Lecture 11;
Gene Prediction

Study Chapter 6.11-6.14
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Gene: A sequence of nucleotides coding for
protein

Gene Prediction Problem: Determine the
beginning and end positions of genes in a
genome
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Where are the genes il in the genome’

aatgcatgcggctatgctaatgcatgeggctatgctaagetgggatccgatgacaatgecatgeggcetatgeta
atgcatgcggctatgcaagctgggatccgatgactatgetaagetgggatccgatgacaatgcatgeggceta
tgctaatgaatggtcttgggatttaccttggaatgctaagetgggatccgatgacaatgecatgeggcetatgeta
atgaatggtcttgggatttaccttggaatatgctaatgcatgeggctatgctaagetgggatccgatgacaatg
catgcggctatgctaatgcatgeggctatgcaagetgggatccgatgactatgetaagetgeggetatgetaa
tgcatgcggctatgctaagetgggatccgat acaatgcaicgcggctatgctaatgcatgcggctatgcaag
ctgggatcctgeggctatgctaatgaatggic @tdccttggaatgctaagetgggatccgatgaca
atgcatgcggctatgctaatgaatggtcttgggatttaccttggaatatgctaatgcatgc ggctatgctaagce
tgggaatgcatgcggctatgctaagetgggatccgatgacaatgcatgeggctatgetaatgecatgeggcta
tgcaagctgggatccgatgactatgctaagetgeggctatgctaatgcatgeggetatgetaagetcatgegg
ctatgctaagctgggaatgcatgcggctatgctaagetgggatccgatgacaatgeatgeggcetatgetaat
gcatgcggctatgcaagctgggatccgatgactatgctaagetgeggctatgctaatgecatgeggcetatgeta
agctcggctatgctaatgaatggtcttgggatttaccttggaatgctaagetgggatccgatgacaatgeatg
cggctatgctaatgaatggtcttgggatttaccttggaatatgctaatgcatgeggetatgectaagetgggaat
gcatgcggctatgctaagctgggatccgatgacaatgcatgeggcetatgctaatgeatgeggetatgcaage
tgggatccgatgactatgctaagetgeggctatgctaatgecatgeggcetatgctaagetcatgegg
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Exons and Introns

. In prokaryotes one- CeII organisms W|thout a ceII nucleus

(e.g. bacteria), a gene is a single sequence

* In eukaryotes, the gene is ntront ntron2
a combination of coding il — -
segments (exons) that are transcription
interrupted by non-coding e ———
segments (introns) 5’CameNA splicing i
translation
 This makes computational B,
gene prediction in o W
eukaryotes even more
difficult

 What are the hints that a gene is nearby?
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Spllcmg Slgnals

Exon 1l (GT == AG| Exon 2 |GT AG| Exon 3

 The genome provides subtle hints where
exon/intron boundaries might occur

— Dinucleotide sequences GT and AG flank an exon
>95% of the time

— With one or two additional flanking sequences cover
99.9% of the cases

* How helpful is this?
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Two Approaches to Gene Predlctlon

o Statistical: coding segments (exons) have typical
sequences on either end and use different subwords than
non-coding segments (introns).

 Similarity-based: many human genes are similar to
genes in mice, chicken, or even bacteria. Therefore,
already known mouse, chicken, and bacterial genes may
help to find human genes.
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Genetlc Code and Stop Codons

&}b TAA, TAG and TGA

L R E b amodon 558 mas correspond to 3 Stop |
T codons that (together with
U[C]A]G Start codon ATG) delineate
SNEEIEARIHE Open Reading Frames
8 e &
s |Cli|bo [cn|a | 5|3
3 Leu | Pro Gln Aryg G g
= lle Thr Asn Ser (W) g
AL | W 5| A | R
Met Thr Lys Arg G
Val Ala | Asp Gly U
G|Va | & [on [ S | &
fal Ala Glu Gly G
The Genetic Code
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Six Frames in a DNA Sequence

GCAGACGAAACCTCTTGATGTAGTTGGCC TGACACCGAC GACTACCGTCTTACTAACAC

CAGACGAAA CTT T‘ GGC CA ACA ACTACCGTCTTACTAACAC
CTGCAGACGAAAC AC CTACCGTCT
—

CTGCAGACGAAACCTCTTGATGTAGTTGGCCTGACACCGACAATAATGAAGACTACCGTCTTACTAACAC
GACGTCTGCTTTGGAGAACTACATCAACCGGACTGTGGCTGTTATTACTTCTGATGGCAGAATGATTGTG

—
GTCTGCTTTGGAGAACTACATCAACCG TGTGGCTGTTATTACT TCTGATGGCAG GATTGTG

GACGTCTGCTTTGCAGAACTACATC CGG GTG GTTATTACTTCTGATGGCAGAATGATT
GACGTCTG TGGAGAACTACATCAACCGGACTGCTGGCTGCTTATTACTTCTGATG GAATGATTG

