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MODULE OVERVIEW
Objective: Provide an introduction to the practice of 
bioinformatics as well as a practical guide to using common 
bioinformatics databases and algorithms

1.1. ‣ Introduction to Bioinformatics  

1.2. ‣ Sequence Alignment and Database Searching 

1.3 ‣ Structural Bioinformatics 

1.4 ‣ Genome Informatics: High Throughput Sequencing 
Applications and Analytical Methods

  Answers to last weeks homework (19/20):  
Answers week 1 

  Muddy Point Assessment (14/20): 
Responses 

- NCBI BLAST frustrations 
- Need for FASTA header lines “>example1” 
- More on protein structure viewing and finding 
- “Nice Assignment”.

WEEK ONE REVIEW

  Check out the “Background Reading” material online:  
Dynamic Programming 
Database Searching 

  Complete the lecture 1.2 homework questions: 
http://tinyurl.com/bioinf525-quiz2

THIS WEEK’S HOMEWORK

TODAYS MENU
• Alignment basics 

‣ Why compare biological sequences?  

• Homologue detection 
‣ Orthologs, paralogs, similarity and identity 
‣ Sequence changes during evolution 
‣ Alignment view: matches, mismatches and gaps 

• Pairwise sequence alignment methods 
‣ Brute force alignment 
‣ Dot matrices 
‣ Dynamic programing  
(global vs local alignment) 

• Rapid heuristic approaches 
‣ BLAST 

• Practical database searching 
‣ PSI-BLAST and HMM approaches
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C A T C A

C C G C CA GT

CTSeq1: 

Seq2:

Basic&Idea:#Display#one#sequence#above#
another#with#spaces#(termed#gaps)#inserted#in#
both#to#reveal#similarity#of#nucleo<des#or#
amino#acids.
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C A T C A

C C G C CA G
| | |
T

CTSeq1: 

Seq2:

Basic&Idea:#Display#one#sequence#above#
another#with#spaces#(termed#gaps)#inserted#in#
both#to#reveal#similarity#of#nucleo<des#or#
amino#acids.

mismatch
match

Two#types#of#character#
correspondence
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C A T - T C CA -

C - T C G C CA G
| | | ||

Seq1: 

Seq2:

Basic&Idea:#Display#one#sequence#above#
another#with#spaces#(termed#gaps)#inserted#in#
both#to#reveal#similarity#of#nucleo<des#or#
amino#acids.

match
mismatch

gapsAdd#gaps#to#increase#
number#of#matches
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C A T - T C CA -

C - T C G C CA G
| | | ||

Seq1: 

Seq2:

Basic&Idea:#Display#one#sequence#above#
another#with#spaces#(termed#gaps)#inserted#in#
both#to#reveal#similarity#of#nucleo<des#or#
amino#acids.

match
mismatch
inser<on
dele<on indels}

} muta4on
Gaps#represent#‘indels’#

mismatch#represent#muta<ons

Why#compare#biological#sequences?

• To#obtain#func4onal&or&mechanis4c&insight#about#a#
sequence#by#inference#from#another#poten<ally#beKer#

characterized#sequence#

• To#find#whether#two#(or#more)#genes#or#proteins#are#

evolu4onarily&related#
• To#find#structurally&or&func4onally&similar#regions#
within#sequences#(e.g.#cataly<c#sites,#binding#sites#for#

other#molecules,#etc.)#

• Many#prac<cal#bioinforma<cs#applica<ons…#
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Prac<cal#applica<ons#of#sequence#

alignment#include...

• Similarity&searching&of&databases&
– Protein#structure#predic<on,#annota<on,#etc...#

• Assembly&of&sequence&reads#into#a#longer#construct#
such#as#a#genomic#sequence#

• Mapping&sequencing&reads&to&a&known&genome&&
– "Resequencing",#looking#for#differences#from#reference#

genome#V#SNPs,#indels##(inser<ons#or#dele<ons)#

– Mapping#transcrip<on#factor#binding#sites#via#ChIPVSeq#

(chroma<n#immunoVprecipita<on#sequencing)#

– PreKy#much#all#nextVgen#sequencing#data#analysis

Prac<cal#applica<ons#of#sequence#

alignment#include...

• Similarity&searching&of&databases&
– Protein#structure#predic<on,#annota<on,#etc...#

• Assembly&of&sequence&reads&into&a#longer#construct#
such#as#a#bacterial#genome#

• Mapping&sequencing&reads&to&a&known&genome##
– "Resequencing",#looking#for#differences#from#reference#

genome#V#SNPs,#indels##(inser<ons#or#dele<ons)#

– Mapping#transcrip<on#factor#binding#sites#via#ChIPVSeq#

(chroma<n#immunoVprecipita<on#sequencing)#

– PreKy#much#all#nextVgen#sequencing#data#analysis
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Outline for today
• Alignment basics 

‣ Why compare biological sequences?  

• Homologue detection 
‣ Orthologs, paralogs, similarity and identity 
‣ Sequence changes during evolution 
‣ Alignment view: matches, mismatches and gaps 

• Pairwise sequence alignment methods 
‣ Brute force alignment 
‣ Dot matrices 
‣ Dynamic programing  
(global vs local alignment) 

• Rapid heuristic approaches 
‣ BLAST 

• Practical database searching 
‣ PSI-BLAST and HMM approaches
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Common

Ancestor

Recent

Species

Time

Sequence#comparison#is#most#informa<ve#

when#it#detects#homologs
Homologs#are#sequences#that#have#common#origins#i.e.$
they#share#a#common&ancestor#
• They#may#or#may#not#have#common#ac<vity

CACTGTA CATGTTA

CTCGTTA Can#be#used#
to#establish#
evolu<onary#
rela<onships

Key&terms

When#we#talk#about#related#sequences#we#use#specific#

terminology.
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Homologous$sequences#may#be#either:##

–#Orthologs#or#Paralogs#
(Note.#these#are#all#or#nothing#rela<onships!)#

Any$pair$of$sequences#may#share#a#certain#level#of:##

– Iden4ty#and/or#Similarity#
(Note.#if#these#metrics#are#above#a#certain#level#we#

oaen#infer#homology)

Orthologs&tend#to#have#similar#func<on

Orthologs:#are#homologs#produced#by#specia<on#that#

have#diverged#due#to#divergence#of#the#organisms#they#are#

associated#with.#

– Ortho#=#[greek:#straight]#...#implies#direct#descent
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Common

