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Resources on the WWW and data bases  
 

European Molecular Biology Laboratory (EMBL - http://www.embl-
heidelberg.de): nucleotide data base (daily updated)  

 
European Bioinformatics Institute (EBI - 
http://www.ebi.ac.uk/ebi_home.html): SwissProt protein sequence data 
base and Sequence Retrieval System (SRS - http://srs.ebi.ac.uk/) 

 
ExPASy (http://www.expasy.org/): SwissProt & TrEMBL, PROSITE 

 
University College London: PRINTS (protein fingerprints) database 
and the CATH protein structure database 
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National Center for Biotechnology Information (NCBI - 
http://www.ncbi.nlm.nih.gov/):  GenBank (NIH), DNA sequence data 
base and BLAST software (with NR); ENTREZ 
(http://www.ncbi.nlm.nih.gov/Entrez/): biological data and articles, 
nucleotide sequences from GenBank, EMBL, DDBJ (DNA data base of 
Japan) as well as SWISS-PROT, PIR, PRF, SEQDB, PDB 

 
European EMBnet (http://www.embnet.org) 

 
Sanger Centre / Wellcome Trust (www.sanger.ac.uk/Info/) 

 
Martinsried Institute for Protein Sequences  
(MIPS - http://www.mips.biochem.mpg.de/)  
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EMBL   http://www.embl-heidelberg.de/ 
PDB  http://www.rcsb.org/pdb/Welcome.do 
SCOP  http://scop.berkeley.edu/ 
CATH  http://cathwww.biochem.ucl.ac.uk/latest/ 
PIR  http://pir.georgetown.edu/ 
SWISS-PROT http://www.expasy.org/sprot/ 
TrEMBL  http://www.expasy.org/sprot/  
Homstrad http://www-cryst.bioc.cam.ac.uk/~homstrad/  
InterPro  http://www.ebi.ac.uk/interpro/  
NR  ftp://ftp.ncbi.nih.gov/blast/db  
Pfam  http://www.sanger.ac.uk/Software/Pfam/  
UniProt  http://www.expasy.uniprot.org/  
PROSITE http://www.expasy.org/prosite/ 
PRINTS  http://umber.sbs.man.ac.uk/dbbrowser/PRINTS/ 
BLOCKS http://blocks.fhcrc.org/ 
CAMPASS http://www-cryst.bioc.cam.ac.uk/~campass/ 
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machine learning: 
 
 Suport Vector Machines and kernel methods:  
    www.kernel-machines.org/ under „software“‚  
    libsvm and torch are recommanded 

 
 feature selection: „spider“ software or the PSVM software 
    http://www.bioinf.jku.at/software/psvm 
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bioinformatics: 
EMBOSS  toolbox   http://emboss.sourceforge.net 
Domainatrix  tools/domains http://emboss.sourceforge.net/  
    embassy/domainatrix/ 
BLAST   homology/profiles http://www.ncbi.nlm.nih.gov/BLAST/ 
PHRAP   shotgun DNA  http://www.phrap.org/ 
Babel  converts formats  http://openbabel.sourceforge.net/ 
BioPerl   toolbox perl  http://www.bioperl.org/ 
clustalw   multiple alig.  ftp://ftp-igbmc.u-strasbg.fr/ 
    pub/ClustalW 
modeller   building model  http://salilab.org/modeller/   
    download_installation.html 
phylip    phylogenetics  http://evolution.gs.washington.edu/  
    phylip.html 
pymol    good viewer  http://pymol.sourceforge.net/ 
rasmol    fast viewer  http://www.umass.edu/   
    microbio/rasmol/ 
molscript   nice images  http://www.avatar.se/   
    molscript/obtain_info.html 
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bioinformatics: 
 
