
Alignment



Importance of alignment

• The most important basic question about a gene or protein is 
whether it is related to any other gene or protein!

• Relatedness for two proteins suggests:

• That they are homologous

• They may have a common function

• Analysis of DNA and protein sequences identifies domains or 
motifs that are shared among a group of molecules.

• Analysis is accomplished by Sequence alignment.

• Protein alignment is more informative than DNA alignment.



Types of Alignment

• 1- Global Alignment:

• Aligning the entire length of two sequences.

• 2- Pairwise (local) alignment:

• Aligning part of the sequence with an entire
length.

• A subset of the two sequences are aligned.



Types of Alignment



Definitions

• Homology:

• It is the state of having the same or similar relation, relative position 
or structure

• Homologous sequences share a common evolutionary ancestry

• Two homologous sequences (either amino acid or nucleotide 
sequences) usually share significant identity

• Two types of homologous proteins:
• Orthologous:

• Are homologous sequences in different species that arose from a common 
ancestral gene during speciation

• Have similar biological functions

• Paralogous:
• Are homologous sequences that arose by a mechanism such as gene 

duplication

• Definition of homology is based on alignment scores

• Homologous ≠ same function



Definitions

• Identity:

• Is the extent to which two amino acid (or 
nucleotide) sequences are invariant

• Similarity:

• Aligned residues are similar but not identical

• Share similar biochemical properties

• Similar pairs are structurally or functionally 
related



How do you align sequences?

• Visually? ….. NO! very difficult!

• Computer algorithm? …..YES!!



Introduction to sequence 
alignment
• Hamming Distance: 

• Counts mismatches in two strings

• Assumes we align the ith symbol in the first sequence to 

the ith symbol in the 2nd sequence.

A T G C A T G C

T G C A T G C A

Example: Compute the hamming distance? 

ZERO Matches!!!

hamming distance=8 



But…
• If we align the sequences differently you’ll have six matching

positions

A T G C A T G C -

- T G C A T G C A

SIX Matches!!!



Good alignment?

A T G C A T G C

T G C A T G C A

A T G C A T G C -

- T G C A T G C A

Alignment 1 Alignment 2

• The alignment that matches as many symbols as possible is the 
good alignment.



The alignment game
Example:

A T G T T A T A       

A T C G T C C

Alignment Game (maximizing the number of points):  

• Remove the 1st symbol from each sequence 
• 1 point  if the symbols match, 0 points if they don’t 

match
• Remove the 1st symbol from one of the sequences 

• 0 points



The alignment game

A T G T T A T A       

A T C G T C C

+1



The alignment game

A T G T T A T A       

A T C G T C C

+1+1



The alignment game

A T - G T T A T A       

A T C G T C C

+1+1



The alignment game

A T - G T T A T A       

A T C G T C C

+1+1  +1



The alignment game

A T - G T T A T A       

A T C G T C C

+1+1  +1+1



The alignment game

A T - G T T A T A       

A T C G T - C C

+1+1  +1+1



The alignment game

A T - G T T A T A       

A T C G T - C C

+1+1  +1+1



The alignment game

A T - G T T A T A       

A T C G T - C - C

+1+1  +1+1



The alignment game

A T - G T T A T A

A T C G T - C - C

+1+1  +1+1        =4



What is the sequence 
alignment?

A T - G T T A T A

A T C G T - C - C

+1+1  +1+1        =4

Alignment of two sequences is a two-row matrix: 
1st row: symbols of the 1st sequence (in order) interspersed by “-” 
2nd row: symbols of the 2nd sequence (in order) interspersed by “-” 

We can see that letters may:

Match: The two letters are the same

Mismatch: The two letters are different

Indel (INsertion or DELetion): One letter aligns to a gap in the other string.

matches insertions deletions mismatches



Alignment

An alignment of sequences “v” and “w”:
• a two-row matrix
• such that the first row contains the symbols 

of v in order
• the second row contains the symbols of w in 

order
• space symbols may be interspersed 

throughout each string.
• Two space symbols are not aligned against 

each other.



Longest Common Subsequence

A T - G T T A T A

A T C G T - C - C

Matches in alignment of two sequences (ATGT) form 
their Common Subsequence 

Longest Common Subsequence Problem: Find a 
longest common subsequence of two strings.

• Input: Two strings.
• Output: A longest common subsequence of these 

strings.



Is this a useful alignment

• What will happen if aligning two sequences with different length.