Ancestor

Recent

Species

Time

Speciation

CACTGTA CATGTTA

CTCGTTA

Paralogs#tend#to#have#slightly#different#
func<ons

Paralogs:&are#homologs#produced#by#gene&duplica4on.##
They#represent#genes#derived#from#a#common#ancestral#

gene#that#duplicated$within$an$organism#and#then#

subsequently#diverged$by$accumulated$muta;on.##
– Para#=#[greek:#along#side#of]
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Single

Species

Duplication
CTCGTTA

CTCGTTA CACGTTA

CACTGTA CATGTTA
Divergence

Orthologs#vs#Paralogs#

• In#prac<ce,#determining#ortholog#vs#paralog#
can#be#a#complex#problem:##

– gene#loss#aaer#duplica<on,##

– lack#of#knowledge#of#evolu<onary#history,##

– weak#similarity#because#of#evolu<onary#distance#

• Homology#does#not#necessarily#imply#exact#

same#func<on##

– may#have#similar#func<on#at#very#crude#level#but#

play#a#different#physiological#role
19



Sequence#changes#during#evolu<on

20

CTCGTTA

CATGTTA CACTGTA

There#are#three#major#types#of#sequence#change#that#can#

occur#during#evolu<on.&
– Muta<ons/Subs<tu<ons#
– Dele<ons#

– Inser<ons

(B) (A)

(C)

Muta<ons,#dele<ons#and#inser<ons
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CTCGTTA

CATGTTA CACTGTA

MutationCACGTTA

There#are#three#major#types#of#sequence#change#that#can#

occur#during#evolu<on.&
– Muta4ons/Subs4tu4ons&
– Dele<ons#

– Inser<ons

CTCGTTA CACGTTA

Likely occurred prior to speciation

Muta<ons,#dele<ons#and#inser<ons
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CTCGTTA

CATGTTA CACTGTA

MutationCACGTTA

CACGTTA CACGTTA

There#are#three#major#types#of#sequence#change#that#can#

occur#during#evolu<on.&
– Muta<ons/Subs<tu<ons#
– Dele<ons#

– Inser<ons

CTCGTTA CACGTTA

(speciation)

Muta<ons,#dele<ons#and#inser<ons
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CTCGTTA

CATGTTA CACTGTA

Mutation

Deletion

CACGTTA

CACGTTA CACGTTAX
CACTTA

There#are#three#major#types#of#sequence#change#that#can#

occur#during#evolu<on.&
– Muta<ons/Subs<tu<ons#
– Dele4ons&
– Inser<ons

CACGTTA CACTTA
CTCGTTA CACGTTA

Muta<ons,#dele<ons#and#inser<ons
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CTCGTTA

CATGTTA CACTGTA

Mutation

Deletion

Insertion

CACGTTA

CACGTTA CACGTTAX
CACTTA

There#are#three#major#types#of#sequence#change#that#can#

occur#during#evolu<on.&
– Muta<ons/Subs<tu<ons#
– Dele<ons#

– Inser4ons
CACGTTA CACTTA
CACTTA CACTGTA

CTCGTTA CACGTTA

Muta<ons,#dele<ons#and#inser<ons
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CTCGTTA

CATGTTA CACTGTA

MutationCACGTTA

CACGTTA

There#are#three#major#types#of#sequence#change#that#can#

occur#during#evolu<on.&
– Muta4ons/Subs4tu4ons&
– Dele<ons#

– Inser<ons

Mutation

CACGTTA CATGTTA
CTCGTTA CACGTTA



Alignment#view

26

Alignments#are#great#tools#to#visualize#sequence#similarity#

and#evolu<onary#changes#in#homologous#sequences.#&
– Mismatches#represent#muta<ons/subs<tu<ons#
– Gaps#represent#inser<ons#and#dele<ons#(indels)

CTCGTTA

CATGTTA CACTGTA
(B) (A)

(C)

CATGT-TA

CAC-TGTA
||: | ||

(A)

(B)

Match 
5

Mismatch 
1

Gap 
2

Substitution Indels

Alterna<ve#alignments

• Unfortunately,#finding#the#correct#alignment#is#

difficult#if#we#do#not#know#the#evolu<onary#

history#of#the#two#sequences##

– There#are#many#possible#alignments###

– Which#alignment#is#best?
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CATGTTA

CACTGTA
||:::||

CA-TGTTA

CACTGT-A
|| ||| |

CATGT-TA

CAC-TGTA
||: | ||

Alterna<ve#alignments

• One#way#to#judge#alignments#is#to#compare#

their#number#of#matches,#inser<ons,#dele<ons#

and#muta<ons
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CATGTTA

CACTGTA
||:::||

CA-TGTTA

CACTGT-A
|| ||| |

CATGT-TA

CAC-TGTA
||: | ||

4 matches
3 mismatches
0 gaps

6 matches
0 mismatches
2 gaps

5 matches
1 mismatches
2 gaps

Scoring#alignments

• We#can#assign#a#score#for#each#match#(+3),#

mismatch#(+1)#and#indel#(V1)#to#iden<fy#the#

op4mal&alignment#for$this$scoring$scheme
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CATGTTA

CACTGTA
||:::||

CA-TGTTA

CACTGT-A
|| ||| |

CATGT-TA

CAC-TGTA
||: | ||

4 (+3)
3 (+1)
0 (-1) = 15

6 (+3)
0 (+1)
2 (-1) = 16

5 (+3)
1 (+1)
2 (-1) = 14

Op<mal#alignments

• Biologists#oaen#prefer#parsimonious&
alignments,#where#the#number#of#postulated#

sequence#changes#is#minimized.
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CATGTTA

CACTGTA
||:::||

CA-TGTTA

CACTGT-A
|| ||| |

CATGT-TA

CAC-TGTA
||: | ||

4 matches
3 mismatches
0 gaps

6 matches
0 mismatches
2 gaps

5 matches
1 mismatches
2 gaps

Op<mal#alignments

• Biologists#oaen#prefer#parsimonious&
alignments,#where#the#number#of#postulated#

sequence#changes#is#minimized.
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CATGTTA

CACTGTA
||:::||

CA-TGTTA

CACTGT-A
|| ||| |

CATGT-TA

CAC-TGTA
||: | ||

4 matches
3 mismatches
0 gaps

6 matches
0 mismatches
2 gaps

5 matches
1 mismatches
2 gaps
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Side&note:#sequence#iden;ty#and#similarity

