIRG CIEGIRGIE NG CIRE
GBS A GIEGE €A EEEE GEAT CELT GEETAGINEET TECAECE AT ST L MG
REAGH GEEC AERCHI CREIMCINRETC GE THREGIRCGREE € WAECEECEEG TN CERNEI(EE
EENECEE TN TASHERNEANCEAGEAIACT G EEEEEEEEEE C GG CRAGHNEE T AGEIF A E NS
NEERECTEAREECEEEEECEEELTGCRIACEETGETGIRCIE TELCRGCHGRETEHNEEIRG
RE GO TCEANMECEDT GETIECEEAECTE A E LA CEIAGEAT CEIACE A GEEIEAE S S MNiiEE
SEyN Y S GEEC ERSREE CEE CATEE NG EEMRA G EEATNE E7NNE G RN AL ST
WEERAGEIAGETSRG O EETSEG GRS CEAREGASECE ATTRASAAG GG @6 ARG AC SIS SENE
REEEEIRAEACAS GHACEIFAECIAEETECHEAGCERE CAREEIRE CAMRG NG (CLSEANE S




READING #UNDERSTANDING

Maturescentium autem uvae vehementiores
nigrac — 1deo vinum et his minus iucundum
—, suaviores albae, quoniam e tralucido
facilius accipitur aér. Recentes stomachum et
spiritus inflatione alvum turbant. Itaque 1n
febr1 damnantur, utique largiores; gravedinem
enim capiti morbumque lethargum faciunt.

Gaius Plinius Secundus - Naturalis Historice




READING #UNDERSTANDING

We shall best understand the probable course
of natural selection by taking the case of a
country undergoing some physical change. If

the country were open were open on 1ts
borders, new forms would certainly
immigrate, and this also would bla, bla bla
become extinct inhabitants.

Charles Darwin - The Origin of Species




READING #UNDERSTANDING

We shall best understand the probable course

of _ by taking the case of a

country undergoing some physical change. If

the country — on 1ts
borders, new forms would certainly
immigrate, and this also would t
become extinct inhabitants.

Charles Darwin - The Origin of Species




CHALLENGE: HOW
FROM THIS...

IRE AT ECEATREEITAGEIEAGEIEAGEGECATNGE CIRAGEIFAG CIEAECINAGERA GG AT GRSEEE
IRGEATMCEATMEGHARGEANGEITAG ARG EIRAG CINAGEATE CIRAGEIEAGC IEAE ClATRECIE
FEERAGETA GCATEEARGE ATRGEATCEAEGCAT CEATTIANAAGEGEGAIRGA CEIEECRE
ge e e T TINEEFCEEEECARGETRECECRGARCRCR G AGIESIA GO RS ACREA AT
EEEEEE G TAIETNIEA SAEGEAIRA GIIGEEEEEFEECEEGRAGEIAGIGCTRACIEIEIRE
NEEEETEACACRGETAGECEAGETAGCT GEEAGERAGCTCERGCATGCEATEECALIRICHT
AGCTAGTGTAGCTAGCTAGEATGCTGCTAGCATGCAGCATGCATCGCEGCEGCEATGET
GCTAGCGETGCTAGCTAGCTAGCTAGCTAGGCGCTAATTATTTATTTTCGEGGGEGET A
v g v ARG EEGEINANT L, EEECECEEEER CTIRGRRE ANEEE TR CIRA C GHEANT
SECIe AT CEEEEEEEEEETICGEEACEEREGET GGG ETEREERENREIEINEEIES
S A GG A ECEEE G A REERAINGECRANEIREE LR C G R CIET ST AN G
2GR GERC AMETCRCRETCINEMNM CCECTHREGT.GIRGECTAGEEEEECEETL CELIEERL (@
EECE CCETATANRETIA CAEEAIFAGTGEEEEEEEEEEC GHRAG CAGTHECT I E G EIRS
BE TG RCECEEEEEEECATEGRTAGEEET GG GIRGINETERE G S IR GG E SRS
FGCATCGATCGATGECATGETAGCTAGCTAGETAGEATGCTAGCTAGCTAGECTATTGGE
S S AR GREECLSE CEEEEE AMREEATEEEIRA GREGATEE ARG G RANE SN
GGG GG GERLGCATEE AT CELTC GG E A TEEE AT AT A @GS ARG 2E NS
IRECHE EREAGAGAG GIRAGEILAGEIRAGEIRG CILAGCIEL G ERGEIRGERINEE NG GATREAEH




Infer this




TWO APPROACHES TO
GENOME SEQUENCING

Clone contig —_ Whole-genome shotgun
approach AB C D approach
L  — Genome map

Mapped segment — .
of DNA Shotgun sequencing
\of entire genome

l Shotgun sequencing
of mapped segment

Assembled AI BI | |

sequence sequences
Position of Markers used to
sequence is \ / / anchor assembled
already known sequences on to
— — s the map

