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Computational Gene Finding

What is a Gene?

Mendel 1866

~ 1900: rediscovery of Mendel

1913: first gene map

1927: Muller: X-rays induce mutations

1928: Griffith: transformation with heat-killed cells

[ 1944: Avery: Gene = DNA

1953: Watson & Crick: B-form DNA

H 1953: Sanger: sequence of insulin

Bl 1960’s: Nierenberg: Genetic code

1960's/1970’s: Arber/Nathans/Smith: discovery of
restriction enzymes & gene cloning

1977: Roberts & Sharp: split genes

1977: Sanger / Maxam & Gilbert: DNA sequencing
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Computational Gene Finding

GenBank Entry for Adh/Adh_dup
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Computational Gene Finding

Structure of Adh/Adh_dup
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Computational Gene Finding

Gene Prediction Algorithms

e

Input:
Query Sequence
Gene Prediction Splice Site Profiles
Program Codon Usage Table
Output
List of coordinates

TRpUE
B Query Sequence
Subject Sequence(s]

Alignment Sequence Similarity

Gene Prediction

Splice Site Profiles
Program

Codon Usage Table

List of coordinates

A: Ab initio; B: comparative

ICB (© 2006 Birkhauser Verlag



Computational Gene Finding

Gene Models

Model 1t: 5 ——— | Single* 3

Model 1—: 3’ Single™ =——— &’

Model 2*: 5’ nternalt |—>| Final* |—~ 3

Model 27: 3’ {Final— |<—| Internal™
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Computational Gene Finding

Sensitivity & Specificity

m sensitivity (Sp): proportion of real elements (coding
nucleotides, exons or genes) that have been correctly
predicted

m specificity (Sp): proportion of predicted elements which are
correct
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Computational Gene Finding

Accuracy at Nucleotide Level

TNiFN: TP S FP: TN i EN: Bis FN TN

Reality

Prediction

m TP: true positive; TN: true negative; FP: false positive; FN:
false negative

m Sensitivity: S,(N) = TP(N)

TPN)+FN(N)

e TP
m Specificity: Sp(N) = W(El):’(l\l)
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Computational Gene Finding

Sensitivity & Specificity

0<S5p <1055, <1
Ideal prediction program: S, =S, =1
Summary measure: Correlation coefficient:

_ TP(N) x TN(N) — FP(N) x FN(N)
- V(TP(N) + FP(N))(TN(N) + FN(N))(TN(N) + FP(N))(TP(N) + FN(N))

cC

A-1<CC<l1
CC = 1: perfect prediction

@ CC = —1: each coding nucleotide predicted as non-coding
& vice versa
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Computational Gene Finding

Accuracy at Exon Level

m true positive: if 5’ & 3’ boundaries predicted correctly
m false positive: if no overlap with real exon
m sensitivity: proportion of true positives among true exons

m specificity: proportion of true positives among predicted
exons

B summary statistic: sensitivity+ specificity/2
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Computational Gene Finding

Accuracy at Gene Level

m true positive

all coding exons identified
every intron/exon boundary correct
all exons included

m false negative (missed): no exons overlap with any
predicted gene

m false positive (wrong): none of its exons overlapped by any
real gene
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Computational Gene Finding

Summary Accuracy Measures

nucleotide
Sensitivity proportion of cod-
Sh ing nucleotides
correctly predicted
as coding
Specificity proportion of
Sp nucleotides  pre-

dicted as coding
and which are
actually coding

exon
proportion of cor-
recty  predicted
exons among
actual exons

proportion of cor-
recty  predicted
exons among all
predicted exons

gene
proportion of com-
pletely  correctly
predicted genes
among actual
genes

proportion of
completely  cor-
rectly  predicted
genes among all
predicted genes
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Computational Gene Finding