• Two#commonly#quoted#metrics#for#pairs#of#aligned#

sequences.#

– Sequence&iden4ty:#typically#quotes#the#percent#of#
iden<cal#characters#in#the#aligned#region#of#two#

sequences#

– Sequence&similarity:#typically#the#score#resul<ng#from#

op<mal#pairVwise#alignment#(note#dependence#on#

parameters#used:#i.e.#scoring#scheme)##

• N.B.#In#contrast,#homology&is&an&all&or&nothing&
rela4onship,#you#can#not#have#a#percent#homology!
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Side&note:#sequence#iden<ty#and#similarity

• High#sequence#similarity#is#frequently#used#as#an#indicator#

of#homology#

– Use#to#find#genes#and/or#proteins#with#poten<ally#similar#or#

iden<cal#func<on#

– Can#query#a#database#of#sequences#by#performing#a#series#of#

pairVwise#alignments#

• Knowledge#of#the#difference#between#sequences#can#also#

yield#valuable#func<onal#and#mechanis<c#insights#

– #A#gene#from#a#normal#and#an#affected#subject#–#possible#cause#

of#a#heritable#disease#

– Similar#proteins#with#different#substrate#specifici<es#–#what#

amino#acid#changes#might#be#responsible#for#this?
33

Outline for today
• Alignment basics 

‣ Why compare biological sequences?  

• Homologue detection 
‣ Orthologs, paralogs, similarity and identity 
‣ Sequence changes during evolution 
‣ Alignment view: matches, mismatches and gaps 

• Pairwise sequence alignment methods 
‣ Brute force alignment 
‣ Dot matrices 
‣ Dynamic programing  
(global vs local alignment) 

• Rapid heuristic approaches 
‣ BLAST 

• Practical database searching 
‣ PSI-BLAST and HMM approaches
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Outline for today
• Alignment basics 

‣ Why compare biological sequences?  

• Homologue detection 
‣ Orthologs, paralogs, similarity and identity 
‣ Sequence changes during evolution 
‣ Alignment view: matches, mismatches and gaps 

• Pairwise sequence alignment methods 
‣ Brute force alignment 
‣ Dot matrices 
‣ Dynamic programing  
(global vs local alignment) 

• Rapid heuristic approaches 
‣ BLAST 

• Practical database searching 
‣ PSI-BLAST and HMM approaches

How#do#we#compute#the#op<mal#

alignment#between#two#sequences?

35

Quiz questions: 
http://tinyurl.com/bioinf525-quiz2

PairVwise#Sequence#Alignment

• Objec4ve:#arrange#two#sequences#in#such#a#fashion#
that#pairs#of#matching#characters#between#the#two#
sequences#are#maximized#

– Match#does#not#have#to#be#iden<ty,#can#be#defined#by#a#

func<on#that#ranks#or#scores#the#characters#being#

compared#(oaen#termed#a#subs4tu4on&matrix)##
– Ungapped#alignment#example#–#bars#indicate#matching#

characters

Seq1: GTAATCTG- 
       ||| |||  
Seq2: -TAAGCTGA
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Simplest#case#–#brute#force#alignments#

• In#the#simplest#case#we#can#simply#slide#one#

sequence#across#the#other#and#count#matching#

characters#for#each#possible#alignment#

– #Chose#a#scoring#scheme#and#do#not#allow#internal#

gaps#within#sequences#

– Algorithmic#complexity#is#linear#

N#+#M#alignments#to#consider#

(where#N#and#M#are#the#length#of#each#sequence)

37



GTAATCTG 
  
       TTAAGCTGA 

GTAATCTG 
      | 
      TTAAGCTGA 

 GTAATCTG 
       | 
      TTAAGCTGA 

  GTAATCTG 
        
      TTAAGCTGA 

   GTAATCTG 
       |  | 
      TTAAGCTGA 

    GTAATCTG 
        
      TTAAGCTGA 

      GTAATCTG 
       | | 
       TTAAGCTGA 

      GTAATCTG 
       ||| ||| 
      TTAAGCTGA 

       GTAATCTG 
        || 
      TTAAGCTGA 

        GTAATCTG 
            | 
      TTAAGCTGA 

         GTAATCTG 
          
      TTAAGCTGA 

Brute Force 
Alignment, 
No Gaps

Etc...

Slide#from#Jeffery#de#Wet

Gaps#make#the#brute#force#method#

unusable#for#all#but#the#shortest#sequences

• Pairs#of#related#sequences#oaen#have#inser<ons#or#

dele<ons#rela<ve#to#oneVanother,#we#therefore#

require#gapped&pairMwise&alignment#
– Need#to#generate#all#the#possible#gap#lengths#and#

combina<ons#of#gaps#at#all#possible#posi<ons#in#

both#sequences#

– For#two#sequences#of#equal#length,#the#formula#is:

N = 10: 184756 
N = 50: ~1.00E29 
N = 250:  ~1.17E149

Slide#from#Jeffery#de#Wet

Three#general#solu<ons#to#the#alignment#problem

• The&dot&plot&or&dot&matrix#approach&
– A#simple#graphical#method#for#pairVwise#alignment#
– No#scoring,#so#difficult#to#compare#alterna<ve#alignments#
– Can#give#visual#clues#to#sequence#structure#but#requires#human#

interac<on#

• Dynamic&programming#algorithms#
– Provides#Op<mal#solu<ons#(but#not#necessarily#unique#

solu<ons)#

• Heuris<c#word&or&kMtuple&approaches##
– Much#faster#(e.g.#BLAST#and#FASTA)#
– Widely#used#for#database#searches#

– May#miss#some#pairs#with#low#similarity
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Three#general#solu<ons#to#the#alignment#problem

• The&dot&plot&or&dot&matrix#approach&
– A#simple#graphical#method#for#pairVwise#alignment#
– No#scoring,#so#difficult#to#compare#alterna<ve#alignments#
– Can#give#visual#clues#to#sequence#structure#but#requires#human#

interac<on#

• Dynamic&programming#algorithms#
– Provides#Op<mal#solu<ons#(but#not#necessarily#unique#

solu<ons)#

• Heuris<c#word&or&kMtuple&approaches##
– Much#faster#(e.g.#BLAST#and#FASTA)#
– Widely#used#for#database#searches#

