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Multiple Sequence Alignment
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Multiple Sequence Alignment

Shows multiple similarities:

• Common structure of protein product

• Common function

• Common evolutionary process

• Protein Structure Prediction

• Protein Family Identification

• Protein Characterization: signatures of 
protein families

• Phylogeny estimation
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Sequence similarity

2nd Fact of Biological Sequence Analysis [4]:

Evolutionary and functionally related molecular

strings can differ significantly throughout

much of the string and yet preserve: 

1. the same three dimensional structures

2. the same two-dimensional substructures 
(motifs, domains)

3. the same active sites 

4. the same or related dispersed residues (DNA or 
amino acid)
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Evolutionary Conservation

Evolutionary preserved features:

– 3-dimensional structures (well preserved)

– 2-dimensional substructures (well preserved)

– active sites: functions (less common) 

– Amino acid sequence (least common)

Three biological uses:

– Representation of protein families

– Identification of conserved sequence features correlating 

with structure and function (Protein characterization)

– Deduction of evolutionary history (Phylogeny estimation)
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An Amazing Example: Hemoglobin

Hemoglobin:

• An almost universal protein found in birds, mammals, etc.

• 4 chains of ~140 amino acids

• Functions the same in all birds, mammals, etc.: binds and 
transports oxygen

• Insects and mammals diverged ~600 million years ago

=> On average 100 amino acids mutations per chain

• Pair wise alignment: 
– human - chimpanzee equal

– Mammal - mammal suggests functional similarity

– Insect-mammal very little similarity!

• Secondary and 3-dimensional structure well preserved

6

From [14].
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Multiple Alignment

Alignments

of globins

produced by

Clustal.

human beta globin

horse beta globin

human alpha globin 

horse alpha globin

cyano haemoglobin 

whale myoglobin

leghaemoglobin

α-helices
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From: www.rcsb.org

Protein Data Bank

http://www.rcsb.org/
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Multiple Alignment Examples

Related sequences can have so few conserved or so 
dispersed matching amino acids: statistically 
indistinguishable from the best alignment of 2 
random strings. 

For example this is true for:

• Hemoglobin; immunoglobulin (antibody proteins)

• E-Cadherin (adhesion molecule)

Compare to:

1 DNA nucleotide change:

• Sickle cell anemia
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(Global) Multiple Alignment

Definition

A multiple alignment of a set of strings {S1,S2,…,Sk} 

is a series of strings S`1,S`2, … ,S`k such that 

1. |S`1| = |S`2| =  … = |S`k|  (all S`i have the same length)

2. For every i: S`i is an extension of Si obtained by 

insertion of spaces.

A multiple alignment of strings

ACBCBD, CADDB, and ACABCD:

Note: similarly, local multiple alignment (for substrings) can be defined.
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Multiple Alignment

Definition Induced Pair-Wise Alignment:

Given a multiple alignment M, the induced pair-wise 
alignment of two string Si and Sj is obtained from 
M by removing all rows except rows i an j. 

Note: two opposing spaces can be removed

Definition Score of Induced Pair-Wise Alignment:

The score of an induced pair-wise alignment is 
determined using any chosen scoring scheme for 
2-string alignment in the standard manner.
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Multiple Alignment: Sum-of-Pairs

Definition: Sum of Pairs Score

The sum-of-pairs (SP) score of a multiple 
alignment M is the sum of the scores of 
pair-wise global alignments induced by M.

Problem: The SP Alignment Problem

Compute a global multiple alignment M with 
minimum sum-of-pairs score.

Note: Intuitively this is a reasonable score, 

but: no theoretical justification!
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An Exact Solution of the SP Alignment Problem

A Dynamic Programming Approach

For the calculation of the best multiple alignment of 

r sequences an r-dimensional hypercube D can be 

used, where:

– Each dimension is formed by one of the r sequences.

– The nodes (j1,j2,…,jr) of the hypercube hold the best 

score D(j1,j2,…,jr) for aligning the prefixes of the 

sequences S1,S2,…,Sr of lengths j1,j2,…,jr, respectively. 
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Multiple Alignment:  Dynamic Programming

The best score D can be calculated using dynamic programming on the 
following recursion:

and ρ the cost function (for example Sum of Pairs (SP))

Note: 

• There is no generally accepted score for a multiple alignment. We will 
discuss some candidates.

