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CATEGORIES OF GENE PREDICTION
PROGRAMS

©The current gene prediction methods can be classified into two
major categories,

O ab initio-based and
O homology-based approaches.




PROKARYOTIC GENE PREDICTION

Through decades of research and development, much progress
has been made 1n prediction of prokaryotic genes.

A number of gene prediction algorithms for prokaryotic
genomes have been developed with varying degrees of
success. Algorithms for eukarytotic gene prediction, however,
are still yet to reach satisfactory results.

How to pick a threshold length that will provide us with
believable ORFs as candidate genes?
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RF FINDER
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The ORF Finder (Open Reading Frame Finder) Is a graphical analysis tool which finds
all open reading frames of & selectable minimum size in a user's sequence orina
sequence already in the database

This tool identifies all open reading frames using the standard or alternative genetic
codes. The deduced amino acid sequence can be saved in various formats and
searched against the sequence database using the WWW BLAST server. The ORF
Finder should be helpful in preparing complete and accurate sequence submissions. ft
is also packaged with the Sequin sequence submission software
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ORF finder results

ORF Finder (Open Reading Frame Finder)

— NCBI

PubMed Entrez ] OMIM Taxonomy Structure

Pseudomonas aeruginosa PAO1, section 3 of 529 of the complete genome
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DETECTING SPURIOUS SIGNALS:
HYPOTHESIS TESTING

We consider the data (e.g. an ORF of a certain
length) to be significant when it is highly unlikely
under the null model.

We can never guarantee that the data are not
consistent with the null, but we can make a
statement about the probability of the observed

Students’ Marks



COMPUTING A P-VALUE FOR ORFS.

Imagine a random process generating a sequence of DNA, and let
us ask the probability of this process generating an ORF by
chance.

If all nucleotides are emitted with the same probability we
can easily estimate the probability of observing a stop codon in
a given reading frame.

We are really computing the probability of seeing a stop codon,
conditioned on seeing a start codon in the same frame, by chance.
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COMPUTING A P-VALUE FOR ORFS.

What is the probability of picking one of the stop codons?

It 1s the sum of their probabilities: 1f the distribution of codons 1s
uniform, it will be 3/64, versus a 61/64 probability of picking a non-stop
codon (since there are 64 possible codons, three of which are stop
codons).

So the probability of a run of £ non-stop codons following a start
codon 1is

P(run of k non-stop codons)= (61/64)x.

Setting 0=0.05, we can easily estimate the minimum acceptable ORF
length. Since

(61/64)s2=0.051

discarding all ORFs of length £ < 62, we will remove 95% of the
spurious ORFs.



AB INITIO-BASE PROKARYOTES

The ab initio-based approach predicts genes based on the given
sequence alone.

It does so by relying on two major features associated with genes.

The first 1s the existence of gene signals, which include start
and stop codons, intron splice signals, transcription factor binding
sites, ribosomal binding sites, and polyadenylation (poly-A) sites.

In addition, the triplet codon structure limits the coding frame
length to multiples of three, which can be used as a condition for
gene prediction.
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AB INITIO-BASED

The second feature used by ab initio algorithms 1s gene
content, which 1s statistical description of coding regions.

It has been observed that nucleotide composition and
statistical patterns of the coding regions tend to vary
significantly from those of the noncoding regions. The unique
features can be detected by employing probabilistic models
such as Markov models or hidden Markov models to help
distinguish coding from noncoding regions.
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AB INITIO-BASED

a Inter-genic regions, introns, and exons have differer
nucleotide contents

o Example: observed stop codons (TAG,TAA, TGA)

a assuming an uniform random distribution, we
expect stop codons every 64/3 codons (~ 21
codons) in average

a In coding regions the occurrence of stop codons
decreases

a ... but, this measure is sensitive to frame shift
errors and can’t detect short coding regions
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AB INITIO-BASED

o A bias is observed for dimers in proteins

a The dimer bias is reflected in dicodons: coding and
non-coding regions have different dicodons bias.

a The bias in the observed dicodon (hexamer)
frequencies can be used to predict coding regions in
genomic sequences.

o Most of the ab initio methods for gene structure
prediction use this information!



AB INITIO-BASED

Let f¢ , denote the observed frequency for dicodon

abe,a'b ¢
abe,a’b ¢ in a set of known coding regions, and let f/»
denote the observed frequency for the same dicodon in
non-coding regions.