– May#miss#some#pairs#with#low#similarity
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Dot#plots:#simple#graphical#approach

• Place#one#sequence#on#the#ver<cal#axis#of#a#2D#

grid#(or#matrix)#and#the#other#on#the#horizontal
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A CC G G

A

C
A
C
G

Dot#plots:#simple#graphical#approach

• Now#simply#put#dots##where#the#horizontal#and#

ver<cal#sequence#values#match

43

A CC G G

A

C
A
C
G



Dot#plots:#simple#graphical#approach

• Diagonal#runs#of#dots#indicate#matched#segments#

of#sequence
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A CC G G

A

C
A
C
G

Dot#plots:#simple#graphical#approach

Q.#What#would#the#dot#matrix#of#a#two#iden<cal#

sequences#look#like?#
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A CC G G

A

C
G
C
G

Dot#plots:#simple#graphical#approach

• Dot#matrices#for#long#sequences#can#be#noisy
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Dot#plots:#window#size#and#match#stringency

Solu4on:#use#a#window#and#a#threshold#
– compare#character#by#character#within#a#window##

– require#certain#frac<on#of#matches#within##window#

in#order#to#display#it#with#a#dot.#

• You#have#to#choose#window#size#and#stringency
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Window#=#3#
Stringency#=#3

A CC G G

A

C
A
C
G

A CC G G

A

C
A
C
G

Filter

Dot#plots:#window#size#and#match#stringency

Solu4on:#use#a#window#and#a#threshold#
– compare#character#by#character#within#a#window##

– require#certain#frac<on#of#matches#within##window#

in#order#to#display#it#with#a#dot.#

• You#have#to#choose#window#size#and#stringency

48

Window#=#3#
Stringency#=#2

A CC G G

A

C
A
C
G

Filter

A CC G G

A

C
A
C
G

Window size = 5 bases
A dot plot simply puts a 
dot where two  
sequences match. In 
this example, dots are 
placed in the plot if 5 
bases in a row match 
perfectly. Requiring a 5 
base perfect match is a 
heuristic – only look at 
regions that have a 
certain degree of 
identity. 

Do you expect 
evolutionarily related 
sequences to have more 
word matches (matches 
in a row over a certain 
length) than random or 
unrelated sequences?



Web site used: http://www.vivo.colostate.edu/molkit/dnadot/ 

This is a dot plot of the 
same sequence pair. 
Now 7 bases in a row 
must match for a dot to 
be place. Noise is 
reduced. 

Using windows of a 
certain length is very 
similar to using words 
(kmers) of N characters 
in the heuristic 
alignment search tools 

Bigger window (kmer) 
fewer matches to 
consider

Window size = 7 bases

Web site used: http://www.vivo.colostate.edu/molkit/dnadot/ 

Only diagonals can be 
followed.  

Downward or rightward 
paths represent 
insertion or deletions 
(gaps in one sequence 
or the other).

Ungapped alignments 

indels

Web site used: http://www.vivo.colostate.edu/molkit/dnadot/ 

Global alignments go 
from end to end, i.e. 
from the upper left 
corner to the lower right 
corner.  

Global alignments do 
not have good statistical 
characterization and are 
not used for database 
searches.

Global alignments 
Uses#for#dot#matrices

• Visually#assessing#the#similarity#of#two#protein#

or#two#nucleic#acid#sequences#

• Finding#local#repeat#sequences#within#a#larger#

sequence#by#comparing#a#sequence#to#itself#

– Repeats#appear#as#a#set#of#diagonal#runs#stacked#

ver<cally#and/or#horizontally
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Side&note:#dots#can#have#“weights”#

• Some#matches#can#be#rewarded#more#than#

others,#depending#on#likelihood#

• Use#PAM#or#BLOSUM#subs4tu4on&matrix##
– (more#on#these#later)#

• Put#a#dot#only#if#a#minimum#total#or#average#

weight#is#achieved#

– See#chapter#3#in#Mount,$“Bioinforma;cs$sequence$
and$genome$analysis”.
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Three#general#solu<ons#to#the#alignment#problem

• The&dot&plot&or&dot&matrix#approach&
– A#simple#graphical#method#for#pairVwise#alignment#
– No#scoring,#so#difficult#to#compare#alterna<ve#alignments#
– Can#give#visual#clues#to#sequence#structure#but#requires#human#

interac<on#

• Dynamic&programming#algorithms#
– Provides#Op<mal#solu<ons#(but#not#necessarily#unique#

solu<ons)#

• Heuris<c#word&or&kMtuple&approaches##
– Much#faster#(e.g.#BLAST#and#FASTA)#
– Widely#used#for#database#searches#

– May#miss#some#pairs#with#low#similarity
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The#Dynamic#Programming#Algorithm
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M
D
P

M
E

Seq2

Se
q1

M D P L E

M
D
P

M
E

• The#dynamic#programming#algorithm#can#be#thought#of#an#extension#

to#the#dot#plot#approach##

– One#sequence#is#placed#down#the#side#of#a#grid#and#another#across#the#top##

– Instead#of#placing#a#dot#in#the#grid,#we#compute&a&score#for#each#posi<on&
– Finding#the#op<mal#alignment#corresponds#to#finding#the#path#through#the#

grid#with#the#highest&possible&score#

Different#paths#represent#different#

alignments
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Seq2
D P L E

Seq1

D
P
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E

Seq2
D P E

Seq1

D
P
M
E

Seq2

D P L E

Seq1
D
P
E

Seq1: D P L E
      | | : |
Seq2: D P M E

Seq1: D P M E
      | |   |
Seq2: D P - E

Seq1: D P - E
      | |   |
Seq2: D P L E

Matches#are#represented#by#diagonal#paths#and#indels#

with#horizontal#or#ver<cal#path#segments

Algorithm#of#Needleman&and&Wunsch
• The#Needleman–Wunsch#approach#to#global#

sequence#alignment#has#three#basic#steps:##

(1)#sezng#up#a#2DVgrid#(or#alignment&matrix),##
(2)#scoring#the&matrix,#and##
(3)#iden<fying#the#op4mal&path#through#the#matrix
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D P L E
D
P
M
E

D P L E
D 6 V1 V4 2

P V1 7 V3 V1

M V3 V2 2 V2

E V2 V1 V3 5

D P L E
D 6 V1 V4 2

P V1 7 V3 V1

M V3 V2 2 V2

E V2 V1 V3 5

(2) (3)(1)

Needleman, S.B. & Wunsch, C.D. (1970) “A general method applicable to the search 
for similarities in the amino acid sequences of two proteins.” J. Mol. Biol. 48:443-453.