Examples Gene Prediction Accuracy

Nucleotide Exon Gene

Sn Sp Sn Sp FN(E) FP(E) Sn Sp FN(G) FP(G) SG JG
(1) 0.89 0.77 0.65 0.49 0.10 0.32 0.30 0.27 0.09 0.24 1.10 1.06
(2) 0.86 0.83 0.58 0.34 0.21 0.47 0.26 0.10 0.14 0.30 1.06 1.11
(3) 096 0.92 0.70 0.57 0.08 0.17 0.40 0.29 0.05 0.11 1.17 1.08
(4) 097 0091 0.77 055 0.05 0.20 0.44 0.28 0.05 0.13 1.15 1.09
((5) 0.81 0.86 042 0.41 0.24 0.29 0.14 0.12 0.16 0.24 1.23 1.08
(6) 0.97 091 0.68 0.53 0.05 0.20 0.35 0.30 0.07 0.15 1.04 1.12
(7) 0.96 0.63 0.63 0.41 0.12 0.50 0.33 0.21 0.05 0.55 122 1.06

(1) FGENES, (2) GenelD, (3) GENIE, (4) GENIE EST-version,
(5) GRAIL, (6) HMMGENE, and (7) MAGPIE
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Computational Gene Finding

Additional Accuracy Measures

ab initio prediction: poor prediction of initial & terminal
exons ~-
chimeric predictions
split predictions
Additional measures:
joined genes, JG: predicted genes overlapping real genes /
number of joined predictions
split genes, SG: predicted genes overlapping real genes /
number of split precdictions
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Ab initio Methods

Principle

m Mimic the cell’'s transcription, splicing, & translation
machinery
m Look for signals:
Transcription signals
Splicing signals
Translation signals
m Look at sequence composition
GC-composition
Codon usage
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Ab initio Methods

Transcription Signals

Transcription start site (TSS): CAP signal, single purine
(NG
TATA-box: AT-rich region of 6 bp about 30 bp upstream
from TSS
Transciption termination:
polyadenylation signal: consensus AATAAA hexamer
degenerate signal 20-30 bp downstream from
polyadenylation signal
NB:
m only =~ 70% of human promoters contain TSS & TATA box
m polyadenylation signal absent from 50% of genes
Therefore: hard to find beginning & end of gene.
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Ab initio Methods

Splicing Signals

donor site (5" end of intron): GT

acceptor site (3’ end of intron): AGplus upstream
polypyrimidine tract

branch point:

m close to 3’ end of intron, upstream of poly-pyrimidine tract
m degenerate motif always containing A; mammalian
consensus: YNYTRAY

Non-standard donor dinucleotide: GC; < 1% in mammals
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Ab initio Methods

Translation Signals

Kozak signal: gccaccATGG
stop codon: TA[ AG , TGA
rare contexts: TGA encodes selenocysteine

Programs that use signals for gene prediction: search by signal.
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Ab initio Methods

Reading Frame

m first translated exon: start codon ATGsets reading frame

m internal exon: offset at beginning of exon when exon is
translated

Intron y—-1 Exony Intron y

II|II|II|II |
Codo

Reading Frame = 1

Phase of introny =

Remainder = 2——

Exon Length = 15—
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Ab initio Methods

Reading Frame of Internal Exon

Intron y-1 Exony
|II|II|II|II|I
*CodoA
Reading Frame = 1
Remainder =

Exon Length = 15—

frame(l) = O

Intron y

Phase of introny =

frame(y) = (34 frame(y — 1) — length(y — 1)%3)%3,

wherey > 1 is y-th exon.
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Ab initio Methods

Reading Frame Scheme

length(y —1)%3 — |0 1 2
frame(y — 1)

N
AN

!
0
1
2

N = O
= O
oN
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Ab initio Methods

Intron Phase

Intron y-1 Exony

II|II|II|II|I
Codo

ﬁ

Reading Frame = 1

Remainder =

Exon Length = 15—

Possible intron positions
m Between codons: phase 0

Intron y

Phase of introny =

m Between first & second nucleotide of codon: phase 1
m Between second & third nucleotide of codon: phase 2

Phase of intron = 3 - frame of 3’ exon
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Ab initio Methods

Remainder of Exon

Intron y-1 Exony
|II|II|II|II|I
*Codor%
Reading Frame = 1
Remainder =

Exon Length = 15—

Intron y

Phase of introny =

m Number of nucleotides at 3’ end of exon that do not form
complete codon. 0 < remainder < 2.