The score of dicodon abe,a'b ¢ in being coding is defined as:

C

P(abe,a’b ¢ ) = log( e )

n
Il
abc,a b c




AB INITIO-BASED

o Properties of P(abc,a'b ¢ ):

o if P(abe,a b ¢) = 0: dicodon abe,a' b ¢ has the same
frequencies in coding and non-coding regions

r_r ! A -

a If P(abc,a bc) > 0: dicodon abe,a b ¢ IS observed
more frequently in coding regions

r_ro 7 F_I ik oy

a If P(abe,a bc) < 0: dicodon abe,a b ¢ IS observed
more frequently in non-coding regions



AB INITIO-BASED

e Assume S = aibicy, asbaco, ..., an_|_1bn_|_1cn_|_1 IS a
genimic coding region with unknown reading frame.

o We can calculate the score of each frame of being
coding:

Py = P(aibici,a2baca) + P(asbscs, aqbacy) + ... + Plapn—1bp—1cn—1, anbncy)
B = P(b1c1a2,bg(:2a3) + P(b363a4, b4C4a5) + ...+ P(bn_lcn_lan, bncnan_|_1)

P3 = P(c1a2bg,c2a3b3) + P(c3asbs,caasbs) + ... + P(cn—1anbn, cnanii, bny1)



AB INITIO-BASED

ACGTAGCT

e f(ACG,TAG) = 0.000, f(ACG,TAG)=0.062
e f(CGT,AGC) = 0.068, f(CGT,AGC)=0.019
e f(GTA,GCT) =0.021, f(GTA,GCT)=0.026

e P(ACG,TAG) = - infinity (special case STOP codon)
e P(CGT,AGC) =10g(0.068 / 0.019)=1.3
e P(GTA,GCT) = log(0.021 / 0.026) = -0.2



AB INITIO-BASED

e Procedure for predicting coding regions using coding
statistics:

o find all ORFs of the sequence (start/stop regions)

o slide through the ORFs with a window of 60bp and
find good scoring regions




PERFORMANCE EVALUATION

The accuracy of a prediction program can be evaluated using
parameters such as sensitivity and specificity.

To describe the concept of sensitivity and specificity accurately, four
features are used:

true positive (TP), which is a correctly predicted feature;
false positive (FP), which 1s an incorrectly predicted feature;
false negative (FN), which 1s a missed feature; and

true negative (TN), which is the correctly predicted absence of a
feature.
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PERFORMANCE EVALUATION

Using these four terms, sensitivity (Sn) and specificity (Sp) can be described by the
following formulas:

Sp = TP/(TP + FP)

According to these formulas, sensitivity 1s the proportion of true signals predicted among
all possible true signals. It can be considered as the ability to include correct predictions.

In contrast, specificity is the proportion of true signals among all signals that are
predicted. It represents the ability to exclude incorrect predictions.



PERFORMANCE EVALUATION

Because neither sensitivity nor specificity alone can fully describe
accuracy, 1t is desirable to use a single value to summarize both of
them. In the field of gene finding, a single parameter known as the
correlation coefficient (CC) is often used, which is defined by the
following formula:

- L -

B TPeTN—-FPeFN

™
e — e

v



PERFORMANCE EVALUATION

The value of the CC provides an overall measure of accuracy, which
ranges from -1 to +1, with +1 meaning always correct prediction and
—1 meaning always incorrect prediction.

TABLE 8.1. Performance Analysis of the Glimmer Program for Gene Prediction
of Three Genomes

Species GC(%) FN FP Sensitivity  Specificity
Campylobacter fejuni 30.5 10 19 99.3 98.7
Haemophilus influenzae 38.2 3 54 99.8 96.1
Helicobacter pylori 389 - 6 39 99.5 97.2

Note: The data sets were from three bacterial genomes (Aggarwal and Ramaswam};. 2002),
Abbreviations: FN, false negative; FF, false positive.



GENE PREDICTION IN EUKARYOTES

Eukaryotic nuclear genomes are much larger than
prokaryotic ones, with sizes ranging from 10 Mbp to 670
Gbp (1 Gbp = 10°bp).

They tend to have a very low gene density. In humans, for instance, only
3% of the genome codes for genes, with about 1 gene per 100 kbp on
average. The space between genes 1s often very large and rich in repetitive
sequences and transposable elements.



GENE PREDICTION PROGRAMS

To date, numerous computer programs have been developed for identifying
cukaryotic genes.

They fall into all three categories of algorithms: ab initio based, homology
based, and consensus based.

Most of these programs are organism specific because training data sets for
obtaining statistical parameters have to be derived from individual organisms.