* stop codons - TAA, TAG, TGA
o ATG
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 Open Reading Frames (ORFs)

* Detect potential coding regions by looking at ORFs

— A genome of length n is comprised of (n/3) codons

— Stop codons break genome into segments between
consecutive Stop codons

— The subsegments of these that start from the Start codon
(ATG) are ORFs

* ORFs in different frames may overlap

ATGL | 1 1 1 1 1 | | [TGA
Genomic Sequence

Open reading frame
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Long versus Short ORFS

Long open reading frames may be a gene

— At random, we should expect one stop codon every
(64/3) ~= 21 codons

— However, genes are usually much longer than this

A basic approach is to scan for ORFs whose length
exceeds certain threshold

— This Is an incomplete strategy because some genes
(e.g9. some neural and immune system genes) are
relatively short
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Testmg ORFS' Codon Usage

e Create a 64-element hash table and count the
frequencies of codons in an ORF

 Amino acids typically have more than one
codon, but in nature certain codons are more In
use

* Uneven use of the codons may characterize a
real gene

e This compensates for pitfalls of the ORF length
test
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Codon Usage in the Human Genome
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Codon Usage in the Mouse Genome
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Codon Usage and Likelihood Ratlo

° An ORF IS more “bellevable than another If |t has
more “likely” codons

* Do sliding window calculations to find ORFs that have
the “likely” codon usage

« Allows for higher precision in identifying true ORFs;
much better than merely testing for length.

« However, average vertebrate exon length is 130
nucleotides, which is often too small to produce
reliable peaks in the likelihood ratio

* Further improvement: in-frame hexamer count
(frequencies of pairs of consecutive codons)

9/25/2014 COMP 555 Bioalgorithms (Fall 2014) 14



Slmllarlty-Based Approach

 Genes in dlfferent organisms are S|m|Iar

* The similarity-based approach uses known
genes in one genome to predict (unknown)
genes in another genome

 Problem: Given a known gene and an
unannotated genome seguence, find a set of
substrings of the genomic sequence whose
concatenation best fits the gene

— An alignment problem!
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Chalmng Local Allgnments

e Locate codon substrings that match a given protein
subsequence, putative (candidate) exons

« Define a putative exon as a 3-tuple (I, r, w)
| = left starting position
r = right ending position
w = weight based on some scoring function
w(# of amino acid’s matched, codon freq, ...)
e Look for a maximum chain of substrings
— Chain: a set of non-overlapping nonadjacent intervals.
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Exon Chalmng Problem

0 23 56 11 13 16 20 25 27 28 30 32

* Locate the beginning and end of each interval (2n
poINts)

* Find the “best” path
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Exon Chammg Problem Formulatlon

. Exon Chalnmg Problem: leen aset of
putative exons, find a maximum set of non-
overlapping putative exons

e Input: a set of weighted intervals (putative
exons)

e Output: A maximum chain of intervals from this
set

Would a greedy algorithm solve this problem?
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Exon Chammg Problem Graph Representatlon

A greedy solution takes the highest scoring
chain first, followed by largest one left in the
uncovered range, and so on until none can be
taken, the score is the sum of all taken chains

* A dynamic programming solution can do better In
O(n) time, by constructing a graph
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Exon Chammg Algorlthm

ExonChaining (G, n) //Graph, number of intervals

1 for/—to2n

2 5,0

3 for/— 71to2n

4 if vertex v; in G corresponds to right end of the interval /
5 J < index of vertex for left end of the interval /

6 w — weight of the interval /
/

8

9

]

S, —max{s,+w, s,/
else
Si = Si-y
O return s,,

9/25/2014 COMP 555 Bioalgorithms (Fall 2014) 20



Exon Chalnlng Deficiencies

DNA [y T

Exon | Exon 2
Poor definition of the putative exon endpoints
Optimal interval chain may not correspond to a
valid alignment

— We enforce genomic order but not protein order

— First interval may correspond to a suffix, whereas
second interval may correspond to a prefix

— Combination of such intervals is not a valid alignment
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Spllced Allgnment

« Mikhail Gelfand and colleagues proposed a spliced
alignment approach of using a protein within one
genome to reconstruct the exon-intron structure of a
(related) gene in another genome.

— Begins by selecting either all putative exons between

potential acceptor and donor sites or by finding all
substrings similar to the target protein (as in the Exon

Chaining Problem).

— This set is further filtered in a such a way that attempt
to retain all true exons, but allow some false ones.
(Many false positives, but no false negatives)
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Spllced Allgnment Problem Formulatlon

Goal: Find a chain of blocks In a genomlc
sequence that best fits a target sequence

* Input: Genomic sequences G,
target sequence T,
and a set of candidate exons B.