Scoring#the#alignment#matrix#

• Start#by#filling#in#the#first#row#and#column#–#these#are#all#

indels#(gaps).##

– Each#step#you#take#you#will#add#the#gap&penalty##to#the#score#(Si,j)#
accumulated#in#the#previous#cell
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Sequence#2 Scores:#match#=#+1,##mismatch#=#V1,##gap#=#V2



Scoring#the#alignment#matrix#

• Start#by#filling#in#the#first#row#and#column#–#these#are#all#

indels#(gaps).##

– Each#step#you#take#you#will#add#the#gap&penalty##to#the#score#(Si,j)#
accumulated#in#the#previous#cell
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M D P L E

M 0 V2 V4 V6 V8

D V2

P V4

M V6

E V8

i

j

S
e
q
u
e
n
ce
#1

Sequence#2

Seq1: DPME 
Seq2: ----

Scores:#match#=#+1,##mismatch#=#V1,##gap#=#V2

Si+4#=#(V2)#+#(V2)#+#(V2)#+#(V2)

Scoring#the#alignment#matrix#

• Then#go#to#the#empty#corner#cell#(upper#lea).#It#has#filled#in#

values#in#up,#lea#and#diagonal#direc<ons#

– Now#can#ask#which#of#the#three#direc<ons#gives#the#highest#score?#

– keep#track#of#this#score#and#direc<on
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M D P L E

M 0 V2 V4 V6 V8

D V2

P V4

M V6

E V8

i

j

?

jB1 j

iB1 S(iB1,$jB1) S(iB1,$j)

i S(i,$jB1) S(i,#j)

Scores:#match#=#+1,##mismatch#=#V1,##gap#=#V2

2

3

1

Scoring#the#alignment#matrix#

• Then#go#to#the#empty#corner#cell#(upper#lea).#It#has#filled#in#

values#in#up,#lea#and#diagonal#direc<ons#

– Now#can#ask#which#of#the#three#direc<ons#gives#the#highest#score?#

– keep#track#of#this#score#and#direc<on

64

M D P L E

M 0 V2 V4 V6 V8

D V2

P V4

M V6

E V8

i

j

?

Scores:#match#=#+1,##mismatch#=#V1,##gap#=#V2

S(i,$j)#=#Max####{
S(iV1,#jV1)#+#(mis)match#

S(iV1,#j)#V#gap#penalty#
S(i,#jV1)#V#gap#penalty

1

2

3

Scoring#the#alignment#matrix#

• Then#go#to#the#empty#corner#cell#(upper#lea).#It#has#filled#in#

values#in#up,#lea#and#diagonal#direc<ons#

– Now#can#ask#which#direc<on#gives#the#highest#score#

– keep#track#of#direc<on#and#score
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M D P L E

M 0 V2 V4 V6 V8

D V2 1

P V4

M V6

E V8

i

j

1

Scores:#match#=#+1,##mismatch#=#V1,##gap#=#V2

1

2

3

(V2)+(V2)#=#V4#

(V2)+(V2)#=#V4

(0)+(+1)#=#+1

Alignment 
D 
D

<=#(DVD)#match!

Scoring#the#alignment#matrix#

• At#each#step,#the#score#in#the#current#cell#is#determine#by#the#

scores#in#the#neighboring#cells#

– The#maximal#score#and#the#direc<on#that#gave#that#score#is#stored#

(we#will#use#these#later#to#determine#the#op<mal#alignment)
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M 0 V2 V4 V6 V8

D V2 1 V1

P V4

M V6

E V8

j Scores:#match#=#+1,##mismatch#=#V1,##gap#=#V2

1

2

3

(V4)+(V2)#=#V6#

(1)+(V2)#=#V1

i V1

(V2)+(V1)#=#V3

Alignment 
D- 
DP

<=#(DVP)#mismatch!

Scoring#the#alignment#matrix#

• We#will#con<nue#to#store#the#alignment#score#(Si,j)#for#all#

possible#alignments#in#the#alignment#matrix.
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M D P L E

M 0 V2 V4 V6 V8

D V2 1 V1 V3

P V4

M V6

E V8

j

1

2

3

(V6)+(V2)#=#V8#

(V1)+(V2)#=#V3

i V3

(V4)+(V1)#=#V5

Alignment 
D-- 
DPL

Scores:#match#=#+1,##mismatch#=#V1,##gap#=#V2

<=#(DVL)#mismatch



Scoring#the#alignment#matrix#

• For#the#highlighted#cell,#the#corresponding#score#(Si,j)#refers#

to#the#score#of#the#op<mal#alignment#of#the#first#i#
characters#from#sequence1,#and#the#first#j#characters#from#

sequence2.
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M D P L E

M 0 V2 V4 V6 V8

D V2 1 V1 V3 V5

P V4 V1 2 0

M V6

E V8

j Scores:#match#=#+1,##mismatch#=#V1,##indel#=#V2

1

2

3

(V3)+(V2)#=#V5#

(2)+(V2)#=#0

i 0

(V1)+(V1)#=#V2

Alignment 
DP- 
DPL

Scoring#the#alignment#matrix#

• At#each#step,#the#score#in#the#current#cell#is#determine#by#

the#scores#in#the#neighboring#cells#

– The#maximal#score#and#the#direc<on#that#gave#that#score#is#

stored
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M D P L E

M 0 V2 V4 V6 V8

D V2 1 V1 V3 V5

P V4 V1 2 0 V2

M V6 V3 0 1

E V8

j Scores:#match#=#+1,##mismatch#=#V1,##indel#=#V2

1

2

3

(0)+(V2)#=#V2#

(0)+(V2)#=#V2

i 1

(2)+(M1)#=#0

Alignment 
DPM 
DPL

<=#mismatch

Scoring#the#alignment#matrix#

• The#score#of#the#best#alignment#of#the#en<re#sequences#

corresponds#to#Sn,m##

– (where#n#and#m$are#the#length#of#the#sequences)
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M D P L E

