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Algorithms in Sequence Analysis course schedule 
 Date   Lect.  Lecture    Practical 

1. Oct 31  JH  Lec 1: Intro – Pairwise Alignment 1   Practical Dynamic Programming 1 (DP1
    

2. Nov 1  JH  Lec 2:  Pairwise Alignment 2   DP2 Practical   
  

3. Nov 8  JH  Lec 3: Evolutionary models   DP1/2 
4. Nov 9  JH  Lec 4: Multiple Sequence Alignment 1  DP1/2 

     
5. Nov 13  JH  Lec 5: Multiple Sequence Alignment 2  Deadline DP1/2; Practical Multiple  

       Sequence Alignment+ (MSA)  
6. Nov 15  JH  Lec 6: Homology Searching 1    MSA+    

  
7. Nov 22  AF  Lec 7: Sequence Entropy   MSA+ 
8. Nov 23   JH  Lec 8: Homology Searching 2   MSA+ 

     
9. Nov 29  JH  Lec 9: Motifs    Deadline MSA+; Practical HMM1/2 
10. Nov 30  JH  Lec 10: Hidden Markov  Models 1   HMM1/2    

  
11. Dec 6  JH  Lec 11: Hidden Markov Models 2   HMM1/2 

     
12. Dec 7  JH  Lec 12: Phylogeny 1    HMM1/2 
13. Dec 12   JH  Lec 13: Phylogeny 2    HMM1/2 
14. Dec 14  JH  Lec 14: Comparative Genomics   HMM1/2; Deadline HMM1/2 
Thursday 20 Dec. 15:15-18:00 Written Exam ASA 
 



Algoritms in Sequence Analysis course 
schedule 

Practical assignments 
•  There will be three practical assignments you will have to 

carry out. Each assignment will be introduced and placed 
(with deadline specifications) on BlackBoard:  

1.  Pairwise alignment (DNA and protein) and Dynamic 
Programming (involves programming) 

2.  Database searching / Multiple sequence alignment / 
Sequence Entropy 

3.  Hidden Markov Models (involves programming) 
  - This assignment is the largest of the three 

 

 



Algorithms in Sequence Analysis 
course final mark 

 Task        Fraction 
1.  Written exam      50%    
2.  Assignment Pairwise alignment  

  / Dynamic programming (P)   20% 
3.  Assignment Database searching /   10% 

 Multiple sequence alignment /  
 Assignment Sequence Entropy    

4.  Assignment Hidden Markov Models (P)   20% 
 
Each practical should score a 5.0 or higher 
  
 



Course book 

•  Durbin, R., Eddy, S.R., Krogh, A., Mitchison, 
G.. Biological Sequence Analysis. Cambridge 
University Press, 1998, 350 pp.,  
 ISBN 0521629713. 

 
•  Recommended reading: Marketa Zvelebil and 

Jeremy O. Baum, Understanding 
Bioinformatics, Garland Science, 2008,  
 ISBN-10: 0-8153-4024-9 



Genome size 
Organism    Number of base pairs 
φX-174 virus    5,386 
Epstein Bar Virus    172,282   
Mycoplasma genitalium   580,000   
Hemophilus Influenza   1.8 × 106  
Yeast (S. Cerevisiae)   12.1 × 106   
Human     3.2 × 109   
Wheat     16 × 109 

Lilium longiflorum   90 × 109   
Salamander     100 × 109   
Amoeba dubia    670 × 109    



Humans have spliced genes… 



Protein 

mRNA 

DNA 

transcription 

translation 

CCTGAGCCAACTATTGATGAA 

PEPTIDE 

CCUGAGCCAACUAUUGAUGAA 

A gene codes for a protein 



Genetic code 



Evolution 
Four requirements: 
•  Template structure providing stability (DNA) 
•  Copying mechanism (meiosis) 
•  Mechanism providing variation (mutations; 

insertions and deletions; crossing-over; etc.) 
•  Selection: some traits lead to greater fitness 

of one individual relative to another. Darwin 
Quoted “survival of the fittest” 

Evolution is a conservative process: the vast majority of mutations will not be 
selected (i.e. will not make it as they lead to worse performance or are even lethal) 
– this is called negative (or purifying) selection 

In computer science, the genetic algorithm mimicks Darwinian evolution. 



Orthology/paralogy 

Orthologous genes are homologous 
(corresponding) genes in different 
species (genomes) relating to the 
speciation event 

Paralogous genes are homologous genes 
(repeats) within the same species 
(genome)  



Xenology - Horizontal transfer 
•  Horizontal gene transfer (HGT), also 

Lateral gene transfer (LGT), is any process 
in which an organism incorporates genetic 
material from another organism without 
being the offspring of that organism. By 
contrast, vertical transfer occurs when an 
organism receives genetic material from its 
ancestor, e.g. its parent or a species from 
which it evolved. 

