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Multiple Alignmet vs. Pairwise Alignments 

• Up until now we 
have only tried to 
align two 
sequences.  

 

• What about more 
than two?   

– And what for?  
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What for? 

• Many, Many uses… 

– Establishing the relationships between species 
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Orangutan Gorilla Chimpanzee Human 
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What for? 

• Identifying regions in sequences that have 
important biological roles 

– Motifs 
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Motifs 

• Motifs are sequence patterns common to a lot 
of biological sequences and have biological 
significance 

• NF-B Binding site 
– All ‘immunity’ genes have a pattern located upstream of the start of the genes 

– TCGGGGATTTCC 

– Examples of regulatory motifs that turn on immunity and other genes 

– Allow proteins called transcription factors to bind here which recruits RNA polymerase 

• CAM Binding site (IQ Motif) 
– [FILV]Qxxx[RK]Gxxx[RK]xx[FILVWY] 

– Usually starts with IQ so the consensus sequence is IQxxxRGxxxR 
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Correctness of an alignment 

• Homologous residues should be in the same 
column of an MSA. 
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Generalizing the Notion of Pairwise Alignment 

• Alignment of 2 sequences: a 2-row matrix 
• Alignment of 3 sequences: a 3-row matrix  

 

   A T - G C G - 
   A - C G T - A 
   A T C A C - A 
 
• Score: more conserved columns, better alignment 
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Alignment = Paths in… 

Align  3 sequences:   ATGC, AATC, ATGC 
 

 

A A T -- C 

A -- T G C 

-- A T G C 
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Alignment Paths 

 
 

 

0 1 1 2 3 4 

A A T -- C 

A -- T G C 

-- A T G C 

x coordinate 
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Alignment Paths 

0 1 1 2 3 4 

0 1 2 3 3 4 

A A T -- C 

A -- T G C 

-- A T G C 

x coordinate 

y coordinate 
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Alignment Paths 

 
 

 

0 1 1 2 3 4 

0 1 2 3 3 4 

A A T -- C 

A -- T G C 

0 0 1 2 3 4 

-- A T G C 

•  Resulting path in (x,y,z) space:  

(0,0,0)(1,1,0)(1,2,1) (2,3,2) (3,3,3) (4,4,4) 

x coordinate 

y coordinate 

z coordinate 
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Aligning Three Sequences 

• Same strategy as aligning 
two sequences 

• Use a 3-D grid, with each 
axis representing a 
sequence to align 

• For global alignment, go 
from source to sink 

source 

sink 
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2-D vs 3-D Alignment Grid 

V 

W 

2-D edit graph 

3-D edit graph 
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2-D cell versus 3-D Alignment Cell  

In 3-D, 7 edges 

in each unit cube 

In 2-D, 3 edges 

in each unit 

square 
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Architecture of 3-D Alignment Cell 

(i-1,j-1,k-1) 

(i,j-1,k-1) 

(i,j-1,k) 

(i-1,j-1,k) (i-1,j,k) 

(i,j,k) 

(i-1,j,k-1) 

(i,j,k-1) 
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Multiple Alignment: Dynamic Programming 

 

si,j,k = max 
 
 
 
 

 

(x, y, z) is an entry in the 3-D scoring matrix 

si-1,j-1,k-1 +  (vi, wj, uk) 

si-1,j-1,k    +  (vi, wj, _ ) 

si-1,j,k-1   +  (vi, _,  uk) 

si,j-1,k-1   +  (_, wj, uk) 

si-1,j,k   +  (vi, _ , _) 

si,j-1,k   +  (_, wj, _) 

si,j,k-1   +  (_, _, uk) 

 

cube diagonal: no 
indels 

face diagonal: 
one indel 

edge diagonal: 
two indels 
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Multiple Alignment: Running Time 

• For 3 sequences of length n, the run time is 
7n3: O(n3) 
 

• Running time for k sequences? 
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Multiple Alignment: Running Time 

• For 3 sequences of length n, the running time 
is O(n3) 
 

• For k sequences:  k-dimensional grid. Running 
time: (2k-1)(nk) i.e. O(2knk) 
 

• Conclusion: dynamic programming approach 
is easily extended to k sequences but is 
impractical. 
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What next? 