strap   java toolbox  http://www.charite.de/bioinf/strap/ 
tinker   mol. dyn., fortran  http://www.es.embnet.org/   
    Services/MolBio/tinker/ 
biodesigner  mol. dynamics  http://www.pirx.com/   
    biodesigner/download.html 
threader  threading   http://bioinf.cs.ucl.ac.uk/   
    threader/threader.html 
Loopp  threading http://folding.chmcc.org/   
    loopp/loopp.html 
prospect   threading  http://compbio.ornl.gov/   
    structure/prospect/ 
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bioinformatics: 
sspro4   sec. struc.  http://contact.ics.uci.edu/   
    download.html 
psipred   sec. struc. ftp://bioinf.cs.ucl.ac.uk/pub/psipred/ 
prof   sec. struc.  http://www.aber.ac.uk/   
    compsci/Research/bio/dss/prof/ 
jnet   sec. struc. http://www.compbio.dundee.ac.uk/  
    ~www-jpred/jnet/download.html 
PHD   sec. struc.  http://www.embl-heidelberg.de/  
    predictprotein/predictprotein.html 
DSSP   sec. struc. f. 3D  http://swift.cmbi.ru.nl/gv/dssp/ 
whatif   mol. modelling  http://swift.cmbi.kun.nl/whatif/ 
hmmer   alignment HMM http://hmmer.wustl.edu/ 
ProsaII   struc. verf.  http://www.came.sbg.ac.at/  
    Services/prosa.html 
CE  struc. alig. ftp://ftp.sdsc.edu/pub/   
    sdsc/biology/CE/src/ 
DALI   struc. alig. http://www.ebi.ac.uk/dali/ 
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„PubMed“ http://www.ncbi.nlm.nih.gov/  
                    entrez/query.fcgi?db=PubMed 

 
 

machine learning and computer science:  
   http://scholar.google.com/ 
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Remark: we mostly focus on sequences of amino acids but all concepts 
are valid for sequences of nucleotides 

 
 

proteins of different species perform the same tasks  they are very  
   similar to one another 
   (glucose cycles, DNA repair, membrane proteins, histones  
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 a new sequence is first compared to known sequences 
 

 if a similar sequence is found: function/structure is also similar 
 

 only 1% of the human genes do not match mouse genes (average 
similarity is 85%) 

 
 cells possess a common ancestor cell (a mother cell) 

 
 mutations change the genes 

 
 difficult to find similarities when many mutations occurred 

 
relationship at the structural basis 

 
similarities search: comparative genomics or homology search 
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optimality criterion, i.e. scoring (penalty, error, energy, cost) 
                   vs.  
optimization algorithm 
 
 
 
A scoring scheme can be optimized in different ways. 
 
Many algorithms can be used with different scoring schemes. 
 
The next sections are 3.2 Scoring and 3.3 Algorithms  
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Sequence similarity:  trend (stock market), pattern (text), frequencies 
(speech)  
 
DNA and amino acid sequences: pattern (mutations) 
 
 
Mutations: 
 
point mutations  (one nucleotide or amino acid is changed) 

 
deletions (one nucleotide or amino acid or a whole subsequence is 
deleted) 

 
insertions (one nucleotide or amino acid or a whole subsequence is 
inserted) 
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CCGTCAGTT ACG CCGTATCGTCTAGCT 

CCGTCAGTTCCGTATCGTCTAGCT CCGTATCGTCTAGCT CCGTCAGTT – – – 

CCGTATCGTCTAGCT CCGTCAGTT – – – 
CCGTATCGTCTAGCT CCGTCAGTT ACG 

CCGTATCGTCTAGCT CCGTCAGTT ACG 

CGCCGTA CAGTT 

 
 

Kind of mutations for a DNA example 

deletion: 

insertion: 

CCGTCAGTTACGCCGTATCGTCTAGCT 
point mutations: 

CCG A T G T CGTCTA CT G C T C 

Deletion and insertion are indistinguishable: „Indel“  
Goal: optimal position of the blanks (max. score) 
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first approach: similarity of two sequences is minimal number of 
mutations 
 
However: point mutations are more likely then indels 
 
Solution: length of insertions and deletions are counted 
 
Result: counting the number of matching amino acids  
             0.5 (l1 + l2 – indels – 2 mismatches ) 
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12 identical letters out of the 14 letters of BIOINFORMATICS 
 
Mutations: 
(1) delete I   BOINFORMATICS 

(2) insert LI   BOILINFORMATICS 

(3) insert G  BOILINGFORMATICS 

(4) change T into  N  BOILINGFORMANICS 

 
Is I deleted form the first string or inserted in the second? 
Indels are denoted by “-“ 
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Sequence alignment: arrangement of the two strings so that the 
number of mutations is minimal 
 
Score (optimality value): number matches (match +1 and mismatch 0) 
 
Pairwise amino acid score: identity matrix 
 
An alignment algorithm searches for the arrangement of two 
sequences such that a criterion is optimized. 
 