AB C DE F GH

Figure 3-3 Genomes 3 (© Garland Science 2007)




TWO APPROACHES TO
GENOME SEQUENCING

Generate and align Fragment and sequence
large BAC or P1 clones entire genome

Fragment and sequence
a subset of the clones

A PRIMER OF GENOME SCIENCE, Second EcWion, Figure 2.7 (Part 2) © 2006 Snauer Assocanes, e







SEQUENCE ASSEMBLY

e A fundamental goal of DNA sequencing has been to generate large,
continuous regions of DNA sequence

e Capillary sequencing reads ~600-800bp in length
e Overlap based assembly algorithms (phrap, phusion, arachne)

e Compute all overlaps of reads and then resolve the overlaps to
generate the assembly

e Volume and read length of data from next-gen sequencing machines
meant that the read-centric overlap approaches were not feasible

e already in 1980’s Pevzner et al. introduced an alternative
assembly framework based on de Bruijn graph

e Based on a idea of a graph with fixed-length subsequences (k-
mers)

e Key is that not storing read sequences — just k-mer abundance
information in a graph structure




Sequence
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Sequence
contigs
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De Bruijn GRAPH
CONSTRUCTION

TAGTCGAGGCTTTAGATCCGATGAGGCTTTAGAGACAG

AGTCGAG CTTTAGA CGATGAG CTTTAGA
GTCGGG TTAGATC ATGAGGC GAGACAG
GAGGCTC ATCCGAT AGGCTTT GAGACAG
AGTCGAG TAGATCC  ATGAGGC  TAGAGAA
TAGTCGA CTTTAGA CCGATGA TTAGAGA
CGAGGCT AGATCCG TGAGGCT  AGAGACA
TAGTCGA GCTTTAG TCOGATG GCTCTAG
TCGACGC GATCCGA GAGGCTT AGAGACA
TAGTCGA TTAGATC GATGAGG TTTAGAG
GTCGAGG  TCTAGATY ATGAGGC TAGAGAC
AGGCTTT ATCCGAT AGGCTTT  GAGACAG
AGTCGAG TTAGATT ATGAGGC AGAGACA
GGCTTTA TCCGATG TTTAGAG
CGAGGCT TAGATCC TGAGGCT GAGACAG
AGTCGAG TTTAGATC  ATGAGGC TTAGAGA
GAGGCTT GATCCGA  GAGGCTT GAGACAG

Genome is sampled with random sequencing of for example 7 bp reads.

Note errors in the reads are represented in red




De Bruijn GRAPH
CONSTRUCTION

Linear stretches
‘%
(1)

.o

TGAG ATGA GATG CGAT CCGA TCCG ATCC GATC AGAT
9 @) G € ) ) ) &)  ®

\
@+ 04 0+ 0« O+ O« O+ O+ -~ 0= -~

>0 — 0 —o0 o0 - AGAA
l (1)
GQCTC CTCT TCTA CTAG | J J
-l - - »>»@® <+ 0 - =0 *0 >
YN0 WY WYY Tt s b
TAGT AGTC GTCG TCGA CGAG GAGG AGGC GGCT GGCT | | TAGA AGAG GAGA AGAC GACA ACAG
B39 9 99 (109 (&) (169 (183 (163 (119 *=° - e 6 ) (19 99 @) 9
s Ol O s © GCTT CTTT TTTA TTAG —

@) @) @& (29
CGAC GACG ACGC
(= (1 9 B

® =0 e+ =0 —-— -9 +* @0 0 =0 =0

The k-mers in the reads (4-mers in this example) are collected into nodes and the
coverage at each node is recorded (numbers at nodes).
Features:

-&-continuous linear stretches within the graph

-&-Sequencing errors are low frequency tips in the graph




3. Simplification of linear
stretches

o -
\

e — el .

TAGTCGAG GAGGCTTTAGA AGAGACAG

Graph is simplified to combine nodes that are associated with the continuous linear

stretches into single, larger nodes of various k-mer sizes.

Error correction removes the tips and bubbles that result from sequencing errors.
Final graph structure that accurately and completely describes in the original genome
sequence




REPEATS PROBLEM

Very similar sequences may lead to false assembly, especially if the repeated
region is longer than average reads length, e.g. recent tandem duplications

or recent transpositions of mobile elements.