• Biological relevance of the multiple alignment is of major importance.
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Multiple Alignment: Dynamic Programming

(1,0,0) (2,1,0)

(3,2,0)

(4,3,2)

(3,3,1)

ε = (1,1,0)

ε =(1,1,0)

ε =(0,1,1)

ε =(1,0,1)

Space complexity: O(nr).(O(r-dimensional cost function ρ calculation)) 

Time complexity: O(2rnr)    (consider 2r-1 previously calculated values)

16

Exact Multiple Alignment Complexity

The Exact Multiple Alignment problem solved by Dynamic 
Programming has:

Space complexity O(nr) . (O( calculation of ρ ))

Time complexity O(2rnr)

This exact solution using dynamic programming is only 
useful for a small number of strings, i.e., a small r.

In general:

The exact multiple alignment problem using sum-of-pairs
or evolutionary-tree scoring is NP-complete [9].
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Scoring Metrics

Possible ρ functions:

• Sum of Pairs
– Defined as the sum of pairwise distances between all pairs of 

sequences:

• Distance from Consensus
– Let C be the consensus sequence, then the total distance is defined 

as: 

• Evolutionary Tree Alignment
– Define D(Sv,Sw) as the number of changes between Sv and Sw, then 

the weight of an evolutionary tree is defined as: 

– Then the weight of the lightest evolutionary tree that can be 
constructed from the sequences is taken.
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Approximation: The Center Star Method for (SP) Alignment.

• An approximation algorithm for the optimal 
alignment under the Sum of Pairs metric [4, pp348-

350] achieving approximation ratio of 2.

• Sum of Pairs metric
– Defined as the sum of induced pair-wise distances 

between all pairs of sequences:

– Where D(S,T) the score of induced alignment of           
S with T, using a scoring function d(x,y) such that:

• d(-,-)=0

• d(x,y) = d(y,x)

• d(x,y) ≤ d(x,z) + d(z,y) (triangle inequality)
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star alignment

- We put a string in center (which one?)

- Compute pair-wise alignments

- Extend pairs into multiple alignment

- Where “once a gap, always a gap”

Theory proves: within factor 2 of optimal alignment

Complexity: O(k2n2)         k sequences, n length
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Star Alignment

Problem: The Sum of Pairs alignment problem

Input: A set of sequences {S1,S2,…,Sk}

Question: Compute a global multiple alignment M with 
minimum sum-of-pairs score.

Definition: Given a set of k strings S, define a center string Sc

(element of S) as a string that minimizes:

Definition: Define the center star to be a star tree of k nodes, 
with the center node Sc and with each of the remaining  
k-1 nodes labeled by a distinct string from S\{Sc}.

Definition: Define the multiple alignment Mc of the set of 
strings S to be the multiple alignment consistent 
with the center star.
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The Center Star Method for (SP) Alignment.

A generic center start for 6 strings with 

center string SC= S3.              [4, p349].

S3

S1

S6

S5 S2

S4
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Star Alignment

The Center Star Algorithm

1. Find St from S minimizing                       

and let M={St}.

2. Add the sequences in S\{St} to M one by one such 
that 

• the alignment of every newly added sequence with St is  
optimal.

• Add spaces when needed, to all pre-aligned sequences.
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star alignment

1 ATTGCCATT
2 ATGGCCATT
3 ATCCAATTTT
4 ATCTTCTT
5 ACTGACC

1 ATTGCCATT
2 ATGGCCATT

1 ATTGCCATT--
3 ATC-CAATTTT

1 ATTGCCATT
4 ATCTTC-TT

1 ATTGCCATT
5 ACTGACC--

1 ATTGCCATT--
2 ATGGCCATT--
3 ATC-CAATTTT

1 ATTGCCATT--
2 ATGGCCATT--
3 ATC-CAATTTT
4 ATCTTC-TT--
5 ACTGACC----

<= center
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The Center Star Algorithm

Multiple alignment of the center start produces a 

multiple alignment with a value at most 2(k-1)/k times the optimal value.
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The Center Star Algorithm

*

Triangle inequality: D(Si,Sj) ≤ D(Si,S1) + D(S1,Sj) 
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Many Different Alignment Methods

• Aligning a String to a Profile (later HMMs)

• Iterative Pair-wise Alignment

• Progressive Multiple Alignment

– Feng-Doolittle (1987)[2]

– CLUSTALW, CLUSTALX

– State of the Art Parallel MSA (2018) [15]

• Coffee, MAFT, MSAProbs, M2Align

• PAGAN Phylogeny Aware MSA (2015) [13]

• Etc.