Arrangement: inserting “-” into the strings and moving them horizontally 
against each other  
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Dot matrix:  
 
 one sequence on the top and the other vertically 

 
 letters of the sequences are paired (all pairs) 

 
 each matching pair of letters receives a dot 
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Which pairs correspond to the optimal alignment? 
 
Each path through the matrix is an alignment and vice versa 
Goal: search path with most dots 
 
 
A simple game, where you can move  
 horizontally “→” (a ”-” in the vertical sequence) 
 vertically “↓” (a “-” in the horizontal sequence) 
 diagonal “↘”  only if you at the position of a dot (matches) 
Task: hit as many dots as possible if you run from the upper left corner 
to the lower right corner.   
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dots on diagonals correspond to matching regions 
 
Example: triosephosphate isomerase (TIM) 
 
 human 

 
 Yeast 

 
 E. coli (bacteria) 

 
 archaeon 
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Other scoring schemes also judge the mismatches 
 
Amino acids are more likely to mutate into another amino acid with 
similar chemical properties (scoring by mutation  
 
Also indels may be differently scored 
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Identity Matrix 

T  C  A  G  A  C  A 
T  –   –  G  A  T   – 

Whole scoring 

2  –2 –2  2   2 –1 –2  

Example scoring without identity (gap is higher penalized) 

Scoring 

Position l: 
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Point Accepted Mutation (PAM) matrices: Dayhoff et. al (1978)  
 
nPAM:  
 n% mutations on average per position 
 1 PAM = 1 point mutation/100 amino acids 
 nPAM = (1PAM)n   
 n is time unit (measured in the time interval to obtain 1 mutation) 
 
For mutation probabilities we require Markov matrices:  
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Construction of PAM: 
 
 71 subsequences (blocks) with >85% mutual identity 

 
 1,572 changes 

 
 phylogenetic tree for each block 

 
 Ci,j : number transition i ➔ j with Ci,j = 0.5 ( Ci,j  +  Cj,i ) in the tree 
    (direction of point mutations is ambiguous) 

 
Mutation probability i ➔ j approximated (because Ci,i missing) 

 
 

Sequence Analysis and Phylogenetics 



PAM Matrices 

3 Pairwise Alignment 
 
3.1 Motivation 
 
3.2 Scoring 
 
3.2.1 Identity 
 
3.2.2 PAM  
 
3.2.3 BLOSUM  
 
3.2.4 Gap Penalties 
 
3.3 Algorithms 
 
3.3.1 Global 
 
3.3.2 Local 
 
3.3.3 FASTA, BLAST 
 
3.4 Significance 
 
3.4.1 HSPs 
 
3.4.2 Matches 

Sequence Analysis and Phylogenetics 



PAM Matrices 

3 Pairwise Alignment 
 
3.1 Motivation 
 
3.2 Scoring 
 
3.2.1 Identity 
 
3.2.2 PAM  
 
3.2.3 BLOSUM  
 
3.2.4 Gap Penalties 
 
3.3 Algorithms 
 
3.3.1 Global 
 
3.3.2 Local 
 
3.3.3 FASTA, BLAST 
 
3.4 Significance 
 
3.4.1 HSPs 
 
3.4.2 Matches 

Sequence Analysis and Phylogenetics 



PAM Matrices 

3 Pairwise Alignment 
 
3.1 Motivation 
 
3.2 Scoring 
 
3.2.1 Identity 
 
3.2.2 PAM  
 
3.2.3 BLOSUM  
 
3.2.4 Gap Penalties 
 
3.3 Algorithms 
 
3.3.1 Global 
 
3.3.2 Local 
 
3.3.3 FASTA, BLAST 
 
3.4 Significance 
 
3.4.1 HSPs 
 
3.4.2 Matches 

Choose c to obtain 1 
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How do we score? 
 