NEXT-GEN
ASSEMBLERS

e First de Bruijn based assembler was Newbler developed by 454 Life
Scinces

e Adapted to handle main source of error in 454 data — indels in
homopolymer tracts

e Many de Bruijn assemblers subsequently developed

e SHARCGS, VCAKE, VELVET, EULER-SR, EDENA, ABySS and
ALLPATHS, SOAP

e Most can use mate-pair information
e Slightly different approach to transcriptome assembly

e It has to allow many discontinuous graphs representing single
transcript, including paralogs and alternatively spliced ones.

e SOAP-Trans, Trinity




ASSEMBLY EVALUATION
- N50

15kb

12kb

- ¢

7kb

6kb

Skb
2kb

If one orders the set of contigs produced by the assembler by size, then N50
is the size of the contig such that 50% of the total bases are in contigs of
equal or greater size.

15+12+9+7+6+5+2 = 56
56/2 =28 -> N50is 9kb (15+12 = 27 is less than 50%)




EXERCISE:
CALCULATE N5o0




CHALLENGE: HOW
FROM THIS...

IRE AT ECEATREEITAGEIEAGEIEAGEGECATNGE CIRAGEIFAG CIEAECINAGERA GG AT GRSEEE
IRGEATMCEATMEGHARGEANGEITAG ARG EIRAG CINAGEATE CIRAGEIEAGC IEAE ClATRECIE
FEERAGETA GCATEEARGE ATRGEATCEAEGCAT CEATTIANAAGEGEGAIRGA CEIEECRE
ge e e T TINEEFCEEEECARGETRECECRGARCRCR G AGIESIA GO RS ACREA AT
EEEEEE G TAIETNIEA SAEGEAIRA GIIGEEEEEFEECEEGRAGEIAGIGCTRACIEIEIRE
NEEEETEACACRGETAGECEAGETAGCT GEEAGERAGCTCERGCATGCEATEECALIRICHT
AGCTAGTGTAGCTAGCTAGEATGCTGCTAGCATGCAGCATGCATCGCEGCEGCEATGET
GCTAGCGETGCTAGCTAGCTAGCTAGCTAGGCGCTAATTATTTATTTTCGEGGGEGET A
v g v ARG EEGEINANT L, EEECECEEEER CTIRGRRE ANEEE TR CIRA C GHEANT
SECIe AT CEEEEEEEEEETICGEEACEEREGET GGG ETEREERENREIEINEEIES
S A GG A ECEEE G A REERAINGECRANEIREE LR C G R CIET ST AN G
2GR GERC AMETCRCRETCINEMNM CCECTHREGT.GIRGECTAGEEEEECEETL CELIEERL (@
EECE CCETATANRETIA CAEEAIFAGTGEEEEEEEEEEC GHRAG CAGTHECT I E G EIRS
BE TG RCECEEEEEEECATEGRTAGEEET GG GIRGINETERE G S IR GG E SRS
FGCATCGATCGATGECATGETAGCTAGCTAGETAGEATGCTAGCTAGCTAGECTATTGGE
S S AR GREECLSE CEEEEE AMREEATEEEIRA GREGATEE ARG G RANE SN
GGG GG GERLGCATEE AT CELTC GG E A TEEE AT AT A @GS ARG 2E NS
IRECHE EREAGAGAG GIRAGEILAGEIRAGEIRG CILAGCIEL G ERGEIRGERINEE NG GATREAEH




Infer this




What are we looking for?
-2 protein coding genes
-2 RNA coding genes
-2 gene promoters

-2 repetitive elements




GENE IDENTIFICATION
METHODS

e Molecular techniques e Computational methods
e Very laborious o Fast
e Time consuming e Relatively low cost

e Expensive e High rate of false positives

e Low rate of false positives e Poor performance on less
typical genes




GENERAL MODEL OF
A GENE

INTERGENIC CODING
REGION ‘ SIART SEQUENCE STOR

NS




EUKARYOTIC GENE
STRUCTURE

(exon-intron-exon), structure of various genes

histone

—gs -
total = 400 bp; exon = 400 bp

[ — T |
-

g
total = 1,660 bp; exons = 990 bp

HGPRT [ o —t—+—H il
(HPRT) - . o
total = 42,830 bp; exons = 1263 bp

factor Vil

total = ~186,000 bp; exons = ~9,000 bp




NESTED GENES

Genes ——= TTTTED (W DD WEUE FEENY
N me— ————  ————{mn m

kb 0 5 10 15 20 25 30
F10F2.3 F10F2.4 F10F2.6 F10F2.5 F10F2.9

Lipase Unknown Unknown

Figpag  Taneuon F10F2.7 F10F2.8 function

FGAM
synthase

W Exons .\ Introns




OVERLAPPING GENES

= =

- n |
B = = | I

ARG2
3UTR-3"UTR overlap with extension to coding sequence of one gene

E===== E
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3'UTR-coding overlap