•  Most thinking in genetics has focused upon vertical transfer, 
but there is a growing awareness that horizontal gene transfer 
is amongst single-celled organisms a significant (or even 
dominant) form of genetic transfer.  

•  Artificial horizontal gene transfer is a form of genetic 
engineering. Adapted from Wikipedia 
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Time 

Gene duplication 

Burst after 
duplication 
(BAD) 

gene 
genome 

Duplication event 



Orthology/paralogy 

•  >50% of the human genome consists of 
repeats (microsatellites, minisatellites, LINE, 
SINE, MIR…) 

•  Many proteins consist of numerous repeats  
•  Sometimes to gain function 
•  Sometimes leading to disease (e.g. single-

residue repeats) 



Repeats 
•  Evolution reuses developed material developed 
•  Multiple stoichiometric and spatially close 

combined structure-function relationships 
•  In proteins, repeats vary from a single amino acid 

(e.g. poly-Gln) to complete domain sequences or 
combinations thereof. 

•  Many types of (near)identical repeats exist in 
genomes (Human genome > 50%) (next slide): 
–  Micro- and mini-satellites 
–  VNTRs 
–  Interspersed repeats (http://globin.cse.psu.edu/courses/

spring2000/repeats.html) 
•  LINE and SINE repeats 
•  LTR retroposons, also called retrovirus-like elements 
•  DNA transposons    

 

Ribbon diagram of the C-
terminal WD40 domain of 
Tup1 (a transcriptional co-
repressor in yeast), which 
adopts a 7-bladed beta-
propeller fold. Ribbon is 
coloured from blue (N-
terminus) to red (C-
terminus).  



Genome Repeats 
Types of genome repeats:  
•  Microsatellites, 2-3bp (e.g. (CA)n) 
•  Minisatellites, 10-100bp, occurring at more than 1000 locations in the human 

genome) 
•  Variable number tandem repeats (VNTR) range from 14 to 100 nucleotides 

long that is organized into clusters of tandem repeats, usually repeated in the 
range of between 4 and 40 times per occurrence. Clusters of such repeats are 
scattered on many chromosomes.  
 VNTRs have been very effective in forensic crime investigations. When VNTRs are cut out, on either 
side of the sequence, by restriction enzymes and the results are visualized with a gel electrophoresis, a 
pattern of bands unique to each individual is produced. The number of times that a sequence is 
repeated varies between different individuals and between maternal and paternal loci of an individual. 
The likelihood of two individuals having the same band pattern is extremely improbable.  

•  Interspersed repeats 
–  SINE (short interspersed nuclear element), LINE (long interspersed nuclear element) 

(next slide). These are also called non-LTR or poly-A retro(trans)posons  
–  LTR retroposons Elements of several hundred bp in length, called the long terminal 

repeat, that appears at each end. Some autonomous elements are cousins of 
retroviruses (e.g., HIV) but are unable to survive outside of the cell, and are called 
endogenous retroviruses. None are known to be currently active in humans, though 
some are still mobile in mice.  

–  DNA transposons. Full-length autonomous elements encode a protein, called 
transposase, by which an element can be removed from one position and inserted at 
another. Transposons typically have short inverted repeats at each end.    

 
 



Transposable elements - transposons 
•  Transposons are sequences of DNA that can move around to 

different positions within the genome of a single cell, a process called 
transposition.  
o  In the process, they can cause mutations and change the amount of DNA 

in the genome.  
•  They were also once called "jumping genes", and are examples of 

mobile genetic elements.  
o  They were discovered by Barbara McClintock early in her career, 

for which she was awarded a Nobel prize in 1983.  
•  There is a variety of mobile genetic elements, and they can be 

grouped based on their mechanism of transposition.  
o  Class I mobile genetic elements, or retrotransposons, move in the 

genome by being transcribed to RNA and then back to DNA by reverse 
transcriptase. 

o  Class II mobile genetic elements move directly from one position to 
another within the genome using a transposase to "cut and paste" them 
within the genome.  

•  Transposons can be used to artificially alter DNA inside of a living 
organism. They make up a large fraction of genome sizes, particularly 
in eukaryotic genomes. 



General Features of Transposable Elements 
•  Transposition is nonhomologous recombination, with 

insertion into DNA that has no sequence homology with 
the transposon. 
–  In prokaryotes, transposition can be into the cell’s 

chromosome, a plasmid or a phage chromosome. 
–  In eukaryotes, insertion can be into the same or a different 

chromosome. 

•  Transposable elements can cause genetic changes, 
and have been involved in the evolution of both 
prokaryotic and eukaryotic genomes. Transposons may: 
–  Insert into genes. 
–  Increase or decrease gene expression by insertion into 

regulatory sequences. 
–  Produce chromosomal mutations through the mechanics of 

transposition. 



Transposable elements - transposons 

Schematic drawing of a composite (or complex) transposon. 
It is composed of two insertion sequences, which codify 
genes for transposition (in yellow), flanking structural genes 
(in blue) which codify for various proteins or enzymes, i.e. for 
antibiotic or viral resistance. 