• Heuristics:  reducing MSA to pairwise 
alignment. 
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Reducing MSA to pairwise alignment 

• Progressive alignment - a succession of 
pairwise alignments: at each step align 
sequence to an MSA that was already 
computed 

• The primary heuristic:  start with the most 
similar pairs of sequences since these will 
produce the most reliable alignments. 

• Pro: Fast 

• Con: What are we optimizing? 
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Profile Representation of an MSA 

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

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

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

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

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

 

A  0  1  0  0  0  0  1  0  0 .8  0  0  0  0       

C .6  0  0  0  1  0  0 .4  1  0 .6 .2  0  0 

G  0  0  1 .2  0  0  0  0  0 .2  0  0 .4  1 

T .2  0  0  0  0  1  0 .6  0  0  0  0 .2  0 

- .2  0  0 .8  0  0  0  0  0  0 .4 .8 .4  0 
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Profile alignment 

• How to align a sequence against a profile? 

• How to align a profile against a profile? 

• An alignment of two profiles induces a 
multiple sequence alignment of the sequences 
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Sequence vs. Sequence 
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Sequence vs. Profile 
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• The score the profile for amino acid a at position p is 
 
 
where 

– f(p,b) = frequency of amino acid b in position p 

– s(a,b) is the score of (a,b) (from, e.g., BLOSUM or 
PAM) 
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Profile vs. Profile 
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1  PEEKSAVTALWGKVN--VDEVGG 
2  GEEKAAVLALWDKVN--EEEVGG 
3  PADKTNVKAAWGKVGAHAGEYGA 
4  AADKTNVKAAWSKVGGHAGEYGA 
5  EHEWQLVLHVWAKVEADVAGHGQ 

Hbb_Human  1  - 
Hbb_Horse  2  .17  - 
Hba_Human  3  .59  .60  - 
Hba_Horse  4  .59  .59  .13  - 
Myg_Whale  5  .77  .77  .75  .75  - 

Hbb_Human 

Hbb_Horse 

Hba_Horse 

Hba_Human 

Myg_Whale 

2 

1 

3 
4 

2 

1 

3 4 

distance matrix 

Guide tree  

(Neighbor-joining) 

Progressive alignment  

following guide tree 
 

sequences 

Overview of ClustalW 
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Progressive alignment - step 1 

gctcgatacgatacgatgactagcta 
gctcgatacaagacgatgacagcta 
gctcgatacacgatgactagcta 
gctcgatacacgatgacgagcga 
ctcgaacgatacgatgactagct 

gctcgatacgatacgatgactagcta 
gctcgatacaagacgatgac-agcta 
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gctcgatacgatacgatgactagcta 
gctcgatacaagacgatgacagcta 
gctcgatacacgatgactagcta 
gctcgatacacgatgacgagcga 
ctcgaacgatacgatgactagct 

gctcgatacacgatgactagcta 
gctcgatacacgatgacgagcga 

Progressive alignment - step 2 
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gctcgatacgatacgatgactagcta 
gctcgatacaagacgatgac-agcta 
+ 
gctcgatacacgatgactagcta 
gctcgatacacgatgacgagcga 
 

gctcgatacgatacgatgactagcta 
gctcgatacaagacgatgac-agcta 
gctcgatacacga---tgactagcta 
gctcgatacacga---tgacgagcga 

Progressive alignment - step 3 



CIS 529: Bioinformatics PIEAS Biomedical Informatics Research Lab 

gctcgatacgatacgatgactagcta 
gctcgatacaagacgatgac-agcta 
gctcgatacacga---tgactagcta 
gctcgatacacga---tgacgagcga 
+ 
ctcgaacgatacgatgactagct 

gctcgatacgatacgatgactagcta 
gctcgatacaagacgatgac-agcta 
gctcgatacacga---tgactagcta 
gctcgatacacga---tgacgagcga 
-ctcga-acgatacgatgactagct- 

Progressive alignment - final step 
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Progressive  alignment 

• Many flavors of progressive alignment. 