Loc161424
TUTR-3UTR, 3"UTR-coding, 3°-5UTR overlap
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SUTR-coding and STUTR-5"UTR overlap
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mIiy EE = Tl B S

RAB3GAP
Coding-coding overlap




PSEUDOGENES AND
REPETITIVE ELEMENTS

(a) Escherichia coli

thrB
thrA |thrC dnaK

(b) Saccharomyces cerevisiae
GLK1 SRO09 HIS4 FUS1 AGP1 KCC4 't t BUD3 GBP2

(c) Human
vas

I, L B

(d) Maize

o

kb | T 1 T T I T LI | T
0 10

- Gene - Pseudogene |:] Repetitive DNA




GENE FINDING
METHODS

coding/non-
coding sequence homology based
discrimination

A multi-genome
model based similarity to 5 Igoach
known genes e
sequence
composition transcripts proteins conservation




MODEL BASED
METHODS

We take advantage of what we already learned about gene
structures and features of coding sequences. Based on this
knowledge we can build theoretical model, develop an
algorithm to search for important features, train it on known
data and use to search for coding sequences in anonymous

genomic fragments.

However, we should remember that all

models are wrong and only some are

useful.




GENERAL MODEL OF
A GENE

INTERGENIC CODING
REGION ‘ SIART SEQUENCE STOR

NS




SEQUENCE CODING
POTENTIAL

STOP START STOP  START STOP

A




CODON USAGE

Codon preference in £ cafand & Sréiwerengenes. ]

U C A

U Phe Ty
Phe Ty

U
C
A
G
U
C
A
G
U

Q>




SEQUENCE FEATURES

We can check if sequence in particular
ORF has some other features which could
tell us if this is a putative coding sequence
or the ORF is false positive. We can look
at the sequence content and compare it
with known coding sequence and non-
coding sequence and check to which of
these two the ORF sequence is more
similar to.




HIDDEN MARKOV
MODELS

e HHM is a statistical model for an ordered sequence of symbols, acting as a
stochastic state machine that generates a symbol each time a transition is
made from one state to the next. Transitions between states are specified
by transition probabilities. A Markov process is a process that moves from
state to state depending on the previous n states.

HHM has been previously used very successfully for speech recognition.

In biology is used to produce multiple sequence alignments, in generating
sequence profiles, to analyze sequence composition and patterns, to

produce a protein structure prediction, and to locate genes.

In gene identification HMM is a model of periodic patterns in a sequence,
representing, for example, patterns found in the exons of a gene. HMM
provides a measure of how close the data pattern in the sequence resemble
the data used to train the model.




MARKOV CHAINS

A Markov Chain is a non-deterministic system in which it is assumed
that the probability of moving from one state to another doesn’t vary
with time. This means the current state and transition does not depend
on what happened in the past. The Markov Chain is defined by

probabilities for each occurring transition.




MARKOV CHAINS

In a sequence analysis we
look at probabilities of
transitions from one
nucleotide to another. We
can check, for example, if
certain patterns of transition
are more frequent in coding
sequences than in non

coding sequences.




ORDER OF MARKOV
CHAINS

GCGCTAGCGCCGATCATCTACTCG

GCGCTAGCGCCGATCATCTACTCG |
GCGCTAGCGCCGATCATCTACTCG FUSEIe iy
GCGCTAGCGCCGATCATCTACTCG

GCGCTAGCGCCGATCATCTACTCG i oe

GCGCTAGCGCCGATCATCTACTCG
GCGCTAGCGCCGATCATCTACTCG

Fifth order




HOW FAR CAN WE GO?

- Order of our model will have influence on specificity and sensitivity
of our program.

-» Too short sequences may not be specific enough and program
may return a lot of false positives.

-» Long chains may be too specific and our program will not be
sensitive enough returning false negatives.




ORDER OF MARKOV
CHAINS

GCGCTAGCGCCGATCATCTACTCG

GCGCTAGCGCCGATCATCTACTCG
GCGCTAGCGCCGATCATCTACTCG

First order

GCGCTAGCGCCGATCATCTACTCG
GCGCTAGCGCCGATCATCTACTCG

Second order

GCGCTAGCGCCGATCATCTACTCG

GCGCTAGCGCCGATCATCTACTCG Fifth order

20 G For non-coding sequence we assume
7 GA  7/20 that probability of each transition is

1 GG 1/20 equal. The more ‘popular’ in coding
o GT 5/20 sequence transition, the higher

7GC  7/20 probability the sequence is coding




Probability matrix

first order Markov Model - matrix of 16 probabilities

A/A), (A/T) (A/C) p(A/G)