Output: A chain of exons [ such that the global
alignment score between [*and T is maximum
among all chains of blocks from B.

[* - concatenation of all exons from chain I
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LeW1s Carroll Exampl

T WAS BRILLIG, AND THE SLITHY TOVES DID GYRE AND GIMBLE IN THE WARE
T WAS ER[LLIjE., AND THE SL||THE DOYES CYRATED AND GAM III.I-'.I'.I|]N THE WAYE
T WAS BRI LLI1 . AND THE SL||THE DOYES CYRATE I'.I| NIMBLY 1IN THE WAVYE
T HRILLING ."LNIZI| HEL LISH DOVES CYRATED AND GAMBLED |] N THE WAYE
T HRILLING ."LNIZI| HEL LISH DOVES {:"Ir'll.-t'l'l".l'.l| NIMBLY 1IN THE WAVYE
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LeW1s Carroll Exampl

T WAS BRI LLI G,

AND T

HE SLITHY

TOVES DI D GYRE AND

GCIMBLE

IN THE

WABE

T WAS BRILLI G,

AND THE SL||THE DOYES

GCYRATED AND

CAMBLED

IN THE WAVE

T WAS BRILLIG,

AND THE SL||THE DOYES

CYRATE I'.I|

NI MBLY

IN THE

WAVE

9/25/2014

T HRILLING ."LNI]| HEL LISH DOVES CYRATED AND GAMBLED |] N THE WAYE
T HRILLING ."LNI]| HEL LISH DOVES {:"Ir'll.-t'l'l".l'.l| NIMBLY 1IN THE WAVYE
[
[ WhAS |RRILLE NT [TEHRILLING MORNDEN | G, |ANINTHE |5 [ 1 MY | DELLEEN A T HE POVESE GYBATEIR | AND GAMELED | NFIMELY | INTHE WAVES
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Lewis Carroll Exampl

T WAS BRI LLI G,

AND THE SLITHY

TOVES DI D GYRE AND

GCIMBLE

IN THE WARBE

T WAS BRILLI G,

AND THE SL

TH

E DOVES

GCYRATED AND

CAMBLED

IN THE WAVE

T WAS BRILLIG,

AND THE SL

TH

E DOVES

CYRATE I'.I|

NI MBLY

IN THE WAVE

T HRILLING

."LNI',I| HEL LISH

DOVES

CYRATED AND

CAMBLED

IN THE WAVE

T HRILLING ."LNI',I| HEL LISH

DOVES

CYRATE I'.I|

NI MBLY

IN THE WAVE

[[' WS RRELLE |'|. M T [TEHILLIN

ﬂ MORNEN | G, :m'

I MY | HELLISH

[
T HE 'PIZI'I-'I:.“t GYBRATED
[

AND CAMBLER

PRINILLY

[N THE WAVES
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Exon Chammg Vs Sphced Allgnment

* In Spliced Alignment, every path spells out
a string obtained by concatenating the labels
of its vertices.

 The overall path gives an optimal alignment score
between concatenated labels (blocks) and target
sequence

 Defines weight as the sum of vertex weights
rather than as the sum of edge weights as in
Spliced Alignment

 Exon Chaining assumes the positions and weights
of exons are pre-defined

How to solve using Dynamic Programming?
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Spllced Allgnment Idea

Compute the best alignment between i-prefix of genomic
sequence G and j-prefix of target T:

S(1,))

But what is “I-prefix” of G?
There may be a few i-prefixes of G depending on which block B
we are in.

Compute the best alignment between i-prefix of genomic
sequence G and j-prefix of target T under the assumption that
the alignment uses the block B at position |,

S(i,},B)
Two cases to consider, block B starts at i, or it does not
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Spllced Allgnment Recurrence

If 1 is not the starting vertex of block B:

S(1, J,B) =max:

S(i-1,j-1,B)+4&(g;.t;)

Recall
S(i-1,j,B)-o o
S("J_]'!B)_J COS.t of

an indel

If I is the starting vertex of block B:

S(i-1,j,B)-o

S(I 1 j1B) = maxs maXall blocks B' preceding B S(end(Bl)’ J _1’ Bl) _5(gi ’tj)

max all blocks B' preceding B S(end (B')’ j, B') —O0
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Spliced Alignment Solution

. Afteromutlng thethree dlmenS|onaI table o
S(1, |, B), the score of the optimal spliced
alignment is:

MaXa blocks BS(end(B)’ Iength(T)’ B)
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A Modern Approach

. Sequence novel transcr1pts

— Identify gene(s) with similar protein

* Align transcript sequence to genome

— Locus of alignment identifies location and
intron/exon structure
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