Protein repeats and disease 
A number of neurodegenerative diseases have been found to be strongly 
associated with proteins containing a poly-glutamine (poly-Q) stretch. A 
conformational change in the expanded polyglutamine stretch is believed 
to form the molecular basis for disease onset. 
 
Five neurodegenerative diseases 
• Huntington disease (HD),  
• spinocerebellar ataxia type 1 (SCA1),  
• dentatorubral-pallidoluysian atrophy (DRPLA),  
• Macado-Joseph disease (MJD), and  
• spinobulbar muscular atrophy (SBMA))  
have been found to be strongly associated with a protein containing a 
polyglutamine stretch which is greatly expanded in affected individuals 
(for a review, see D.E.Housman, Nature Genet. 8, 10 -11, 1995).   
 
For the five diseases, the mean length of the glutamine repeat in 
unaffected individuals is approximately twenty, and the cutoff for 
pathology is about forty (the cutoff may be higher for MJD (Housman, 
1995). Furthermore, long polyglutamine stretches have been found in 
many transcription factors.   



Fibronectin repeat example 



Protein Sequence-Structure-
Function 

Sequence 
 

Structure 
 

Function 

Threading 

Homology 
searching 
(BLAST) 

Ab initio 
prediction 
and folding 

Function 
prediction 
from 
structure 



Luckily for bioinformatics… 
•  There are many annotated databases (i.e. DBs with 

experimentally verified information) 
•  Based on evolution, we can relate biological 

macromolecules and then “steal” annotation of 
“neighbouring” proteins or DNA in the DB.  

•  This works for sequence as well as structural 
information 

•  Problem we will discuss in this course: how do we 
score the evolutionary relationships; i.e. we need to 
develop a measure to decide which molecules are 
(probably) neighbours and which are not 

•  Sequence – Structure/function gap: there are far more 
sequences than solved tertiary structures and functional 
annotations. This gap is growing so there is a need to 
predict structure and function. 

Mind the Gap 



Some sequence databases 
•  GenBank (http://www.ncbi.nlm.nih.gov/Genbank/

index.html) 
•  EMBL databank (http://www.ebi.ac.uk/embl/) 
•  DDBJ 

o  together forming the International Nucleotide 
Sequence Database Collaboration 

 
•  UniProt (formerly called SwissProt) (http://

www.expasy.uniprot.org/) 
•  NCBI NR-dataset -- all non-redundant GenBank CDS 

translations + RefSeq Proteins + PDB + SwissProt + 
PIR + PRF  

•  trEMBL databank (http://www.ebi.ac.uk/trembl/) 
•  PIR (http://pir.georgetown.edu/home.shtml) 



A pair-wise protein sequence alignment 
 
MSTGAVLIY—HERINGAISMAD-------- 
---GGILLFHREALNGAHSMADDEGGSNNS 
   *  *    *  **** ***      
 
 
A pair-wise DNA sequence alignment 
 
attcgttggcaaatcgcccctatccggccttaa 
att---tggcggatcg-cctctacgggcc---- 
***   ****  **** **    ****** 



Comparing sequences  
- Similarity Score - 

Many properties can be used:  
•  Nucleotide or amino acid composition 
•  Isoelectric point 
•  Molecular weight 
•  Morphological characters 
•  But: molecular evolution through 

sequence alignment 
 
 



Searching for similarities 
What is the function of a newly sequenced  
gene? 

The “lazy” investigation (i.e., no biologial 
experiments, just bioinformatics techniques): 

•  Find a set of protein sequences similar to the 
unknown sequence 

• Identify similarities and differences 

• For long protein sequences: first identify domains 
and then use corresponding subsequences 



Common ancestry is an important notion 
Makes it more likely that genes share 
the same function 
 
Definition of homology:  
sharing a common ancestor 
– a binary property (yes/no) 
– a helpful property: 
When (an unknown) gene X is homologous to 
(a known) gene G it means that we gain a lot of 
information on X: what we know about G can be 
transferred to X as a good suggestion. 

Searching for similarities 

CA 

X G 



Reconstructuring evolutionary and 
functional relationships 

 
•  Based on sequence 

o  Identity (simplest method) 
o  Similarity 

•  Homology (common ancestry:  the ultimate goal) 
•  Other information (e.g., 3D structure) 
 
 
 
Functional relation: 
Sequence    Structure    Function 



Evolution and 3d protein 
structure information 

Isocitrate dehydrogenise: 
The distance from 
the active site 
(yellow) determines 
the rate of evolution. 
(red = fast evolution 
blue = slow evolution) 
 
Dean, A. M. and G. B. Golding, 
Pacific Symposium on Bioinformatics 
2000 



Alternative splicing 
  

   
Schematic cutoff from three splicing structures 
in the murine hyaluronidase gene. Directionality 
of transcription from 5' to 3' is shown from left 
to right. Exons and introns are not drawn to 
scale. 