CIA), (C/T) (C/C) C/G

(
(
(G/A), p(G/T), p(G/C),p(G/G)

42+1= 43 =64 43+1= 44 =256




GCG CTA GCG CCG ATC ATC TAC TCG

G CGC TAG CGC CGA TCA TCT ACT CG

GC GCT AGC GCC GAT CAT CTA CTC G

Frequencies of transitions may depend
on in which codon position (1st, 2nd, or
3rd) is a given nucleotide (state)




Number of probabilities

Codon position 1

A C G T
36 .27 .35 .18
21 .23 .24 .27
19 .14 .23 .23
.24 35 .19 31

Codon position 2

A C G T

.16 .19 .15 .07
.28 .44 41 .33
40 .12 .27 45
16 .25 .17 .16

41+1 =9 42 2 16

B4l 8ads=16

Codon position 3

A C G T

22 .33 .24 13
21 .29 27 .21
44 15 .37 .53
A3 .22 .12 .13




CALCULATING CODING POTENTIAL
OF A GIVEN SEQUENCE

To estimate if the sequence is coding we have to calculate probability
that sequence is coding and probability the sequence is non-coding. Next

we calculate logarithm from the ratio of these two probability values.

1

LP(S) =log i—ﬂ(%

If the calculated value is > 0 the likelihood that the
sequence is coding is higher than the sequence is not
coding, if value is < 0 there is higher likelihood that
sequence is not coding.




CODING VS. NON
CODING SEQUENCE

CIA G/A T/IA coding
0.21 0.19 0.24

C/A G/A T/A non coding
0.25 0.25 0.25




MARKOV MODELS -
PROBABILITIES

Codon position 1 Codon position 2 Codon position 3

LP(S)zlogm} A C G T A C G T A C G T
PJS) A 36 .27 .35 .18 A .16 .19 .15 .07 A 22 33 .24 13

C .21 .23 .24 .27 C .28 .44 .41 .33 c .21 .29 .27 .21
G .19 .14 .23 .23 G .40 .12 .27 .45 G .44 15 37 53

S=AGGACG T .24 35 .19 31 T .16 .25 .17 .16 T .13 .22 .12 .13

P(S) —f(A.1)F(G.A)F(G.G)F(A.G)F(C.A)F(G.C)
P(S) =027 x 0.19x 0.27 x 0.24 x 021 x 0.12 = 0.00008377

P(S)=0.25x0.25x0.25x0.25x0.25 x 0.25 =0.0002441

LP(S) = 10g(0.00008377/0.0002441) = -0.4644




CALCULATING LP

Codon position 1 Codon position 2 Codon position 3

LP(S) log_(§) A C G T A C G T A C G T
P JS) 36 .27 .35 .18 16 .19 .15 .07 22 33 24 a3

21 .23 .24 27 .28 .44 41 33 21 .29 27 21
A9 .14 23 23 40 .12 .27 .45 44 15 37 .53

s= AGG ACG 24 35 .19 31 16 .25 .17 .16 13 22 12 a3

0.24

0.21 0.12
A4l =S + — e,
0.25 log

027,
LP(S) = log 22 + |ogQ-13 4 2t e

+
025" 199055+ 1097 25 log

+ log

LP(S) =log 1.08 + log 0.76 + log 1.08 + log 0.96 + log 0.84 + log 0.48

LP(S) = 0.0334 + (-0.1191) +0.0334 + (-0.0177) + (-0.0757) + (-0.3187)

LP(S) = -0.4644



GLIMMER

e Gene finding program for prokaryotes (Saltzberg et. al,
1998)

e For prediction uses:
e Start
e Stop
® Sequence composition

e Interpolated Markov Models




PROKARYOTIC VS.
EUKARYOTIC GENES

Prokaryotes Eukaryotes

small genomes
high gene density
no introns (or

splicing)
no RNA processing

similar promoters

terminators
important

overlapping genes

large genomes
low gene density
introns (splicing)
RNA processing

heterogeneous
promoters

terminators not
important

overlapping genes

polyadenylation




CODING REGIONS IN
PROKARYOTES

INTERGENIC CODING
REGION ‘ SIART SEQUENCE STOR

NS




EUKARYOTIC GENE
STRUCTURE

Exon1 Exon?2 E xon 3 E xon4 DNA

L _Intron 1__J Intron2 ]ll_ Intron 3 F
5 A n 3 | G

Promofer S plice site S plice site Pyrimidine poly A signal
TATA GGTGAG CAG tract

v v v
Translation Branchpoint  Stop codon

Initiation CTGAC TAGATGATAA
ATG




SEARCHING FOR CODING
SEQUENCES USING MARKOV
CHAINS

In this case we do not want check if given sequence fragment is coding
or not but we rather want to identify coding fragments in a long
sequence. In most cases this is done by calculating statistics in
overlapping windows.