• The answer is to introduce gaps in the shortest sequence

• The alignment with highest score is optimum!!!

Seq1 GGGAATGCGTAGCATCGA

Seq2 GGCACTGATCGATGCTACG 

Seq1 GGG----AAT------GCGTAGC----AT-----CGA

Seq2 ---GGCA---CTGATC-------GATG--CTACG---



Summary

• Pairwise alignment is the process of lining 
up two sequences to achieve maximal 
levels identity.



What is an algorithm?
An algorithm is a procedure or formula for solving a 
problem. Developed by Mohammed ibn-Musa al-Khwarizmi 
(201H – 271H).



Global alignment optimum algorithm

• It is also called Needleman-Wunsch algorithm.

• Also used in Google search engine!

• Used to calculate the optimum alignment (means the 
maximum score = good alignment).

• It is a kind of Dynamic programming. Solving large problem by 
dividing it to small problems. 

• It is composed of three steps:

• initiation

• Filling

• Trace-back

• Align these two sequences: & 



Step 1: Initiation

• Design a scoring metric (these numbers vary and you can set 
your own scoring metrics):

Match = 1

Mismatch = 0

Gap (indel) penalty = -1



C A C G T A T

0 -1 -2 -3 -4 -5 -6 -7

C -1

G -2

C -3

A -4

Step 1: Initiation
Make a matrix and add gap for each sequence

The score of the 
alignment would 

be 0



Each cell has three possibilities:
- To introduce a gap horizontally (in the first seq).
- To introduce a gap vertically (in the second seq). 
- To calculate if they match or mismatch and add to the 
diagonal cell.

The highest score is added and recorded the direction from 
which cell it came.

Step 2: Iteration (filling the matrix)



• MEANING .. the cell has three possible candidate sums:
 The top neighbor has score -1 and moving from there 

represents an indel, so add the score for indel: (-1) + (-1) 
= (-2)

 The left neighbor also has score -1, represents an indel
and also produces (-2).

 The diagonal top-left neighbor has score 0. The pairing 
of C and C is a match, so add the score for match: 0+1 = 1

The highest candidate is 1 and is entered into the cell

si-1, j + weight of edge “↓” into (i,j)

si, j-1 + weight of edge “→” into (i,j)

si-1, j-1+ weight of edge “↘” into (i,j)



C A C G T A T

0 -1 -2 -3 -4 -5 -6 -7

C -1

G -2

C -3

A -4

1

Step 2: Iteration (filling the matrix)

-1 + (-1) = -2
0 + (1) = 1

Match = 1 | Mismatch = 0 | Gap (indel) penalty = -1

-1 + (-1) = -2

-2

 -2, -2, 1



C A C G T A T

0 -1 -2 -3 -4 -5 -6 -7

C -1 1 0 -1 -2 -3 -4 -5

G -2 0 1 0 0 -1 -2 -3

C -3 -1 0 2 1 0 -1 -2

A -4 -2 0 1 2 1 1 0

Match = 1 | Mismatch = 0 | Gap penalty = -1

Step 2: Iteration (filling the matrix)



• Start from the bottom right corner of the square.

• Add gap in the first (horizontal) sequence if 
arrows are located horizontally.

• Add gap in the second (vertical) sequence if 
arrows are located vertically.

• Align the two sequences if the arrow is diagonal.

Step 3: Trace-back rules



C A C G T A T

0 -1 -2 -3 -4 -5 -6 -7

C -1 1 0 -1 -2 -3 -4 -5

G -2 0 1 0 0 -1 -2 -3

C -3 -1 0 2 1 0 -1 -2

A -4 -2 0 1 2 1 1 0

Start 
here

Step 3: Trace-back

AT

A-

T

-

CACGTAT

CGC--A-

TAT

-A-

GTAT

--A-

CGTAT

C--A-

ACGTAT

GC--A-



C

-

A

-

C

C

G

G

T

C

A

A

T

-
C A C G T A T

0 -1 -2 -3 -4 -5 -6 -7

C -1 1 0 -1 -2 -3 -4 -5

G -2 0 1 0 0 -1 -2 -3

C -3 -1 0 2 1 0 -1 -2

A -4 -2 0 1 2 1 1 0

Step 3: Trace-back 
(A Second answer)



C A C G T A T

0 -1 -2 -3 -4 -5 -6 -7

C -1 1 0 -1 -2 -3 -4 -5

G -2 0 1 0 0 -1 -2 -3

C -3 -1 0 2 1 0 -1 -2

A -4 -2 0 1 2 1 1 0

Step 3: Trace-back
(A Third answer)

CACGTAT

C--GCA-



Deduce the alignment



Different gap penalty meaning

G--CACGTATGC-
-TAC--G-AT--A 

Gap end 
(terminal)

Gap end 
(terminal)

Gap extend

Gap extend

Gap open

Gap open

Terminal gaps is preferred over gap introduction.