M 0 V2 V4 V6 V8

D V2 1 V1 V3 V5

P V4 V1 2 0 V2

M V6 V3 0 1 V1

E V8 V5 V2 V1 2

j=m Scores:#match#=#+1,##mismatch#=#V1,##indel#=#V2

1

2

3

(V1)+(V2)#=#V3#

(V1)+(V2)#=#V3

i=
n 2

(+1)+(+1)#=#+2

Alignment 
DPME 
DPLE

Scoring#the#alignment#matrix#

• To#find#the#best#alignment,#we#retrace#the#arrows#

star<ng#from#the#boKom#right#cell#

– N.B.#The#op<mal#alignment#score#and#alignment#are#

dependent#on#the#chosen#scoring#system
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M D P L E

M 0 V2 V4 V6 V8

D V2 1 V1 V3 V5

P V4 V1 2 0 V2

M V6 V3 0 1 V1

E V8 V5 V2 V1 2

Scores:#match#=#+1,##mismatch#=#V1,##indel#=#V2

Alignment 
DPME 
DPLE
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M C A T G T T A

M 0 V2 V4 V6 V8 V10 V12 V14

C V2 1 V1 V3 V5 V7 V9 V11

A V4 V1 2 0 V2 V4 V6 V8

C V6 V3 0 1 V1 V3 V5 V7

T V8 V5 V2 1 0 0 V2 V4

G V10 V7 V4 V1 2 0 V1 V3

T V12 V9 V6 V3 0 3 1 V1

A V14 V11 V8 V5 V2 1 2 2

• What#is#the#op<mal#score#for#the#alignment#of#these#

sequences#and#how#do#we#find#the#op<mal#alignment?

Ques<ons:
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M C A T G T T A

M 0 V2 V4 V6 V8 V10 V12 V14

C V2 1 V1 V3 V5 V7 V9 V11

A V4 V1 2 0 V2 V4 V6 V8

C V6 V3 0 1 V1 V3 V5 V7

T V8 V5 V2 1 0 0 V2 V4

G V10 V7 V4 V1 2 0 V1 V3

T V12 V9 V6 V3 0 3 1 V1

A V14 V11 V8 V5 V2 1 2 2

• What#is#the#op<mal#score#for#the#alignment#of#these#

sequences#and#how#do#we#find#the#op<mal#alignment?

Ques<ons:
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M C A T G T T A

M 0 V2 V4 V6 V8 V10 V12 V14

C V2 1 V1 V3 V5 V7 V9 V11

A V4 V1 2 0 V2 V4 V6 V8

C V6 V3 0 1 V1 V3 V5 V7

T V8 V5 V2 1 0 0 V2 V4

G V10 V7 V4 V1 2 0 V1 V3

T V12 V9 V6 V3 0 3 1 V1

A V14 V11 V8 V5 V2 1 2 2

• To#find#the#best#alignment#we#retrace#the#arrows#star<ng#

from#the#boKom#right#cell

Ques<ons:
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M C A T G T T A

M 0 V2 V4 V6 V8 V10 V12 V14

C V2 1 V1 V3 V5 V7 V9 V11

A V4 V1 2 0 V2 V4 V6 V8

C V6 V3 0 1 V1 V3 V5 V7

T V8 V5 V2 1 0 0 V2 V4

G V10 V7 V4 V1 2 0 V1 V3

T V12 V9 V6 V3 0 3 1 V1

A V14 V11 V8 V5 V2 1 2 2

• Some<mes#more#than#one#alignment#can#result#in#the#

same#op<mal#score

Alignment 
CACTGT-A 
CA-TGTTA 

CACTG-TA 
CA-TGTTA

More#than#one#alignment#possible
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M C A T G T T A

M 0 V3 V6 V9 V12 V15 V18 V21

C V3 1 V2 V5 V8 V11 V14 V17

A V6 V2 2 V1 V4 V7 V10 V13

C V9 V5 V1 1 V2 V5 V8 V11

T V12 V8 V4 0 0 V1 V4 V7

G V15 V11 V7 V3 1 V1 V2 V5

T V18 V14 V10 V6 V2 2 0 V3

A V21 V17 V13 V9 V5 V1 1 1

• Here#we#increase#the#gap#penalty#from#V2#to#V3

The#alignment#and#score#are#dependent#on#

the#scoring#system

Alignment 
CACTGT-A 
CA-TGTTA 

CACTG-TA 
CA-TGTTA 

CACTGTA 
CATGTTA

Global#vs#local#alignments

• NeedlemanVWunsch#is#a#global&
alignment#algorithm#

– Resul<ng#alignment#spans#the#

complete#sequences#end#to#end#

– This#is#appropriate#for#closely#related#

sequences#that#are#similar#in#length#

• For#many#prac<cal#applica<ons#we#

require&local&alignments##
– Local#alignments#highlight#subV

regions#(e.g.#protein#domains)#in#the#

two#sequences#that#align#well
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Global

Local

Local#alignment:#Defini<on

• Smith#&#Waterman#proposed#simply#that#a#

local#alignment#of#two#sequences#allow#

arbitraryVlength#segments#of#each#sequence#to#

be#aligned,#with#no#penalty#for#the#unaligned#

por<ons#of#the#sequences.#Otherwise,#the#

score#for#a#local#alignment#is#calculated#the#

same#way#as#that#for#a#global#alignment
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Smith, T.F. & Waterman, M.S. (1981) “Identification of 
common molecular subsequences.” J. Mol. Biol. 147:195-197.