A single gene can be 
transcribed into 
many different 
mRNAs, leading to 
different proteins 



Alternative splicing 
  

   
•  Alternative splicing  provides a first idea 

of the problems we can expect when 
aligning protein sequences. 

•  For example, if we need to compare 
different splice forms of divergent proteins 
in multiple organisms. 



Sequence mutation 
There are many different evolutionary ways to alter a 
gene. In the following examples of some types of 
mutations, each time the sentence "The fat cat ate the 
wee rat" is used as a sample gene: 
 
1. Point Mutation 
 

 A point mutation is a simple change in one base 
of the gene sequence. This is equivalent to changing 
one letter in a sentence, such as this example, where 
we change the 'c' in cat to an 'h':  
 

Original 
   The fat cat ate the wee rat. 

Point Mutation  The fat hat ate the wee rat.  
 



Sequence mutation 
2. Frame-shift mutation 
 
Frame-shift mutations. In a frame shift mutation, one or 
more bases are inserted or deleted, the equivalent of 
adding or removing letters in a sentence. But because our 
cells read DNA in three letter "words", adding or removing 
one letter changes each subsequent word. This type of 
mutation can make the DNA meaningless and often results 
in a shortened protein. An example of a frame-shift 
mutation using our sample sentence is when the 't' from cat 
is removed, but we keep the original letter spacing: 
 
Original 

  The fat cat ate the wee rat. 
Frame Shift  The fat caa tet hew eer at.  
 
 



Sequence mutation 
3. Deletion 
 
Mutations that result in missing DNA are called 
deletions. These can be small, such as the removal of 
just one "word," or longer deletions that affect a large 
number of genes on the chromosome. Deletions can 
also cause frameshift mutations. In this example, the 
deletion eliminated the word cat. 
 
Original 

  The fat cat ate the wee rat. 
Deletion  The fat ate the wee rat.  
 
 



Sequence mutation 

4. Insertion  
 
Mutations that result in the addition of extra DNA are 
called insertions. Insertions can also cause frameshift 
mutations, and generally result in a nonfunctional 
protein.  
 
Original 

  The fat cat ate the wee rat. 
Insertion  The fat cat xlw ate the wee rat.  
 
 



Sequence mutation 

5. Inversion 
 
In an inversion mutation, an entire section of DNA is 
reversed. A small inversion may involve only a few 
bases within a gene, while longer inversions involve 
large regions of a chromosome containing several 
genes. 
 
Original 

  The fat cat ate the wee rat. 
Insertion  The fat tar eew eht eta tac.  
 



Sequence mutation 

6. DNA expression mutation 
 
There are many types of mutations that change not the 
protein itself but where and how much of a protein is 
made. These types of changes in DNA can result in 
proteins being made at the wrong time or in the wrong 
cell type. Changes can also occur that result in too 
much or too little of the protein being made. 
 
We will not focus in this type of mutation 
 
 



Divergent evolution 

      Ancestral sequence: ABCD 
 
 
               
                          ACCD (B  C)            ABD (C  ø) 
  
 
 
ACCD             or             ACCD          Pairwise Alignment        
AB─D                             A─BD 
 
        

mutation                        deletion 



Divergent evolution 

      Ancestral sequence: ABCD 
 
 
               
                          ACCD (B  C)            ABD (C  ø) 
 
 
 
ACCD             or             ACCD          Pairwise Alignment  
AB─D                             A─BD 
 
        

true alignment 

mutation                        deletion 



A bit on divergent evolution 

Ancestral sequence 

Sequence 1 Sequence 2 

1: ACCTGTAATC!
2: ACGTGCGATC!
     *  **!
D = 3/10 (fraction different 
sites (nucleotides)) 

G 

G C 

(a) G 

A C 

(b) 

G 

A A 

(c) 

One substitution - 
one visible 

Two substitutions - 
one visible 

Two substitutions - 
none visible 

G 

G A 

(d) 

Back  
mutation - 
not visible G 



Divergent evolution 
• Common ancestor 

• Sequences change over time 

• Protein structures typically 
remain the same 

• Therefore, function normally is 
preserved within orthologous 
families  

 

“Structure more conserved 
than sequence” 

CA 

Sequence 1 Sequence 2 

Structure 1 Structure 2 

Function 1 Function 2 

≠ 

= 

= 



A word of caution on divergent 
evolution 

Homology is a term used in molecular evolution that refers to 
common ancestry. Two homologous sequences are defined 
to have a common ancestor.  

 

This is a Boolean term: two sequences are homologous or 
not (i.e. 0 or 1). Relative scales (“Sequence A and B are more 
homologous than A and C”) are nonsensical. 

 

You can talk about sequence similarity, or the probability of 
homology. These are scalars.  