AGTACGATATTAGCGGCAATCGTATGACTACGTCTTGCTACGTCTTCTCTCGTCTGCTCTAG

This example shows a profile for a

sequence analyzed using a 120-bp

window and a 10-bp step.




CODON USAGE




CODON USAGE

DNA sequence can be divided into non-overlapping codons in

three reading frames

C =C1C2...Cm

GGA (GG GAT
GAC GGG AIC

1 =66 (3 =660




PROBABILITY THAT
SEQUENCE IS CODING

Probability that sequence is coding is equal probability that
sequence of codons is coding. Assuming independence
between adjacent codons the probability that sequence is
coding will be equal to the product of codon frequencies.

P(C) = F(C1)F(C2)..F(Cm)
‘ E \
AGG ACG GGA TCA
‘u.m \ GGA GG GAT

GAC GGG AIC

P(C) = F(AGG)F(ACG) = 0.022 x 0.038 =0.000838




PROBABILITY THAT SEQUENCE
IS NON-CODING

If the sequence is non-coding the codon frequency will be
random and each codon will be equally probable. In this case
frequency for each codon will be 0.0156. This is because we
have 64 codons and each of them is equally possible.

Therefore probability that the sequence is non-coding will be:

P(C) = F(AGG)F(AGC) = 0.0156 X 0.0156 =




LOG-LIKELIHOOD
RATIO

LP(S) = log 1.4102+log 2.4358 = 0.1493 + 0.3866 = 0.83 >




Codon usage

Markov models




RULE BASED METHODS




GENE IDENTIFICATION
PROGRAMS

-2 The first generation of programs was designed to identify approximate locations
of coding regions in genomic DNA (e.g. GRAIL). These methods could not
accurately predict precise exon location.

-®The second generation (e.g. MZEF, SORFIND, and Xpound) combined splice
signals and coding region identification but did not attempt to assemble
predicted exons into complete genes.

-®Third generation (GenelD, GeneParser, GenLang, FGENES) predicted entire
gene structures but their performance was rather poor. One of problems was the

assumption that the input sequence contains complete genes.

-& Fourth generation of programs is represented by GENSCAN or TWINSCAN.
With improved accuracy and less restricted requirements (e.g. allow partial
genes) these programs are considered to be the best and are widely used in
large-scale genomes analysis.




CLASSES OF GENE
PREDICTION METHODS

Sequence similarity based
-2 BLAST can be used for aligning ESTs or proteins to the genomic sequence

-2 PROCRUSTES and GenWise use global alignment of homologous protein to

genomic sequence
-2 The biggest limitation to this type of approaches:

-2 only about half of genes being discovered have significant similarity to
genes in the database
-® genes with very limited expression may never be discovered

Model based
-® Limitations of these approaches:
-® Newly sequenced genomes very often lack large enough samples of
known genes to estimate model parameters
-® Need to be retrained as the number of available genes is growing
-®* Genes of less typical structure or having rare signals may not be
discovered




GENSCAN

Burge, C. and Karlin, S. (1997) Prediction of
complete gene structures in human genomic
DNA. J. Mol. Biol. 268, 78-94.

Search for general and specific compositional
properties of distinct functional units in

eukaryotic genes

General fifth-order Markov model of coding
regions

Analyzes both DNA strands

Sequences may contain multiple and/ or partial
genes ‘

http://genes.mit.edu/GENSCAN




aY; =

E, E E,

1
Each state corresponds to one of the seven “h"
categories with which all nucleotides are ‘0’0

ultimately labeled- promoter, 5’UTR,
exon, intron, 3’UTR, PolyA, intergenic

Three components:

Transition model — specifies probability of

moving from any one state to another
Duration model — specifies the

probablity of staying in a given state

State specific sequence models —
specifies the probability of any given
nucleotide sequence being generated from
any given state Intergenic

region

promoter
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Evaluation statistics

Sensitivity Fraction of actual coding regions that are
correctly predicted as coding, ranging from o0 to Sn = TP/
(TP+FN)

e TP - true positive  Specificity Fraction of the prediction that is actually correct, &
" FP - false positive ranging from o to 1

: : Sp = TP/(TP+FP)
o FN - false negative , : “Rar 2
= Correlation Combined measure of sensitivity and specificity, &

TN - true negative ranging from -1 (always wrong) to +1 (always right)

_TP x TN + FPx EN
V (PP)(PN)(AP)(AN)

CC




PREDICTION PROGRAMS
PERFORMANCE

37 genes were tested, 16 of them (43%) were confirmed. At the exon

level 159 exons were predicted and 58 (36%) were found to be real.