The#SmithVWaterman#algorithm

• Three#main#modifica<ons#to#NeedlemanVWunsch:#

– Allow#a#node#to#start#at#0#

– The#score#for#a#par<cular#cell#cannot#be#nega<ve#

• if#all#other#score#op<ons#produce#a#nega<ve#value,#then#a#zero#

must#be#inserted#in#the#cell#

– Record#the#highestV#scoring#node,#and#trace#back#from#there
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Sequence#1
S
e
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#2

Local alignment 
GCC-AUG 
GCCUCGC

Local#alignments#can#be#used#for# 
database#searching

• Goal:#Given#a#query#sequence#(Q)#and#a#sequence#
database#(D),#find#a#list#of#sequences#from#D#that#are#

most#similar#to#Q#

– Input:#Q,#D#and#scoring#scheme#

– Output:#Ranked#list#of#hits
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Input

Query&sequence Database
GTATGGTCA

GTATGGTCA
TAGTGGTCA
TGATGGTCA
GTATGGTCA

CTATGGTCA

Output

Score Ranked&hit&list

100&
90&
40#

38

GTATGGTCA 
TGATGGTCA 
CGATCTGCA 
TCGTTGCTA

Ras&
Ras&
HSP90#

P450

Annota4on

The#database#search#problem

• Due#to#the#rapid#growth#of#sequence#databases,#search#

algorithms#have#to#be#both#efficient#and#sensi<ve##

– Time#to#search#with#SW#is#propor<onal#to#m#x#n#(m#is#length#of#query,#

n#is#length#of#database),##too&slow&for&large&databases!
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To#reduce#search#<me#

heuris4c&algorithms,#such#as#
BLAST,#first#remove#database#

sequences#without#a#strong#

local#similarity#to#the#query#

sequence#in#a#quick#ini<al#

scan.#

The#database#search#problem

• Due#to#the#rapid#growth#of#sequence#databases,#search#

algorithms#have#to#be#both#efficient#and#sensi<ve##

– Time#to#search#with#SW#is#propor<onal#to#m#x#n#(m#is#length#of#query,#

n#is#length#of#database),##too&slow&for&large&databases!
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To#reduce#search#<me#

heuris4c&algorithms,#such#as#
BLAST,#first#remove#database#

sequences#without#a#strong#

local#similarity#to#the#query#

sequence#in#a#quick#ini<al#

scan.#

RGGVKRIKLMRQuery

RGGVKRI

MPQRGLA

FKLLGRI
MGLGVKA

GAQRGLA

RGGVKRI
MGLGVKA

Smaller#
database

Outline for today
• Alignment basics 

‣ Why compare biological sequences?  

• Homologue detection 
‣ Orthologs, paralogs, similarity and identity 
‣ Sequence changes during evolution 
‣ Alignment view: matches, mismatches and gaps 

• Pairwise sequence alignment methods 
‣ Brute force alignment 
‣ Dot matrices 
‣ Dynamic programing  
(global vs local alignment) 

• Rapid heuristic approaches 
‣ BLAST 

• Practical database searching 
‣ PSI-BLAST and HMM approaches
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Rapid,#heuris<c#versions#of# 
Smith–Waterman:#BLAST

• BLAST#(Basic#Local#Alignment#Search#Tool)#is#a#simplified#

form#of#SmithVWaterman#(SW)#alignment#that#is#popular#

because#it#is#fast#and#easily&accessible#
– BLAST#is#a#heuris<c#approxima<on#to#SW#V#It#examines#only#

part#of#the#search#space#

– BLAST#saves#<me#by#restric<ng#the#search#by#scanning#

database#sequences#for#likely#matches#before#performing#

more#rigorous#alignments##

– Sacrifices#some#sensi<vity#in#exchange#for#speed#

– In#contrast#to#SW,#BLAST#is#not#guaranteed#to#find#op<mal#

alignments
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Rapid,#heuris<c#versions#of# 
Smith–Waterman:#BLAST

• BLAST#(Basic#Local#Alignment#Search#Tool)#is#a#simplified#

form#of#SmithVWaterman#(SW)#alignment#that#is#popular#

because#it#is#fast#and#easily&accessible#
– BLAST#finds#regions#of#similarity#between#biological#

sequences#

– BLAST#saves#<me#by#restric<ng#the#search#by#scanning#

database#sequences#for#likely#matches#before#performing#

more#rigorous#alignments##

– Sacrifices#some#sensi<vity#in#exchange#for#speed#

– In#contrast#to#SW,#BLAST#is#not#guaranteed#to#find#op<mal#

alignments
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RGGVKRIKLMRQuery

RGGVKRI

MPQRGLA

FKLLGRI
MGLGVKA

GAQRGLA

RGGVKRI
MGLGVKA

word#
match

Ini<al#
Database

Smaller#
Database

• BLAST#uses#this#preVscreening#heuris<c#approxima<on#

resul<ng#in#an#an#approach#that#is#about#50#<mes#faster#

than#the#SmithVWaterman#algorithm
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How#BLAST#works

• Four#basic#phases##

– Phase&1:#compile#a#list#of#query#word#pairs#(w=3)

88

RGGVKRI
RGG

GGV
GVK
VKR
KRI

Query#sequence

generate#list#of##

w=3&words#for##
query

Blast
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RGGVKRI
RGG

GGV
GVK
VKR
KRI

Query#sequence

RAG RIG RLG ...
GAV GTV GCV ...
GAK GIK GGK ...
VRR VHR VER ...
KKI KHI KDI ...

extend#list#of#

words#similar#

to#query

– Phase&2:#expand#word#pairs#to#include#those#similar#to#

query#(defined#as#those#above#a#similarity#threshold#to#

original#word,#i.e.#match#scores#in#subs<tu<on#matrix)

Blast
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RGGVKRI
RGG

GGV
GVK
VKR
KRI

Query#sequence

Database#sequence

RAG RIG RLG ...
GAV GTV GCV ...
GLK GIK GGK ...
VRR VHR VER ...
KKI KHI KDI ...

search#for#

perfect&matches#
in#the#database#

sequence

GNYGLKVISLDVE

– Phase&3:#a#database#is#scanned#to#find#sequence#
entries#that#match#the#compiled#word#list

Blast
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RGGVKRI
GNYGLKVISLDVE

Query#sequence

Database#sequence

– Phase&4:#the#ini<al#database#hits#are#extended#in#both#
direc<ons#using#dynamic#programing

G K G N Y G L K V I S L D V
L
A
R
G
R
G
G
V
K
R
I
S
G
L

matched#word#is#

used#as#a#local#

alignment&seed
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GNYGLKVISLDV
GRGGVKRISGL

G K G N Y G L K V I S L D V
L
A
R
G
R
G
G
V
K
R
I
S
G
L

Alignment#seed

Query#sequence

Database#sequence
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Alignment#seed

Search#for#high#

scoring#gapped#

alignment

Query#sequence

Database#sequence

dynamic#

programming
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Alignment#seed

BLAST#returns#

the#highest#

scoring#

database#hits#in#

a#ranked#list

Query#sequence

Database#sequence
|  | | || |

BLAST#output

• BLAST#returns#the#highest#scoring#database#hits#in#a#

ranked#list#along#with#details#about#the#target#

sequence#and#alignment#sta<s<cs
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Descrip4on
Max&
score