Convergent evolution 
•  Non-orthologous displacement 
•  Often involving shorter motifs (e.g. active sites) 
•  Motif (function) has evolved more than once 

independently, e.g. starting with two very 
different sequences adopting different folds 

•  Sequences and associated structures remain 
different, but (functional) motif can become 
identical 

•  Convergent evolution is a lot less common than 
divergent (Darwinian) evolution 

•  Classical example: serine proteinase and 
chymotrypsin 



Convergent evolution example 
Serine proteinase (subtilisin) and chymotrypsin 

•  Different evolutionary origins 
•  Being proteinases these proteins chop up other 

proteins (e.g. during digestion)  
•  Similarities in the reaction mechanisms  

–  Chymotrypsin, subtilisin and carboxypeptidase C have a 
catalytic triad consisting of serine, aspartate and histidine 
in common: serine acts as a nucleophile, aspartate as an 
electrophile, and histidine as a base.  

•  The geometric orientations of the catalytic residues 
are similar between families, despite different 
protein folds.  

•  The linear arrangements of the catalytic residues 
reflect different family relationships.  
–  For example, the catalytic triad in the chymotrypsin is ordered HDS, 

but is ordered DHS in subtilisin and SDH in carboxypeptidase  



Serine proteinase (subtilisin) and 
chymotrypsin 

chymotrypsin 

serine proteinase 

carboxypeptidase C 

H D S 

H S D 

S D H 

Catalytic triads 

Read http://www.ebi.ac.uk/interpro/potm/2003_5/Page1.htm 



Convergent evolution 
• No common ancestry 

• Protein sequence and 
structures are very different 

• Functional motif can arise 
leading to similar function 

• If analogous protein resulting 
from divergent evolution takes 
over function in cell, this is called 
non-orthologous displacement 

 

Sequence 1 Sequence 2 

Structure 1 Structure 2 

Function 1 Function 2 

≠ 

= 

≠ 



Sequence alignment 
- what can and what cannot be aligned - 

•  Sequences should be related through 
divergent evolution 
–  they should be homologous 
– and preferrably orthologous 
– paralogous sequences can become too 

distant for correct alignment (‘BAD’) 
•  Analagous sequences (convergent 

evolution) should not be aligned  
– Sometimes a short functional motif can be 

detected 



Comparing sequences  
- Similarity Score - 

Many properties can be used:  
•  Nucleotide or amino acid composition 
•  Isoelectric point 
•  Molecular weight 
•  Morphological characters 
•  But: molecular evolution through sequence 

alignment 
 
 



How to determine 
similarity? 

•  Frequent evolutionary events: 
1. Substitution 
2. Insertion, deletion 
3. Duplication 
4. Inversion 

•  Evolution at work 

We’ll use only these 

Z

X Y 

Common ancestor, 
usually extinct 

available 



Alignment 
•  Mutations: substitution, insertion and  

deletion  
 
 

•  Which alignment is better? 
Use common sense and call it: 
  – Simplest 
  – Most probable 
  – Maximum likely 



Scoring 
•  Should give reasonable alignments 
•  And have to assign scores to: 

  – Substitution (or match/mismatch) 
 • DNA 
 • proteins 

  – Gap penalty 
 • Linear: g(k)=αk 
 • Affine: g(k)=β+αk 
 • Concave, e.g.: g(k)=log(k) 

•  The score for an alignment is the sum of 
scores of all alignment columns 



Gap penalty 

•  Linear: gp(k)=ak 

•  Affine: gp(k)=b+ak 

•  Concave; e.g., gp(k)=log(k) 
 
 
 
 
 
 
 
 
 
The score of an alignment is the sum of the scores over all alignment columns  

Scoring alignments 
 Gap penalties  

• / 

Gap length 

 

pe
na

lty
 

affine 

concave 

linear 

, 

General alignment score: 

Sa,b =  )(kgpN
k

k •−∑∑l
ji bas ),(

Substitution (match/
mismatch) penalty 

Gap penalty 



Alignment issues 
•  Scoring: 

– DNA or protein? 
– Which evolutionary distance do we cover? 
– We need good biological alignments 

•  Gap penalty: always less than 0 (i.e. 
they lower the alignment score) 
– Linear: g(k)=ak   easy to implement 
– Affine: g(k)=b+ak   harder to implement   
– Concave: g(k)=log(k)  no efficient solution 



Substitution Matrices: DNA  
define a score for match/mismatch of letters 

Simple: 

 
    

 

Used in genome alignments: 
        

 

A C G T 
A 1 -1 -1 -1 
C -1 1 -1 -1 
G -1 -1 1 -1 
T -1 -1 -1 1 

A C G T 
A 91 -114 -31 -123 
C -114 100 -125 -31 
G -31 -125 100 -114 
T -123 -31 -114 91 



Substitution matrices for a.a. 

n  Amino acids are not equal: 
1.  Some are similar and 

easily substituted: 
•  biochemical properties 
•  structure 

2.  Some mutations occur 
more often due to similar 
codons 

n  The two above give us 
substitution matrices 

orange: nonpolar and hydrophobic. 
green: polar and hydrophilic  
magenta box are acidic 
light blue box are basic 

http://www.cimr.cam.ac.uk/links/codon.htm 
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Amino acid exchange matrices 

How do we get one? 
 