Some of the algorithms are able to predict the most probable exons as well as
suboptimal exons providing information for possible alternative spliced
transcription products.



GENE PREDICTION IN EUKARYOTES
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Figure 8.5: Structure of a typical eukaryotic RNA as primary transcript from genomic DNA and as
mature RNA after postiranscriptional processing. Abbreviations: UTR, untranslated region; poly-A,
polyadenylation.




GENE PREDICTION IN EUKARYOTES

The nascent transcript from a eukaryotic gene 1s modified in three
different ways before becoming a mature mRNA for protein translation.

The first event 1s capping at the 5' end of the transcript, which involves
methylation at the initial residue of the RNA.

The second event is splicing, which 1s the process of removing introns
and joining exons. The molecular basis of splicing 1s still not completely
understood. What is known currently 1s that the splicing process involves a
large RNA-protein complex called spliceosome.

The third modification is polyadenylation, which is the addition of a
stretch of As (~250) at the 3' end of the RNA.



GENE PREDICTION IN EUKARYOTES

The main issue in prediction of eukaryotic genes 1s the
1dentification of exons, introns, and splicing sites.

From a computational point of view, it 1s a very complex and
challenging problem.

Because of the presence of split gene structures, alternative
splicing, and very low gene densities, the difficulty of finding genes
in such an environment 1s likened to finding a needle 1n a haystack.
The needle to be found actually 1s broken into pieces and scattered
in many different places. The job 1s to gather the pieces in_the
haystack and reproduce the needle in the correct order.



GENE PREDICTION IN EUKARYOTES

The good news i1s that there are still some conserved sequence
features 1n eukaryotic genes that allow computational prediction.

For example, the splice junctions of introns and exons follow
the GT-AG rule in which an intron at the 5' splice junction has a

consensus motif of GTAAGT; and at the 3' splice junction 1s a
consensus motif of (Py)I12NCAG



@ Distribution observed for donor sites in human (GT):

-3 -2 -1 1 2 3 4 5 6
a 34.0 60.4 9.2 0.0 0.0 52.6 71.3 71 16.0
c 36.3 12.9 3.3 0.0 0.0 2.8 7.6 5.5 16.5
g 18.3 12:5 80.3 100 0.0 41.9 11.8 81.4 20.9
t 11.4 14.2 7.3 0.0 100 25 9.3 5.9 46.2

@ Distribution observed for acceptor sites in human (AG):

-14 -13 -12 -1 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 1
a 1.1 12.7 3.2 4.8 12.7 8.7 16.7 16.7 12.7 9.5 26.2 6.3 100 0.0 21.4
c 36.5 30.9 19.1 23.0 34.9 39.7 34.9 40.5 40.5 36.5 33.3 68.2 0.0 0.0 7.9
g 8.5 10.3 15.1 12.7 8.7 9.5 16.7 4.8 24 6.3 13.5 0.0 0.0 100 62.7
t 38.9 413 58.7 55.6 421 40.5 30.9 37.3 444 47.6 27.0 254 0.0 0.0 7.9



o Information content:

I =Y —f(i,5) *log(£(i, 4)/a(3))]
where ¢ = {a,c, g,t}, j is the position (column), f(z, j) is the observed frequency for
symbol i at position 7, and ¢(7) is the distribution of symbol i (in our case ¢(z) = 0.25).

o A column with uniform distributed nucleotides has a
low information content

a A column with unevenly distributed nucleotides has a
higher information content



3 2 -1 1 2 3 4 5 6
a | 340 604 92 00 00 526 713 74 160
¢ | 388 129 38 00 00 28 7.6 55 165
g | 183 125 803 100 00 4.9 118 814 209
t [ 14 142 73 00 100 25 9.3 59  46.2
I_3 = |>_ —f(i,—3)*logy(f(i,—3)/0.25)|
i
= | —0.34 xlog,(0.34/0.25)
—0.363 * log,(0.363/0.25)
—0.183 * log,(0.183/0.25)
—0.114 * 109 (0.114/0.25)|
= 0.13
Iy

= IZ — £(i,+1) * logy (f(i, +1)/0.25)| = 2



-3 -2 -1 1 2 3 4 5 6
a 34.0 60.4 9.2 0.0 0.0 52.6 1.3 7. 16.0
o 36.3 12.9 3.3 0.0 0.0 2.8 7.6 25 16.5
g 18.3 125 80.3 100 0.0 41.9 11.8 81.4 20.9
t 11.4 14.2 73 0.0 100 2.5 9.3 5.9 46.2
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GENE PREDICTION IN EUKARYOTES
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GENE PREDICTION IN EUKARYOTES

Some statistical patterns useful for prokaryotic gene finding
can be applied to eukaryotic systems as well.