The likelihood ratio compares a random pairing to a pairing resulting 
from mutations:  
 
 
 
Positions are independent from each other then for the whole sequence: 
 
 
 
 
and taking the logarithm: 
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The values                        are called “log-odd-scores” 
 
Multiplied by a constant and rounded gives the PAM “log-odd-scores”  
 
Positive “log-odd-scores”: pair of amino acids appears more often in 
aligned homologous sequences than by chance  
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PAM matrices: very similar sequences and generalized to less similar by 
matrix multiplication 
 
 
BLOSUM (BLOck SUbstitution Matrix, Henikoff and Henikoff, 1992) is 
based on the Blocks database 
 
BLOSUM directly determines the similarity 
 
BLOSUM p: p% identity of the blocks 
 
BLOSUM 62 (62% identity) is most popular 
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Calculation of the BLOSUM matrices: 
1. Sequences with at least p% identity are clustered. Each cluster 

provides a sequence of frequencies. In the following we only 
consider the case without frequencies.  

2. Frequency sequences are compared and pairs (i,j) counted by ci,j 
according to 
 
 
 
 
 
 
 
 
where the factor  1/2 accounts for symmetry and           subtracts the 
original sequence (no mutation) 
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3. For N sequences of length L compute 
 
 
 
 
 
  

4. probability to observe amino acid i is 
 
       is divided by 2: mutations from i to j and j to i in step 2. 
 

5. Likelihood ratios and the log-odd ratios  
 
 
 
 
 

    BLOSUM values are rounded to integers 
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example for computing BLOSUM100 matrix 
 
 1  NFHV 
 2  DFNV 
 3  DFKV 
 4  NFHV 
 5  KFHR 
 
 
 
 
 
 
 
 
 

1x2+1x1 
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likelihood ratio 
 
 
 
 
 
 
 
 
 
 
 
log-odd ratios 
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Now we consider clusters and frequencies 

Other computations remain the same 
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BLOSUM62 
 
Scoring matrix 
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BLOSUM and PAM compared: 
 
 PAM100 ≈ BLOSUM90 
 PAM120 ≈ BLOSUM80 
 PAM160 ≈ BLOSUM60 
 PAM200 ≈ BLOSUM52 
 PAM250 ≈ BLOSUM45 

 
PAM: 
 context dependent, dependency between substitutions 
 low probability mutations are not as well observed 
 subsequences of very similar sequences (bias to mutation) 

 
 

BLOSUM: 
 not model based  
 evolutionary relationships not considered 
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sequence similarities pointwise 
 
more complex scores? 
 
simple scores lead to efficient algorithms 
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Gap: maximal substring of „-“ 
 
gaps contribute negatively to the score but how?  
 
linear gap penalty: - l d (l is gap length, d is cost) 
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However: neighboring indels may result from a single mutation 
and are statistically not independent 
 
Sequence with introns and exons may be compared to a 
measured sequence (x-ray, NMR) --> missing introns 
 
 
Affine gap penalty: 
   d: gap open penalty 
   e: gap extension penalty 
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Examples with BLOSUM62 as scoring matrix  
 
 d=20 and e=1: 
 RKFFVGGNWKMNGDKKSLNGAKLSADTEVVCGAPSIYLDF 

 |.||||||:|       ||.|.:..:.|||...|:.|||: 

 RTFFVGGNFK-------LNTASIPENVEVVICPPATYLDY 

 

 d=1 and e=1 (linear gap penalty): 
 RKFFVGGNWKMNGDKKSL--NGAKLSADTEVV-CGAPSIYLDF 

 |.||||||:|:|  ..|:  |   :    ||| | .|:.|||: 

 RTFFVGGNFKLN--TASIPEN---V----EVVIC-PPATYLDY 

 

 d=4 and e=4 (linear gap penalty): 
 RKFFVGGNWKMNGDKKSLNGAKLSADTEVVCGAPSIYLDF 

 |.||||||:|:|  ..|:  .: :.:. |:| .|:.|||: 

 RTFFVGGNFKLN--TASI--PE-NVEV-VIC-PPATYLDY 

 

Few gaps: e<d; Few “-”: high gap penalty compared to BLOSUM 
 



Gap Penalties 

3 Pairwise Alignment 
 
3.1 Motivation 
 
3.2 Scoring 
 
3.2.1 Identity 
 
3.2.2 PAM  
 
3.2.3 BLOSUM  
 
3.2.4 Gap Penalties 
 
3.3 Algorithms 
 
3.3.1 Global 
 
3.3.2 Local 
 
3.3.3 FASTA, BLAST 
 
3.4 Significance 
 
3.4.1 HSPs 
 
3.4.2 Matches 

no amino acid has a preference for a gap (is that true?). 
 