predicted exons specificity sensitivity

MZEF 34 0.56
GRAIL 11 : 0.19
GENSCAN

FGENES




PROBLEMS RELATED TO GENE
PREDICTION - GENE STRUCTURE
AND ALTERNATIVE SPLICING

2 3
' 1 GM117-predicted & form A
2

3
O—ff]—— ] GMi17fomB

1 2 3 4

0—O—1a—10 GM121-predicted
1 2 3 4

B———--——410 GM121doned

1 2
[CJ—{ ] GM127-predicted

1 2
[J——E] GM127-doned

3
[ GM140-predicted

3
[] GM140-doned

2 3 4 .
O GM148-predicted

234

GM148-doned form A

GM148-doned form B

GM148-doned form C

I. Makalowska et al. Gene 284: 203-213



RepeatMasker

Systems &
Biology RepeatMasker Web Server

RepeatMasker screens DNA sequences in FASTA format against a library of repetitive elements and returns a masked query sequence ready for database searches. RepeatMasker also generates a table

annotating the masked regions.

Reference: A F.A. Smit, R. Hubley & P. Green, unpublished data. Current Version: open-3.3.0 ( RMLib: 20110920 )

Check Current Queue Status

(=) abblast () rmblast ( cross_match

h () quick (+) default ©) slow

Human

Return Method: (» html () email Your email address

Reset | Submit Sequence

Select a sequence file to process or paste the sequences(s) in FASTA format. Large sequences will be

queued, and may take a while to process.

Select the search engine to use when searching the sequence. Cross_match is slower but often more
sensitive than the other engines. ABBlast ( formally known as WUBlast ) is very fast with a slight cost of
sensitivity. RMBlast is a RepeatMasker compatible version of the NCBI Blast tool suite.

Select the sensitivity of your search. The more sensitive the longer the processing time.

Select a species from the drop down box or select "Other.." and enter a species name in the text box. Try
the protein based repeatmasker if the repeat database for your species is small.

Select the format for the results of your search. The "tar” option will return the results as a compressed
archive file, and "htmi" will present the results as a summary web page with links to the individual data
files.

The "HTML" return method will run RepeatMasker on your sequence and return the results immediately
10 your web browser, provided your sequences are short. The "email” return method will email you when

Yyour results are ready.




GENE FINDING
METHODS

coding/non-
coding sequence homology based
discrimination

A multi-genome
model based similarity to 5 Igoach
known genes e
sequence
composition transcripts proteins conservation




PipMaker http://pipmaker.bx.psu.edu/pipmaker/

-®- Computes alignments of similar regions in two
or more DNA sequences

-® Resulting alignments are summarized with a
"percent identity plot”

-2 As an output PipMaker generates PDF or
PostScript document

-® MultiPipMaker can be requested to compute
true multiple alignment and return a
nucleotide level view of the results

T e .= e T O AT R



MULTIPIPMAKER

gi|4507926[ref]NM 0033911 [complement |

-4
3
r_I 1

2




GENE FINDING
STRATEGIES

-&-Search for conserved regions

-®Presence of ORF

-®-Codon usage

-®-Splice sites
-®Polyadenylation signal
-®-Similiratity search

- Presence of regulatory elements




WHY IS PROMOTER
PREDICTION DIFFICULT?

-2 Not a one single type of core promoter
-® Promoter needs additional regulatory elements

-& Transcription may be activated or repressed by many
regulatory proteins

-&* Transcriptional activators and repressors act very
specifically both in terms of the cell type and point in the
cell cycle

-® Not all regulatory factors have been characterized




PROKARYOTIC
PROMOTER PREDICTION

- Most bacterial promoters contain:

-2 The Pribnow box, at about -10bp from the start codon there is
consensus sequence: 5'-TATAAT-3'