And how do we get associated gap 

penalties? 
 
•  First systematic method to derive a.a. 

exchange matrices by Margaret Dayhoff 
et al. (1968) – Atlas of Protein Structure 

20×20 

O E 
Affine penalties 



A  2 

R -2  6 

N  0  0  2 

D  0 -1  2  4 

C -2 -4 -4 -5 12 

Q  0  1  1  2 -5  4 

E  0 -1  1  3 -5  2  4 

G  1 -3  0  1 -3 -1  0  5 

H -1  2  2  1 -3  3  1 -2  6 

I -1 -2 -2 -2 -2 -2 -2 -3 -2  5 

L -2 -3 -3 -4 -6 -2 -3 -4 -2  2  6 

K -1  3  1  0 -5  1  0 -2  0 -2 -3  5 

M -1  0 -2 -3 -5 -1 -2 -3 -2  2  4  0  6 

F -4 -4 -4 -6 -4 -5 -5 -5 -2  1  2 -5  0  9 

P  1  0 -1 -1 -3  0 -1 -1  0 -2 -3 -1 -2 -5  6 

S  1  0  1  0  0 -1  0  1 -1 -1 -3  0 -2 -3  1  2 

T  1 -1  0  0 -2 -1  0  0 -1  0 -2  0 -1 -3  0  1  3 

W -6  2 -4 -7 -8 -5 -7 -7 -3 -5 -2 -3 -4  0 -6 -2 -5 17 

Y -3 -4 -2 -4  0 -4 -4 -5  0 -1 -1 -4 -2  7 -5 -3 -3  0 10 

V  0 -2 -2 -2 -2 -2 -2 -1 -2  4  2 -2  2 -1 -1 -1  0 -6 -2  4 

   A  R  N  D  C  Q  E  G  H  I  L  K  M  F  P  S  T  W  Y  V  

 

 

PAM250 matrix 
(Dayhoff) 
amino acid 
exchange matrix 
(log odds) 

Positive exchange values 
denote mutations that are 
more likely than randomly 
expected, while negative 
numbers correspond to 
avoided mutations compared 
to the randomly expected 
situation 



A  2 

R -2  6 

N  0  0  2 

D  0 -1  2  4 

C -2 -4 -4 -5 12 

Q  0  1  1  2 -5  4 

E  0 -1  1  3 -5  2  4 

G  1 -3  0  1 -3 -1  0  5 

H -1  2  2  1 -3  3  1 -2  6 

I -1 -2 -2 -2 -2 -2 -2 -3 -2  5 

L -2 -3 -3 -4 -6 -2 -3 -4 -2  2  6 

K -1  3  1  0 -5  1  0 -2  0 -2 -3  5 

M -1  0 -2 -3 -5 -1 -2 -3 -2  2  4  0  6 

F -4 -4 -4 -6 -4 -5 -5 -5 -2  1  2 -5  0  9 

P  1  0 -1 -1 -3  0 -1 -1  0 -2 -3 -1 -2 -5  6 

S  1  0  1  0  0 -1  0  1 -1 -1 -3  0 -2 -3  1  2 

T  1 -1  0  0 -2 -1  0  0 -1  0 -2  0 -1 -3  0  1  3 

W -6  2 -4 -7 -8 -5 -7 -7 -3 -5 -2 -3 -4  0 -6 -2 -5 17 

Y -3 -4 -2 -4  0 -4 -4 -5  0 -1 -1 -4 -2  7 -5 -3 -3  0 10 

V  0 -2 -2 -2 -2 -2 -2 -1 -2  4  2 -2  2 -1 -1 -1  0 -6 -2  4 

   A  R  N  D  C  Q  E  G  H  I  L  K  M  F  P  S  T  W  Y  V  

 

 

Positive exchange values 
denote mutations that are 
more likely than randomly 
expected, while negative 
numbers correspond to 
avoided mutations compared 
to the randomly expected 
situation 

PAM250 matrix 
(Dayhoff) 
amino acid 
exchange matrix 
(log odds) 



BLOSUM 62 substitution matrix 
(Henikoff & Henikoff, PNAS 89:10915; 

1993) 

http://www.carverlab.org/testing/epp.html 



How many pair-wise alignments 

Combinatorial explosion 
 - 1 gap in 1 sequence:   n+1 possibilities 
 - 2 gaps in 1 sequence: (n+1)n  
 - 3 gaps in 1 sequence: (n+1)n(n-1), etc. 

      
     2n        (2n)!         22n 
            =              ~  
      n          (n!)2           √πn 
    
   2 sequences of 300   a.a.: ~1088 alignments 
   2 sequences of 1000 a.a.: ~10600 alignments! 
 