Likelihood: opening 2-d , extending 2-e, then the log2-likelihood is 
affine gap penalty (log-odds framework) 
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alignment algorithms: global or local 
 
 
 
 
Local alignment: finds similarities  
 
 if (alternative) splicing occurs 

 
 if domains are glued together 

 
 if conserved regions exist in remote homologous sequences 
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How did you solve the simple game?  
try out all alignments, compute their scores and choose the best 
 
Two sequences of length n: 
       sequences of length i for each sequence 

 
         pairs compared in i steps 

 
 to compare all subsequences: 
 
 
                          Stirling's formula 
 
 
 
 
number of operation exponentially with the sequence length 
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Sequence of length m and length n 
 
Number of alignments 
 
 
 
 
 
 
 
(derived by Klaus-Dieter Bauer) 
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Global Alignment – Needleman-Wunsch 
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Global Alignment – Needleman-Wunsch 

TCAG 
T 

Sequence Analysis and Phylogenetics 



G 
A 
T 

T C A G A C A 

T 

3 Pairwise Alignment 
 
3.1 Motivation 
 
3.2 Scoring 
 
3.2.1 Identity 
 
3.2.2 PAM  
 
3.2.3 BLOSUM  
 
3.2.4 Gap Penalties 
 
3.3 Algorithms 
 
3.3.1 Global 
 
3.3.2 Local 
 
3.3.3 FASTA, BLAST 
 
3.4 Significance 
 
3.4.1 HSPs 
 
3.4.2 Matches 

Global Alignment – Needleman-Wunsch 

Each path through matrix is an alignment 
Goal: Optimal score and path of the score 
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Global Alignment – Needleman-Wunsch 
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1970 Needleman and Wunsch: Dynamic Programming 
 
alignment of two sequences of length n and m can be 
reduced to the alignment of two shorter sequences 
 
 
 
 
 
 
 
 
 
 
 
Either the ends match or the end of one sequence is more to the  
right then the end of the other sequence.  
 

T C A G A C A 
T ─  ─ G A ─  T 

 =  T C A G A C A                = T G A T 

T C A G A C A 
T ─  ─ G A T ─  

T C A G A C A ─  
T ─  ─ G A ─  ─ T 
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optimal score 
 
    : 1.sequence with 
    : 2. sequence with 
 d : gap penalty (linear gap) 
 s : scoring function 
 
Recursion for S: 
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During filling the matrix the path must be memorized. 
The                                                                   from which 
            was computed must be stored in a variable B: 
 
 
 
This variable allows to generate the alignment through 
backtracking starting from (n,m):  
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Affine Gap Penalty 
 
Problem: long term dependencies 
 
Introducing a gap implies a gap opening event earlier in the 
sequence and all earlier events must be considered: 
 
 
 
 
 
 
 
two sequences of length n: complexity 
  
because all              must considered (            ) and            for 
checking all previous gap openings 
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Idea:  propagate 3 matrices 
 
 best score up to position         : 

 
 best score up to position         with an opened gap in     at  
    position i:  

 
 best score up to position         with an opened gap in     at  
    position j: 

 
 

 
For        and         it must be checked whether extending an 
existing gap or to introduce a new gap gives a better score            
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recursion equations: 
 
 
 
 
 
 
 
 
 
 
 
initialization:  
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KBand Global Alignment 
 
high sequence similarity: speed up 
 
 backtracking paths on the main diagonal 

 
 solutions within a band (width k) around the main diagonal 
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k:  estimated gaps in the alignment (difference of length) 
 
 
to leave the band with linear gap penalty costs -2(k+1) d 
 
iterative algorithm with increasing k: running time depends on the 
similarity 
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proteins which are remote related (homologous) share subsequences 
which have much higher similarity than random sequences 
 
Subsequences may be important for the function or for the folding 
 
Most relations between proteins are found by local alignment methods 
 
DNA sequencing: only fragments are matched  
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Main idea of local alignment : negative scores are avoided 
 