• Algorithms differ in: 

– The order in which sequences are aligned (guide 
tree/no guide tree/what type of guide tree) 

– Scoring and alignment of a sequence/alignment to 
an alignment. 
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Where things can go wrong… 

SequenceA GARFIELD THE LAST FAT CAT 

SequenceB GARFIELD THE FAST CAT 

SequenceC GARFIELD THE VERY FAST CAT 

SequenceD THE FAT CAT 

Sequence A GARFIELD THE LAST FA-T CAT 

Sequence B GARFIELD THE FAST CA-T --- 

Sequence C GARFIELD THE VERY FAST CAT 

Sequence D -------- THE ---- FA-T CAT 

 

Clustal alignment 
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Another example 

A problem of progressive alignment: 

• Initial alignments are “frozen” even when new evidence comes 

 

Example: 
   

 

  x: GAAGTT 

  y: GAC-TT 

 

  z: GAACTG 

  w: GTACTG 

Frozen! 

Now clear that y = GA- CTT is correct 
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Iterative Refinement 

• Barton-Sternberg method: 

 
Create an alignment using a progressive method. 

for i=1,…,N 

   Remove sequence i and realign it to a profile 

  of the other aligned sequences. 

Repeat until convergence 
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MUSCLE 

Combines several ideas: 

• Draft progressive alignment 

• Recompute a guide tree and recompute a 
progressive alignment. 

• Refinement 
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MUSCLE 

• Build a draft progressive alignment 

– Determine pairwise similarity through k-mer 
counting (no alignment) 

– Construct tree 

– Construct draft progressive alignment following 
tree 
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MUSCLE 

• Improve the progressive alignment 

– Compute pairwise similarity using the current 
MSA 

– Construct new tree with Kimura distance measure 

– Compare new and old trees: if improved, repeat 
this step, if not improved, then we’re done 
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Multiple Alignment: Timeline 

• 1975: Sankoff formulated multiple alignment problem and gave dynamic 
programming solution 
 

• 1990 Feng-Doolittle proposed Progressive alignment 
 

• 1994 Thompson-Higgins-Gibson:  ClustalW 
•  Most popular multiple alignment program 

 
• 2000 Notredame-Higgins-Heringa:  T-coffee 
•  Using the library of pairwise alignments 

 
• 2004 MUSCLE 

 
• 2005 PROBCONS, MAFFT 
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What can we do with an MSA? 

• Represent it as a profile and use it for 
searching (alternative: HMM): PSI-BLAST 

• Extract motifs:  can then search for a 
particular feature of a protein  
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From MSA to discrete sequence motifs 
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Problems with the Formulation of MSA 

• Multidomain proteins evolve not only through point 
mutations but also through domain duplications and 
domain recombinations 

• Often impossible to align all protein sequences 
throughout their entire length 

• Although MSA is a 30 year old problem, there were 
no MSA approaches for aligning rearranged 
sequences (i.e., multi-domain proteins with shuffled 
domains) prior to 2002 
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Alignment as a Graph 

Conventional 

Alignment 

 

 

 

Sequence as a path 

 

 

 

Two paths 

 

 

Combined graph 

(partial order) of both 
sequences 
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Representing Sequences as Paths in a Graph 

Each protein sequence 

is represented by a 

path. Dashed edges 

connect “equivalent” 

positions; vertices with 

identical labels are 

fused. 
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Partial Order Alignment (POA) Algorithm 

Aligns sequences onto a directed acyclic graph 
(DAG) 

Steps: 

1. Guide Tree Construction 

2. Progressive Alignment Following Guide Tree 

3. Dynamic Programming Algorithm to align 
two PO-MSAs (PO-PO Alignment). 
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POA Advantages 

• POA is more flexible: standard methods force sequences 
to align linearly 

• PO-MSA representation handles gaps more naturally and 
retains (and uses) all information in the MSA 
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A-Bruijn Alignment (ABA) 