Gap penalty value could change

• When comparing two protein coding genes, then penalizes 
gap high because of the frameshift problem.

• When comparing genes for noncoding RNA, we could set gap 
penalty lower (because gap is worse than mismatch).

• If you search for sequences that are strict match to your 
query, then set the penalty gap  to high value.

• If you search for similarity between distantly related 
sequences, then set gap penalty to low value. 



Local alignment
(Smith-Waterman Algorithm)

CGCTATAG

--CTA---

CGCTATAG

C--TA---

CGCTATAG

--C--TA-

Global AlignmentLocal Alignment



Why using local alignment 
(Smith-Waterman Algorithm)
• It allow searching for certain sequences within large 

sequence.

• To identify pattern within protein sequence

• To identify transcription binding site

• To identify regulatory elements within a genome

• Local alignment looks for optimal partial (subsequence) 
matches.



Roles for local alignment

• It is exactly as Needleman-Wunsch Algorithm

• Negative value is replaced by zero (0).

• Align these two sequences using Smith-Waterman algorithm. 
ATCG & TC

Match = 1

Mismatch = 0

Gap (indel) penalty = -1



Align these two sequences using 
Smith-Waterman algorithm
Match = 1

Mismatch = 0

Gap (indel) penalty = -1

A T C G

0 0 0 0 0

T 0 0 1 0 0

C 0 0 0 2 1

ATCG

-TC-



Which Alignment is Better? 

• Alignment 1: score = 22 (matches) - 20 (indels)=2.

• Alignment 2: score = 17 (matches) - 30 (indels)=-13.

GCC-C-AGT--TATGT-CAGGGGGCACG--A-GCATGCAGA-

GCCGCC-GTCGT-T-TTCAG----CA-GTTATG--T-CAGAT

---G----C-----C--CAGTTATGTCAGGGGGCACGAGCATGCAGA

GCCGCCGTCGTTTTCAGCAGTTATGTCAG-----A------T-----



Which Alignment is Better? 

• Alignment 1: score = 22 (matches) - 20 (indels)=2.

• Alignment 2: score = 17 (matches) - 30 (indels)=-13.

GCC-C-AGT--TATGT-CAGGGGGCACG--A-GCATGCAGA-

GCCGCC-GTCGT-T-TTCAG----CA-GTTATG--T-CAGAT

---G----C-----C--CAGTTATGTCAGGGGGCACGAGCATGCAGA

GCCGCCGTCGTTTTCAGCAGTTATGTCAG-----A------T-----

local alignment



Scoring matrices for amino acid 
sequences 

7-5

Y (Tyr) often mutates into F (score +7)
but rarely mutates into P (score -5)  

http://www.cryst.bbk.ac.uk/pps97/assignments/projects/leluk/project.htm
http://www.cryst.bbk.ac.uk/pps97/assignments/projects/leluk/project.htm


Scoring Gaps

• We previously assigned a fixed penalty σ to each indel.

• However, this fixed penalty may be too severe for a series of 100 
consecutive indels.

• A series of k indels often represents a single evolutionary event 
(gap) rather than k events:

GATCCAG  GATCCAG 

GA-C-AG GA--CAG

a single gap 

(higher score)

two gaps 

(lower score)



From Pairwise to Multiple Alignment 

• Up until now we have 
align two sequences only. 

• A faint (and statistically 
insignificant) similarity 
between two sequences 
becomes significant if it is 
present in many other 
sequences.