-2 The -35 sequence, centered about -35bp from the start codon

there is consensus sequence: 5'-TTGACA

NNNTTGACANNNNNNNNNNNNNNNNTATAATNNNNNAT Gcecececce
-35 region -10 region T

RNA start site




E.COLI PROMOTERS

(b) Strong E. coli promolers

tyr tANA
ren DA
ren X1
ren (DXE )
rrmE1
ren A
ren A2
»PE
LPL

T7 AZ
T A1
T A2
d Wil

TCTCAACGTAACACTTTACAGCGGCG «CGTCATTTGATATGATGC«GCCCC
GATCAAAAAAATACTTGTGCAAAAAA - » TTGGGATCCCTATAATGCGCCTCC
ATGCATTTTTCCGCTTGTCTTCCTGA- »GCCGACTCCCTATAATGCGCCTCC
CCTGAAATTCAGGGTTGACTCTGAAA s s GAGGAAAGCGTAATATAC-GCCAC
CTGCAATTTTTCTATTGCGGCCTGCG* * GAGAACTCCCTATAATGCGCCTCC
TTTTAAATTTCCTCTTIGTCAGGCCGG s AATAACTCCCTATAATGCGCCACC
GCAAAAATAAATGCTTGACTCTGTAG » CGGGAAGGCGTATTATGC*ACACC
TAACACCGTGCGTGTTGACTATTTTA=CCTCTGGCGGTGATAATGG»TTGC
TATCTCTGGCGGTGTTGACATAAATA* CCACTGGCGGTGATACTGA+* + GCAC
GTGAAACAAAACGGTTGACAACATGA» AGTAAACACGGTACGATG T+ ACCAC
TATCAAAAAGAGTATTIGACTTAAAGT «CTAACCTATAGGATACTTA-CAGGCC
ACGAAAAACAGGTATTGACAACATGAAGT AACATGCAGTAAGATAC-AAATC
GATACAAATCTCCGTTGTACTTTGT T » TCGCGCTTGGTATAATCG-CTGGG

CTTCCCGATAAGGG
TTGAGACGACAACG
TCGACACGGCGGAT
TCGCGACAGTGAGC
TCGACACGGCGGAT
CTGACACGGAACAA
CGCGCCGCTGAGAA
TGTACTAAGGAGGT
TCAGCAGGACGCAC
TGAAACGACAGTGA
TCGAGAGGGACACG
CTAGGTAACACTAG
GTCAAAGATGAGTG

-35 - 10 +] =————

Promoters sequences can vary tremendously.

RNA polymerase in eukaryotes recognizes hundreds of different

promoters




MARKOV MODELING -
AGAIN

AT A=A
REAACAFASTE C

ATCATCE =E=sAGIC
ARGEATE AR
ALC GG ASTEC




EUKARYOTIC PROMOTERS

-® Three types of RNA polymerase (I, II, III), each binding to various
kinds of promoters

-2 Polymerase II transcribes genes coding for proteins

-2 Core Promoter - most have TATA box that is centered around position
-25 and has the consensus sequence: 5'-TATAAAA-3'

-2 Several promoters have a CAAT box around -90 with the consensus
sequence: 5'-GGCCAATCT-3'

-2 promoters for "housekeeping" genes contain multiple copies of a GC-
rich element that includes the sequence 5'-GGGCGG-3'

-®- Proximal Promoter Regions - transcription factor binding regions
within ~200 bp of the Core Promoter

-2 Enhancers - transcription factor binding regions that can act to
regulate transcription from the core promoter even from many
kilobases away from the core promoter




EUKARYOTIC PROMOTERS

Downstream




CISTER : CIS-ELEMENT
CLUSTER FINDER

- Detects cis-elements clusters by using Hidden Markov Model

- For each element uses separate matrix with frequencies of
each nucleotide in each position; user can input matrix for
elements not included in the basic option

- User can specify:

-® distance between neighboring cis-elements within a

cluster
-® number of cis-elements in the cluster
-®- distance between clusters
-2 half-width of the sliding window




EXAMPLE OF MATRIX

NA AMI.-la
runt-factor AML-1

T02256; AMLla; Species: human, Homo
sapiens.

).9.4
PO
01
02
03
04
05
06

Sequences of experimentally identified elements are aligned

and frequencies in each position are calculated




EXAMPLE OF MATRIX

Sequences of experimentally identified elements are aligned

and frequencies in each position are calculated

P1 P2 P3 P4 P5 P6 AML-1la

TGTGGT runt-factor AML-1
TGCGGT T02256; AMLla; Species: , Homo sapiens.

TGTGGT
AGTGGT
TGTGGC

O Ul Ul O Ul OM




HTTP://Z1LAB.BU.EDU/
~MFRITH/CISTER.SHTM L.

Cister : Cis-element Cluster Finder

Instructions

Paste a DNA sequence into the box or enter a GenBank identifier:

OR upload a DNA sequence from a file:

(Optional) Set subsequence From: | | To:|

Choose a bunch of cis-elements:

(JTATA () Spl (JCRE (JERE () NF1 (JE2F () Mef2 () Myf
() CCAAT () AP-1 (JEs () Myc ()GATA (JLSE () SRE () Tef

AND / OR enter your own cis-elements:
(Get cis-element matrices from TRANSFAC - free registration required)

AND / OR upload cis-elements from a file:



http://zlab.bu.edu/~mfrith/cister.shtml
http://zlab.bu.edu/~mfrith/cister.shtml
http://zlab.bu.edu/~mfrith/cister.shtml
http://zlab.bu.edu/~mfrith/cister.shtml