• POA: represents alignment as directed graph; 
no cycles 

• ABA: represents alignment as directed graph 
that may contains cycles 
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ABA vs. POA vs. MSA 
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Protein MSA programs 

http://www.ebi.ac.uk/clustalw/  

CLUSTALW – most widely used 

http://phylogenomics.berkeley.edu/cgi-bin/muscle/input_muscle.py  

MUSCLE – very scalable 

http://mafft.cbrc.jp/alignment/software/ 

MAFFT – very scalable 

http://probcons.stanford.edu/   

PROBCONS – very accurate 

http://www.bioinformatics.ucla.edu/poa/ 

POA - a different approach (very fast!) 

http://tcoffee.org 

T-Coffee – accurate, can incorporate other information (3D-Coffee) 

 

http://www.ebi.ac.uk/clustalw/
http://phylogenomics.berkeley.edu/cgi-bin/muscle/input_muscle.py
http://phylogenomics.berkeley.edu/cgi-bin/muscle/input_muscle.py
http://phylogenomics.berkeley.edu/cgi-bin/muscle/input_muscle.py
http://phylogenomics.berkeley.edu/cgi-bin/muscle/input_muscle.py
http://probcons.stanford.edu/
http://mafft.cbrc.jp/alignment/software/
http://probcons.stanford.edu/
http://probcons.stanford.edu/
http://www.bioinformatics.ucla.edu/poa/
http://www.bioinformatics.ucla.edu/poa/
http://tcoffee.org
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Profiles 

• Motifs are qualitative pattern descriptors 

– No quantitative information 

• Profiles 
– Describes a motif using quantitative information captured in a position specific 

scoring matrix (PSSM) (pronounced: POSSUM). 

– A simple PSSM has as many columns as there are positions in the alignment, 
and 

– either 4 rows (one for each DNA nucleotide) or 20 rows (one for each amino 
acid). 

• You can search a database of sequences using a profile 

53 
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PSSM 
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Detecting Remote Homology 

• In order to find distant homologs of proteins 

– PSI-BLAST 

– HMMER 

– HHBLITZ 
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HMMER 

• Builds a profile Hidden Markov Model (HMMR) 
and compares a query sequence to it 

• Profile-HMMs are constructed from Multiple 
Sequence Alignment using hmmbuild 

• Used in protein family databases and software 
– Pfam 

– InterPro 

– UGENE 

• HMMER3 
– Latest version 

– Speed comparable to BLAST 
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InterPro 

• Database of protein families, domains and 
functional sites in which identifiable features 
found in known proteins can be applied to new 
protein sequences in order to functionally 
characterize them 
– Can search the database using regular expressions or 

Hidden Markov Models 

• Domains are standalone functional units in 
proteins 

• Proteins having the same domain are said to 
belong to the same family 
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HHBlitz: Remmert (2012) 
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HHBlitz application 
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Remote homology detection using Machine Learning 

• “Remote homology detection: a motif based 
approach” Ben-Hur and Brutlag, 
Bioinformatics (2003) 
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Sequence clustering 

• Create non-redudant 
data sets 

• BLASTCLUST 

• CD-HIT 
– Huang (2010) 

 

– Sequences with more 
than T% maximum 
similarity over a W length 
window are clustered 
into the same cluster 
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InterPro 

• Contains 

– Pfam: large collection of MSAs and HMMs 
covering any common protein domains and 
families 

– PROSITE : database of protein families and 
domains – it consists of biologically significant 
sites, patterns and profiles that help to reliably 
identidfy to which known protein family (if any) a 
new sequence belongs 

– ProDom, SMART, SUPERFamily…. 
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How is this different from conventional database search? 

• You want to find out  

– Exact and inexact matches 

– Express sequences differently 

76 

Protein Search Profile Search (Iterative) 

BLAST PSI-BLAST 

HHSearch HHBlits 
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Using Profiles 

• There are numerous uses of profiles 

– As features in prediction algorithms 

• PSI-BLAST/HHBlits PSSM is used in PAIRpred for protein 
interface prediction. Aligned against Non-redundant 
database. 

• Can use HHBlits profile for CAM binding prediction 
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End of Lecture 