Negative scores: subsequence is not homologous 
Position i:  prefix match to extend or start a new match 
 
linear gap penalty: 
 
 
 

Backtracking starts at position with maximal score 
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affine gap penalty is analogous to Needleman-Wunsch 
 
An example with affine gaps d=20 and e=4  
 
best local alignment has a score of 52: 
RKFFVGGNWKMN 

|.||||||:|.| 

RTFFVGGNFKLN 

 

second best score is 50: 
GDKKSLNGAKLSADTEVVCGAPSIYLDF 

|....||.|.:..:.|||...|:.|||: 

GGNFKLNTASIPENVEVVICPPATYLDY 
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The algorithms possess O(nm) complexity except for high similarity 
 
NR database (SS prediction, protein classification): > 3 Mio. entries 
 
 
 
Speed up through approximations: seed and extend 
 
 exact matches of small subsequences (2 to 5) 

 
 extend these matches 

 
 query sequence preprocessed for the 2- to 7-mers matches 
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FASTA (fast-aye, Lipman and Pearson, 1985, 1988) 
www2.ebi.ac.uk/fasta3/ 

 
 

1. Searching hot-spots  (matches of length k=2, k=6  nucleotides) 
and score with PAM250, lookup table of query words, ten best 
scoring regions (number of hot-spots and their distance) 

2. regions are re-evaluated by diagonal runs accumulating the hot 
spots and matches shorter that k 

3. best-scoring sub-alignments chained to a candidate alignment 
with gaps (penalty 20), threshold candidates 

4. banded Smith-Waterman with k=23 → alignments around high-
scoring regions. full Smith-Waterman  
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 FASTA misses: 

 
 similarities at different 
 positions  

 
 if pattern occur repeated 
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BLAST (Basic Local Alignment Search Tool, Altschul 1990 – the most 
cited paper in bioinformatics) and Position-Specific-Iterative-
BLAST (PSI-BLAST for data bases - is the most used 
bioinformatics software) 

 
tutorial www.ncbi.nlm.nih.gov/BLAST/tutorial/Altschul-1.html 
download: http://www.ncbi.nlm.nih.gov/BLAST/ 
 
 
BLAST searches high-scoring segment pairs (HSPs) 
 
HSPs: local maximal segment pairs (matching subsequences) 

exceeding a scoring threshold 
 
local maximal: shortening or extending has lower score 
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BLAST  
 
1. Query words as k-mers (k=3, k=11 nucleotides, about 50 words per 

amino acid), score threshold T (trade-off between speed and 
sensitivity) 

2. data base (single sequence of length m) scanned for hits (Mealy 
automaton, Aho-Corasick algorithms, O(n+m+u) with u hits) 

3. hits are gapless extended: locally maximal segment pairs, non-
overlapping hits on the same diagonal with small distance are 
joined 

4. KBand algorithm 
 
 

BLAST can miss HSPs due to the value of k and the thresholds 
introduced in step 2 and 3. 
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 BLASTP: compares amino acid sequence query to a protein 

sequence database 
 

 BLASTN: compares nucleotide sequence query to a nucleotide 
sequence database 
 

 BLASTX: nucleotide sequence query is translated and compared 
to a protein sequence database 
 

 TBLASTN:   compares amino acid sequence query to a nucleotide 
sequence database, where the later is translated 
 

 TBLASTX: compares nucleotide sequence query to a nucleotide 
sequence database but the sequences are first translated 

 
use amino acid sequence (translation) 
e-value of 0.05: significance  
repeated segments confuse BLAST (low complex / coiled-coil) 
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PSI-BLAST:  iterative BLAST with profile or position specific scoring 

matrix (PSSM) from a multiple alignment of highest scoring hits 
 
scoring profile is used for new BLAST searches, profile is refined and 

sensitivity increased 
 
PSI-BLAST profile: secondary structure prediction and for protein 

classification, original sequence is substituted by the PSSM 
 
dirty profiles: coiled-coil or low complexity regions, hits which are not 

similar to the query 
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   BLAST    FASTA  
 
output   multiple HSPs   best alignment 
better for  proteins    nucleotides 
speed    faster    slower 
sensitivity  low    higher  
homologs  finds low   misses low  
false positives  more    less 
significance  e-values   estimation  
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BLAT (BLAST-Like Alignment Tool): 50 times faster than BLAST at 
comparable sensitivity (500 times faster for nucleotides) 
 
Difference to BLAST 
 
 builds an index of the data base instead of the query 
 goes linearly through the query 
 uses near perfect matches (one mismatch) 
 joins more than two hits  
 chains the high scoring local alignments together 
 
 
 
further methods: QUASAR (Q-gram Alignment based Suffix Arrays, 
Burkhardt et al., Recomb, 1999): data base as suffix array 
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How can be the result of an alignment be judged? 
 