T D W V T A L K 
T D W L - - I K 



Technique to overcome the 
combinatorial explosion: 

Dynamic Programming 
•  Break alignment problem up in smaller 

subproblems and solve these iteratively   
•  Alignment is simulated as a Markov process, all 

sequence positions are seen as independent 
(independent and identically distributed - i.i.d) 

•  Chances of sequence events are independent 
o  Therefore, probabilities per aligned position are 

multiplied 
o  Amino acid matrices contain so-called log-odds 

values (log10 of the probabilities), so probabilities 
can be summed [log(ab)=log(a)+log(b)] 

Needleman, S.B. & Wunsch, C. D. (1970), “A General Method Applicable to the Search for 
Similarities in the Amino Acid Sequence of Two Proteins”, J.Mol. Biol., vol. 48, pp. 443-453. 



•  To perform statistical analyses on sequence alignment, we 
need a reference model allowing us to compute the statistical 
significance of certain characteristics of a sequence, its 
subsequences, or an alignment.  

•  The model: each letter in a sequence is selected from a 
defined alphabet in an independent and identically distributed 
(i.i.d.) manner.  

•  Given a probability distribution, Pi, for matched residues in an 
alignment, the probability of seeing a particular sequence of  
i, j, k, ... n is simply Pi Pj Pk···Pn  

 
As an alternative to multiplication of the probabilities, we could sum their logarithms 

and exponentiate the result. The probability of the same sequence of letters can 
be computed by exponentiating log Pi + log Pj + log Pk+ ··· + log Pn.  

In practice, when aligning sequences we only add log-odds values (from residue 
exchange matrices) but we do not exponentiate the final score.  

 
 
 

To say the same more statistically… 



There are three kinds of 
alignments 

•  Global alignment  
•  Semi-global alignment 
•  Local alignment 



Pairwise sequence alignment 
Global dynamic programming 
 
 MDAGSTVILCFVG!
M 
D 
A 
A 
S 
T 
I 
L 
C 
G 
S!

Amino Acid Exchange 
Matrix 

Gap penalties           
(e.g. Affine:open,extension) 

Search matrix 

MDAGSTVILCFVG- 
MDAAST-ILC--GS 

Evolution 



Dynamic programming 

 
i 

 j 

The cell [i, j] contains the alignment score of the best scoring alignment 
of subsequence 1..i and 1..j, that is, the subsequences up to [i, j] 

Cell [i, j] does not ‘know’ what that best scoring alignment is (it is one 
(or a number of alternatives) out of very many possibilities, leading to  
[i, j])  

Extend alignment from cell [i, j]  

 



Global dynamic programming 

i-1 
i 

j-1 j 

H(i,j) = Max  
H(i-1,j-1) + s(i,j) 
H(i-1,j) - g 
H(i,j-1) - g 

diagonal 
vertical 
horizontal 

Value from 
residue 
exchange matrix 
(or match/
mismatch) 

This is a recursive 
formula 



The algorithm 
•  Goal: find the maximally scoring alignment 
•  Scores: s[ X[i], Y[j] ] for (mis)match, , -g for insertion/deletion 
•  The best alignment for X[1…i] and Y[1…j] is 

called M[i, j] 
•  3 ways to extend the alignment: 

 
 
        X[1…i-1] X[i]   X[1…i]    -    X[1…i-1] X[i] 
          Y[1…j-1] Y[j]   Y[1…j-1] Y[j]  Y[1…j]    - 

  M[i,j]= M[i-1,j-1]+     M[i,j-1]-g     M[i-1,j]-g 

   +s[X[i],Y[j]]  



The algorithm for linear gap penalties 

                                               
             M[i-1,j-1]+score(X[i],Y[j]) 

 

M[i,j]= max  M[i,j-1]-g 

 

             M[i-1,j]-g    

Corresponds to: 

X1…Xi-1 Xi 

Y1…Yj-1 Yj 

X1…Xi  - 

Y1…Yj-1 Yj 

X1…Xi-1 Xi 

Y1…Yj-1 -  

Value from residue 
exchange matrix 

i-1 
  i 

j-1   j 



Example:  
global alignment of two 

sequences 
•  Align two DNA sequences: 

  – GAGTGA 
  – GAGGCGA (note the length difference) 

•  Parameters of the algorithm: 
– Match: score(A,A) = 1 
– Mismatch: score(A,T) = – 1 
– Gap: g = 2 

             M[i-1,j-1] ±1 

M[i,j]= max  M[i,j-1]-2 

             M[i-1,j]-2 



The algorithm. Step 1: init 
•  Create the  

matrix 
•  Initiation 

  – 0 at [0,0] 
  – Apply the  
     equation… 

             M[i-1,j-1] ±1 

M[i,j]= max  M[i,j-1]-2 

             M[i-1,j]-2 

j→ 0 1 2 3 4 5 6 

i ↓ - G A G T G A 

0 - 0 

1 G 

2 A 

3 G 

4 G 

5 C 

6 G 

7 A 



The algorithm. Step 1: init 

•  Initiation of the  
matrix: 
  – 0 at pos [0,0] 
  – Fill in the first row 
     using the “←” 
rule 
  – Fill in the first 
     column using “↑” 