m Remainder of exon = phase of 3’ intron
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Ab initio Methods

Sequence Characteristics of Exons in CDS

Type 5’ signal 3’ signal Frame | Remainder
First initiation codon | ATG | donor site | gt 0 0,1,2
Internal | acceptor site ag | donorsite | gt 0,1,2 |0,1,2
Terminal | acceptor site ag | stopcodon | TAR, TGA| 0,12 |0

Single initiation codon | ATG | stop codon | TAR, TGA | O 0

Upper case: exonic; lower case: intronic
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Ab initio Methods
@00

Codon Usage

Genetic Code

second position
5 end 3 end
T
Phe/ F Tyr/Y| Cys/C
Ser/s c
Ter/x | TEM* A
Trp/W G
L L
eu/ His/H T
Pro/ P Arg/R  C
an/Q A
G
el Asn/N| Ser/S T
Thr/T c
A
Lys/K | Arg/R
Met/ M G
Asp/ D T
Val IV | Alal A gy/g| C
QuwE A
G
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Ab initio Methods
(o] le}

Codon Usage

Codon Usage

Preference within set of degenerate codons; codon bias

Variation across genes: high codon bias in highly
expressed genes

Variation across species

Search by content: optimization for each species
necessary

ICB (© 2006 Birkhauser Verlag



Ab initio Methods
[ele] ]

Codon Usage

Codon Usage in Mouse, Human, & Drosophila

log(relative usage)
°

T

BERBARREEEEE

5e
S

BERgAaRESRsE:

5
uostredwo asnow/uewny s—a

o

Q
uosiredwos epydosolp/uewINy e—e

uopoo

i =
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Ab initio Methods

©000000000

Splice Site Detection

Construct Primitive Donor Finder

Align sequences containing donor site (GT)
Construct profile
Search sequence with profile
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Ab initio Methods

O®@00000000

Splice Site Detection

Multiple Sequence Alignment

fragment accession number 5’-end of intron position sequence

f1 u04239 donor 1 868-876 CTGgtgagt
fo u04239 donor 2 992-1000 GGGgtaagt
f3 u04239 donor 3 1481-1489 CGGgtaagt
fa u04239 donor 4 2356-2364 AGGgtaagt
fs u04239 donor 5 2669-2677 AAAgtaagt
fs u04239 donor 6 3291-3299 TAGgtaact
f7 M61127 donor 1 226-234 TGGytt t gt
fg M61127 donor 2 539-547 TAGgtgagt

Exonic: upper case; intronic: lower case.
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Ab initio Methods

0O0@0000000

Splice Site Detection

Frequency Matrix

2/8 3/8 1/8 0/8 0/8 5/8 7/8 0/8 0/8
2/8 0/8 0/8 0/8 0/8 0/8 0/8 1/8 0/8
1/8 4/8 7/8 8/8 0/8 2/8 0/8 7/8 0/8
3/8 1/8 0/8 0/8 8/8 1/8 1/8 0/8 8/8

-0 0>
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Ab initio Methods

0O00@000000

Splice Site Detection

Position Weight Matrix (PWM)

log, (O/E), assume equal distribution of {A,C,G T}.

|3 2 1 o 1 2 3 4 5

A 0 058 -1 —-o00 —-o00 132 181 - -
C 0 —00 —o0 -0 —o0o —oo @ —o0o -1 -0
G| -1 1 1.81 2 —00 0 —o0 181 —x
T|058 -1 -0 -0 2 -1 -1 -0 2
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Ab initio Methods

0O000@00000

Splice Site Detection

Example Computation

Entry 0.58 at position 2 for nucleotide A:

log, <%> ~ 0.58.
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Ab initio Methods
[e]e]e]ele] lelele]e]

Splice Site Detection

Information Content of MSA

m Uncertainty at site x:

Hx)=— > f(i,x)log,f(i,x),

i=A,C,G,T

where f(i, x) is the relative frequency of nucleotide i at
position x.

mO<HC<L2

m Information content = decrease in uncertainty:

R(x)=2—-H(x).
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Ab initio Methods

0O00000e000

Splice Site Detection

Information Content Around Donor Site

position x information content R(x)
-3 0.09
-2 0.59
-1 1.46
0 2.00
1 2.00
2 0.70
3 1.46
4 1.46
5 2.00

Example computation, position 3:

2x2/8 xlog(2/8) +1/8 x log(1/8) +3/8 x log(3/8) _ 0.0
* log(2) A

ICB (© 2006 Birkhauser Verlag
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Ab initio Methods

0O000000e00

Splice Site Detection

Sequence Logo, Example Data

o exon | intron
k2]
.El
G A
o4-AA STrcCo
MO N T O A NMIT WO
5’ [ h ' 3:
position
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Ab initio Methods

0000000080

Splice Site Detection

Sequence Logo, 757 Sequences

A B
exon | intron

exon | intron
21 21
51 51
aWl| A a\ | AAVIT
A STo == G=== -
,c?cxln‘—co‘—cmmwm, ,l\k?ul')ﬁr(‘?(}lFliOHNmﬁ‘LDkOl\fD@
position

posmon

(A) 8 donor sequences of example data (B) 757 donor
sequences from Drosophila

ICB (© 2006 Birkhauser Verlag



Ab initio Methods

000000000 e

Splice Site Detection

Application

I I I I 1
1 1000 2000 3000 4000 5000

position*  score sequence
1331 +10.52 CAAGTAAGT
2120 +10.52 AAGGTAACT
3692 +4.39 GAAGTTACT

m sensitivity: 2/5
m specificity: 2/3
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Ab initio Methods

[ leJe]e}
Exon Chaining

Problem

Score
(B
o
1
T

0 2 4 6 8 10 12 14 - 16 18 -20
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Ab initio Methods

Exon Chaining

Algorithm

Require: e //array of n intervals
Require: b //sorted array of the 2n borders of the n intervals
/IForward Algorithm
s—0
forall0 <i < ndo
pi < —1 /linitialize backpointers to “NULL"
Vi «— score of g;
| « —1//initialize index to last element added to optimal chain
fori < 0to2n — 1do
if bj is left border of interval ej then
Vj =V +s
pj |
else
ifvj > sthen
S «— _Vj
|« j
output s
I/[Traceback
while| # —1do
output e;
I —np
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Ab initio Methods

[e]e] e}
Exon Chaining

Example—1

| # | Position [ Interval | Side | | # | Position | Interval | Side |
0 1 0 | 10 12 7 |
1 2 2 | 11 12 6 r
2 2 1 | 12 13 8 |
3 2 0 r 13 13 2 r
4 3 3 | 14 14 7 r
5 4 4 | 15 15 9 |
6 7 5 | 16 15 8 r
7 9 6 | 17 16 9 r
8 10 3 r 18 17 5 r
9 11 1 r 19 19 4 r
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Ab initio Methods

[e]e]e] ]

Exon Chaining

Example—2
A B
L[ v L[ vi
0] 3 0] 3,
17 17\
2] 2 2| 2)
3|14 317
4718 421
5] 6 5[ 9
6| 8 6| 11
712 7129/
8| 8 8 | 25)
9 2 9|31
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Comparative Methods

Spliced Alignment

(1) genomic query and protein, cDNA or EST subject sequence,
(2) genomic query and homologous genomic subject sequence
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Comparative Methods

Implementations

CeneSeqger : computes spliced alignments of query & all
matching ESTs

SLAM pairwise alignment between two genomic
sequences
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Comparative Methods

Spliced Alignments

I %0 %o o0 %o EY
n (R
A i
A cos
et
B =
5 —
b —
5 —
5 =
5 _
s =
B P
"
B o
B =
S
2
23
<2
33 —
<2 —
5
v
e =
53 =
e
—
=
—
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Genomic Comparison

D.smulans

Identity

Comparative Methods
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Comparative Methods

Results

T T T T 1
1 1000 2000 3000 4000 5000

Adh Adhdup
GenBank
GeneSeqer
Sl am - — —) - — ——
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