For example, nucleotide compositions and codon bias in
coding regions of eukaryotes are different from those of the
non-coding regions.

Hexamer frequencies in coding regions are also higher than
in the noncoding regions.



GENE PREDICTION IN EUKARYOTES

©Most vertebrate genes use ATG as the translation start
codon and have a uniquely conserved flanking
sequence call a Kozak sequence (CCGCCATGG).

2.0+

bits

-4 -3 -2 -1 Start Codon +4




GENE PREDICTION IN EUKARYOTES

In addition, most of these genes have a high density

of CG dinucleotides near the transcription start site.

This region is referred to as a CpG island, which helps
identify the transcription

to
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gqlEIGE G
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cilFzotgags
ClEgooca 5
JIFaggooos
ggccccaggh
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gotoacCEgh
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taggaaatag
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goaghbttcac
goatoaCEgh
aaaactochg
acaggygaatt
agaagaaaqq
gotocttacag

cttoatoott Chctotoott
acaccacoct ghbttocatags
aglFcatttt totcatttgh
gtagaaaghy aatgaaggaa
ttaagagbttt atgbgaaaat
tgotoctooto tttagaaatt
agooctbtocat ttboblGatt
ttoccaattaa agatgatthbt
gglbgtatca actgatgoaa
ttooChgoos tgottggoag
gogggoacayg aghgbglbco
CragibolGs, Chothooott

tgtoctolza goocaghCEot
gaggcagoha aaCEFooCEog
Chragbtgagga coclEggoct
Jacoocaghg aggagaggos
ChgotglEot ggbotoCGot
ctoooctttac tglGoGttgg
tgglEeChEgy ghgtotoage
gotgglGoos agggaactoo
ggaglbocty goggotbltg
agqabCogggs coagaatEoc
chtgggggga tggagagagg
goilFcagoby cagliFttoct
ttobolFagy gogggotgoag
ggactgathy gUEgaggiEg
accototghbt ctocaggggs
goFatgglEy accocagott
ctggocatgy ggggotocaa
ctoooccacct ghglbgoagg
tgtttactgt coctttttagg
abttbtbtbtt tascctCGoa
acagctotos ghttttghtt
tgotgtaaty atgaggatcot
ttaattagoa ghbtococata
gtagaatagy attaaggatt
ggataaatat ghtasactte
aaasaatcac caghggasag
tgaaaaaasag ctaaccagha
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Homology-Based Programs

Homology-based programs are based on the fact that exon
structures and exon sequences of related species are highly
conserved.

When potential coding frames in a query sequence are
translated and used to align with closest protein homologs
found in databases, near perfectly matched regions can be
used to reveal the exon boundaries in the query. This
approach assumes that the database sequences are correct.
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It is a reasonable assumption in light of the fact that many
homologous or paralogous sequences to be compared with
are derived from cDNA massive sequencing of the same
species.

With the support of experimental evidence, this
method becomes rather efficient in finding genes in
an unknown genomic DNA.

The drawback of this approach is its reliance on the
presence of homologous in databases. If the homologous are not
available in the database, the method cannot be used.
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TABLE B.2. Accuracy Comparisons for a Number of Ab Initio Gene
Prediction Programs at Nucleotide and Exon Levels

Nucleotide level Exon level
Sn Sp CC Sn Sp Sn+Sp)/2 ME WE
FGENES 0.86 (.88 0.83 0.67 0.67 0.67 0.12 0.09
GeneMark 0.87 .85 0.83 0.53 (.54 0.54 .13 .11
(Genie 0.91 (.90 .88 0.71 0.70 0.71 0.19 0.11
(GenScan 0.95 (.90 0.91 0.70 0.70 0.70 0.08 .09
HMMgene 0.93 (.93 .91 0.76 0.77 N.76 0.12 0.07
Morgan 0.75 0.74 .74 0.46 0.41 0.43 0.20 0.28
MZEF 0.70 0.73 (.66 0.58 0.59 0.59 0.32 0.23

Note: The data sets used were single marnmalian gene sequences (performed by Sanja
Rogic, from www.cs.ubc.ca/~rogic/evaluation/tablesgen.himl.

Abbreviations: Sn, sensitivity; Sp, specificity; CC, correlation coefficient; ME, missed
exons; WE, wrongly predicted exons.
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