             M[i-1,j-1] ±1 

M[i,j]= max  M[i,j-1]-2 

             M[i-1,j]-2 

- G A G T G A 

- 0 -2 -4 -6 -8 -10 -12 

G -2 

A -4 

G -6 

G -8 

C -10 

G -12 

A -14 

j 

i 



The algorithm. Step 2: fill in 

•  Continue filling  
in the matrix, 
remembering 
from which cell 
the result comes 
(arrows) 

             M[i-1,j-1] ±1 

M[i,j]= max  M[i,j-1]-2 

             M[i-1,j]-2 

- G A G T G A 

- 0 -2 -4 -6 -8 -10 -12 

G -2 1 -1 -3 

A -4 -1 2 

G -6 

G -8 

C -10 

G -12 

A -14 

j 

i 



The algorithm. Step 2: fill in 

•  We are done… 
•  Where’s the 

result? 

             M[i-1,j-1] ±1 

M[i,j]= max  M[i,j-1]-2 

             M[i-1,j]-2 

- G A G T G A 

- 0 -2 -4 -6 -8 -10 -12 

G -2 1 -1 -3 -5 -7 -9 

A -4 -1 2 0 -2 -4 -6 

G -6 -3 0 3 1 -1 -3 

G -8 -5 -2 1 2 2 0 

C -10 -7 -4 -1 0 1 1 

G -12 -9 -6 -3 -2 1 0 

A -14 -11 -8 -5 -4 -1 2 

j 

i 



The algorithm. Step 2: fill in 

•  We are done… 
•  Where’s the 

result? 

             M[i-1,j-1] ±1 

M[i,j]= max  M[i,j-1]-2 

             M[i-1,j]-2 

- G A G T G A 

- 0 -2 -4 -6 -8 -10 -12 

G -2 1 -1 -3 -5 -7 -9 

A -4 -1 2 0 -2 -4 -6 

G -6 -3 0 3 1 -1 -3 

G -8 -5 -2 1 2 2 0 

C -10 -7 -4 -1 0 1 1 

G -12 -9 -6 -3 -2 1 0 

A -14 -11 -8 -5 -4 -1 2 

j 

i 

The lowest-
rightmost cell 



The algorithm. Step 3: trace-
back 

•  Start at the last 
cell of the matrix 

•  Go against the 
direction 
of arrows 

•  Sometimes the 
value may be 
obtained from 
more than one cell 
(which one?) 

- G A G T G A 

- 0 -2 -4 -6 -8 -10 -12 

G -2 1 -1 -3 -5 -7 -9 

A -4 -1 2 0 -2 -4 -6 

G -6 -3 0 3 1 -1 -3 

G -8 -5 -2 1 2 2 0 

C -10 -7 -4 -1 0 1 1 

G -12 -9 -6 -3 -2 1 0 

A -14 -11 -8 -5 -4 -1 2 

j 

i 

             M[i-1,j-1] ±1 

M[i,j]= max  M[i,j-1]-2 

             M[i-1,j]-2 

Trace-back: follow arrows back -- with vertical/horizontal arrows the aligned cell is at 
base of arrow (top/leftmost point) 



•  Extract the  
alignments 
 
a) high road 
  GAGT-GA 
  GAGGCGA 
b) low road 
  GA-GTGA 
  GAGGCGA 

•  c) ‘middle road’ 
  GAG-TGA 
  GAGGCGA 

- G A G T G A 

- 0 -2 -4 -6 -8 -10 -12 

G -2 1 -1 -3 -5 -7 -9 

A -4 -1 2 0 -2 -4 -6 

G -6 -3 0 3 1 -1 -3 

G -8 -5 -2 1 2 2 0 

C -10 -7 -4 -1 0 1 1 

G -12 -9 -6 -3 -2 1 0 

A -14 -11 -8 -5 -4 -1 2 

j 

i 

a
b 

The algorithm. Step 3: trace-back 
High road and low road 

How can one change a ‘high road’ algorithm 
into a ‘low road’ one, or vise versa? 



Wrapping up 
•  DNA makes RNA makes Protein 
•  Sequence encodes structure encodes function 
•  Structure (and function) more conserved than sequence 
•  DNA / protein repeats 
•  “Mind the Gap” - sequence data much more abundant than 

structure or function data 
•  Homology, orthology, paralogy, xenology (HTG) 
•  Divergent / convergent evolution 
•  Scoring alignments, matches/mismatches, 3 types of gap 

penalties (linear, affine, concave), independent and 
identically distributed (i.i.d.) residues 

•  Nucleotide / amino acid exchange matrices 
•  Number of possible alignments between two sequences 

grows exponentially 
•  3 types of alignment: global, semi-global, local  
•  Example: dynamic programming for global alignment 