• Multiple alignments can 
reveal subtle similarities 
that pairwise alignments 
do not reveal.

http://images.google.com/imgres?imgurl=http://show.docjava.com:8086/book/dsp/data/images/gifs/baboon.GIF&imgrefurl=http://show.docjava.com:8086/book/dsp/data/images/gifs/&h=512&w=512&sz=258&tbnid=jKpgkJ-c2OYJ:&tbnh=128&tbnw=128&start=13&prev=/images?q=baboon&hl=en&lr=&sa=N
http://images.google.com/imgres?imgurl=http://show.docjava.com:8086/book/dsp/data/images/gifs/baboon.GIF&imgrefurl=http://show.docjava.com:8086/book/dsp/data/images/gifs/&h=512&w=512&sz=258&tbnid=jKpgkJ-c2OYJ:&tbnh=128&tbnw=128&start=13&prev=/images?q=baboon&hl=en&lr=&sa=N
http://www.takepart.com/article/2013/07/02/all-endangered-animals-red-list-update
http://www.takepart.com/article/2013/07/02/all-endangered-animals-red-list-update


Generalizing Pairwise to Multiple 
Alignment
• Alignment of 2 sequences is a 2-row matrix.

• Alignment of 3 sequences is a 3-row matrix

A T - G C G -

A - C G T - A

A T C A C - A

• Our scoring function should score alignments with conserved 
columns higher.



A A T -- C

A -- T G C

-- A T G C

Alignments = Paths in 3-D

• Alignment of ATGC, AATC, and ATGC



A A T -- C

A -- T G C

-- A T G C

Alignments = Paths in 3-D

• Alignment of ATGC, AATC, and ATGC

0 1 1 2 3 4 #symbols up to a given position 



A A T -- C

A -- T G C

-- A T G C

Alignments = Paths in 3-D

• Alignment of ATGC, AATC, and ATGC

0 1 1 2 3 4 #symbols up to a given position 

0 1 2 3 3 4



A A T -- C

A -- T G C

-- A T G C

Alignments = Paths in 3-D

• Alignment of ATGC, AATC, and ATGC

0 1 1 2 3 4

0 1 2 3 3 4

0 0 1 2 3 4

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



(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)2-D

2-D Alignment Cell versus 3-D Alignment 
Cell 



Multiple Alignment Induces Pairwise 
Alignments

Every multiple alignment induces pairwise alignments:  
A C - G C G G - C

A C - G C - G A G

G C C G C - G A G

ACGCGG-C  AC-GCGG-C  AC-GCGAG

ACGC-GAC  GCCGC-GAG  GCCGCGAG



Homology



Types of Homology
Homologs: genes (or proteins) related to 
another. It can be orthologue or paralogue.

Orthologs: genes (or proteins) in different 
species. Important in predicting function. 

Paralogs: genes (or proteins) in the same 
species. They have new functions.



• Hemoglobin has 
a quaternary
structure characteristic 
of many multi-subunit
globular proteins.

• It is composed mainly
of:
• Hem (non-protein) + 

protein which is 4 
subunits:

• 2 subunits (α) and 2 
subunits (β).

Example





Identity



DNA/Protein sequence identity

• Two protein sequences with more than 25 %  identity 

(over 100 amino acids ) are homologues

• Two DNA sequences with more than 70 %  identity (over 

100 nucleotides) are homologues

• Homologous sequences have

• A common ancestor (proteins and DNA)

• A similar 3D structure (proteins)

• Often a similar function (proteins)



Why 25 % for proteins?
• When two proteins have less than 25% identity

• They can be homologous or non-homologous

• Within this range of identity, it’s impossible to say which is true

• This range of identity is called the “Twilight Zone”



How to Establish Homology

• Compare your query (nucleotide or protein) with stored 

data in databases (such as NCBI or Uni-Prot).

• Example:

• If the results of your search identify a Protein B to be 40% 

identical to your protein

• Then, you can conclude that A and B are probably homologous if 

they are very similar

• If you know the structure or the function of B, then A and B 

probably have the same structure



Homology, Similarity, and Identity

• Identity is a measure made on an alignment

• Sequence A can be “32 % identical to” Sequence B

• Similarity is a measure of how close two amino acids are to 
identical

• For instance, isoleucine and leucine are similar

• Homology is a property that exists or does not exist

• Sequence A IS or IS NOT homologous to Sequence B

• Sequence A cannot be “40% homologous to” B

• Homology is established on the basis of measured similarity or 
identity



In-silico Biology
• When establishing that two 

proteins (A and B) are 
homologous, you can 
extrapolate everything you 
know from one to the other.

• It’s like making a virtual 
experiment.

• This is in-silico biology!
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HomoloGene Database

HomoloGene
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Query (example, 
enolase)

Click any one of them



Download
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Proteins list. 
Click on any 

to go to 
GenBank 

format of its 
protein

List of genes 
in different 
organisms

The more 
number, the 

best. 

Any link 
goes to gene 

page
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Select mRNA

Make sure that all organisms are ticked

Download

1

2

3