 
Is there a homology / similarity or not? 
 
 
How likely would we find such an alignment randomly? 
 
 
What do the significance measurements of the alignment tools mean? 
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First we consider HSPs 
 
distributions of the alignment score of random generated sequences? 
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Assumptions 
 
       and      are iid in their elements according to      and  

 
       and      are long  

 
                                            is negative  

 
  it exists                      (existence of a positive score) 
 
 
Karlin, Dembo, Kawabata, 1990, showed for maximal segment scores 

      (           length' of the sequences): 
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Karlin and Altschul, 1990, and Altschul and Gish, 1996: 
 
 
 
 
From the comparison of two random sequences of lengths m and n, 
the expected number of distinct local alignments with raw score at 
least S is the E-value E: 
 
 
Assumption: the number of such high-scoring alignments is Poisson 
distributed, with expected value E: 
The probability of finding no alignment with score larger than S is  
                                        and the probability of finding at least one 
alignment with score        is                          . Therefore we obtain 
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This approximation follows from the Taylor series: 
 
 
h is small for large S 
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log-odds score with target distributions       :  
 
 
 
 
expected contribution of a pair to the score: 
 
 
 
 
 
“KL” denotes the nonegative Kullback-Leibler distance 
     
     : scaling to bit scores 
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determine    : 
two random sequences and select a random pair / find it and delete it:  
 
 
 
 
 
 
                          is the probability of having score larger than S 
 
By deleting a pair (i,j) it is reduced to a probability of sequences of 

length (n-1,m-1) 
The probability of the score of shorter sequences larger than  
                   is multiplied by observing the pair (i,j) 
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approximate                    by              then      is obtained from  
 
 
 
 
 
BLOSUM62:  
 
K : how related amino acids are in the given context 
   :  scale of the scoring matrix (change of the base of the logarithm) 
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                          :  e-value (BLAST) 
 
  
 
 
 
 
 
 
 
 
 
    is a score (“bit-score”) independent of       and K 
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probability that l HSPs exceed S: 
 
 Poisson distribution 

 
 E is the average number of events 
 
 
 
 
 
 
 
 
 
 

HSP Significance 

3 Pairwise Alignment 
 
3.1 Motivation 
 
3.2 Scoring 
 
3.2.1 Identity 
 
3.2.2 PAM  
 
3.2.3 BLOSUM  
 
3.2.4 Gap Penalties 
 
3.3 Algorithms 
 
3.3.1 Global 
 
3.3.2 Local 
 
3.3.3 FASTA, BLAST 
 
3.4 Significance 
 
3.4.1 HSPs 
 
3.4.2 Matches 

Sequence Analysis and Phylogenetics 



significance of (near) perfect matches:  BLAT  
 
expected number of non-overlapping query k-mers for letters with 
same probability: 
 
 
 
                            number of k-mers of query 

 
        number of non-overlapping k-mers in the data 

 
            matching probability 
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M: similarity between the query and the data base 
 
           matching probability of k-mer 
 
                                      probability of at least one matching k-mer in 
the data base to a certain k-mer in the query (one minus the 
probability of that all m/k k-mers do not match simultaneously) 
 
 
probability of a match with 1 or less mismatches 
 
 
 
First tem is 1-mismatch and second perfect match 
1-mismatch: (k-1) matches multiplied by prob. of mismatch (1-M),  
                     k (k-1)-mers exist 
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For more than one exact matches we introduce 
 
binomial distribution: match or non-match , l matches:  
 
 
 
 
binomial distribution                        approximated through 
Poisson  or normal distribution (central limit theorem): 
 
 
 
 
Poisson probability-generating function: 
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