Total&
score

Query&
cover E&value

Max&
ident Accession

kinesinV1#heavy#chain#[Homo#

sapiens]#

677 677 100% 0 100% NP_004512.1

Kif5b#protein#[Mus#musculus] 676 676 100% 0 98% AAA20133.1

KinesinV14#heavy#chain#[Danio#rerio] 595 595 88% 0 78% XP_00320703

hypothe<cal#protein#EGK_18589 48.2 52 40% 0.03 32% ELK35081.1

mKIAA4102#protein#[Mus#musculus] 42.7 42.7 38% 3.02 24% EHH28205.1

Sta<s<cal#significance#of#results

• An#important#feature#of#BLAST#is#the#computa<on#of#

sta<s<cal#significance#for#each#hit.##This#is#described#by#

the#E&value&(expect#value)
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Descrip4on
Max&
score

Total&
score

Query&
cover E&value

Max&
ident Accession

kinesinV1#heavy#chain#[Homo#

sapiens]#

677 677 100% 0 100% NP_004512.1

Kif5b#protein#[Mus#musculus] 676 676 100% 0 98% AAA20133.1

KinesinV14#heavy#chain#[Danio#rerio] 595 595 88% 0 78% XP_00320703

hypothe<cal#protein#EGK_18589 48.2 52 40% 0.03 32% ELK35081.1

mKIAA4102#protein#[Mus#musculus] 42.7 42.7 38% 3.02 24% EHH28205.1

BLAST#scores#and#EVvalues

• The#E&value#is#the#expected#number#of#hits#that#are#as#

good#or#beKer#than#the#observed#local#alignment#

score#(with#this#score#or#beKer)#if#the#query#and#

database#are#random#with#respect#to#each#other#

– i.e.#the#number#of#alignments#expected#to#occur#by#chance#

with#equivalent#or#beKer#scores#

• Typically,#only#hits#with#E#value#below#a#significance#
threshold#are#reported#

– This#is#equivalent#to#selec<ng#alignments#with#score#above#

a#certain#score#threshold
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• Ideally,#a#threshold#separates#all#query#related#sequences#

(yellow)#from#all#unrelated#sequences#(gray)
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Alignment#scores#of#

related#sequences

Alignment#scores#of#

unrelated#sequences

• Unfortunately,#oaen#both#score#distribu<ons#overlap#

– The#E#value#describes#the#expected#number#of#hits#

with#a#score#above#the#threshold#if#the#query#and#

database#are#unrelated
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Alignment#scores#of#

related#sequences

Alignment#scores#of#

unrelated#sequences

• Unfortunately,#oaen#both#score#distribu<ons#overlap#

– The#E#value#describes#the#expected#number#of#hits#

with#a#score#above#the#threshold#if#the#query#and#

database#are#unrelated
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Alignment#scores#of#

unrelated#sequences

The#EVvalue#

provides#an#

es<mate#of#the#

number#of#false#

posi<ve#hits!
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Descrip4on
Max&
score

Total&
score

Query&
cover E&value

Max&
ident Accession

kinesinV1#heavy#chain#[Homo#

sapiens]#

677 677 100% 0 100% NP_004512.1

Kif5b#protein#[Mus#musculus] 676 676 100% 0 98% AAA20133.1

KinesinV14#heavy#chain#[Danio#rerio] 595 595 88% 0 78% XP_00320703

hypothe<cal#protein#EGK_18589 42.7 52 40% 0.03 32% ELK35081.1

Alignment#scores#of#

unrelated#sequences

A#score#of#42.7#or#beKer#is#

expected#to#occur#by#chance#

3#in#100#<mes#(EVvalue#=#0.03)
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Descrip4on
Max&
score

Total&
score

Query&
cover E&value

Max&
ident Accession

kinesinV1#heavy#chain#[Homo#

sapiens]#

677 677 100% 0 100% NP_004512.1

Kif5b#protein#[Mus#musculus] 676 676 100% 0 98% AAA20133.1

KinesinV14#heavy#chain#[Danio#rerio] 595 595 88% 0 78% XP_00320703

hypothe<cal#protein#EGK_18589 42.7 52 40% 0.03 32% ELK35081.1

Alignment#scores#of#

unrelated#sequences

A#score#of#42.7#or#beKer#is#

expected#to#occur#by#chance#

3#in#100#<mes#(EVvalue#=#0.03,#

i.e.#just#under#1#in#30#<mes)

In general E values < 0.005 are usually significant. 

To find out more about E values see: “The Statistics of 
Sequence Similarity Scores” available in the help 
section of the NCBI BLAST site: 

http://www.ncbi.nlm.nih.gov/blast/tutorial/Altschul-1.html 

Outline for today
• Alignment basics 

‣ Why compare biological sequences?  

• Homologue detection 
‣ Orthologs, paralogs, similarity and identity 
‣ Sequence changes during evolution 
‣ Alignment view: matches, mismatches and gaps 

• Pairwise sequence alignment methods 
‣ Brute force alignment 
‣ Dot matrices 
‣ Dynamic programing  
(global vs local alignment) 

• Rapid heuristic approaches 
‣ BLAST 

• Practical database searching 
‣ BLAST, PSI-BLAST and HMM approaches
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Prac<cal#database#searching#with#BLAST
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NCBI BLAST Home Page 
http://blast.ncbi.nlm.nih.gov/Blast.cgi 

Prac<cal#database#searching#with#BLAST

• There#are#four#basic#components#to#a#

tradi<onal#BLAST#search#

– (1)#Choose#the#sequence#(query)#

– (2)#Select#the#BLAST#program#

– (3)#Choose#the#database#to#search#

– (4)#Choose#op<onal#parameters#

• Then#click#“BLAST”
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Step&1:#Choose#your#sequence

• Sequence#can#be#input#in#FASTA#format#or#as#

accession#number

106

Step 2: Choose the BLAST program

107
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         Query         Database 
        1 
blastn DNA    DNA 
        1 
blastp protein   protein 
        6 
blastx DNA    protein 
        6 
tblastn protein     DNA 
        36 
tblastx DNA      DNA

Step 2: Choose the BLAST program DNA#poten<ally#encodes#six#proteins
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5’ CAT CAA  
 5’ ATC AAC  
  5’ TCA ACT 

5’ GTG GGT  
 5’ TGG GTA 
  5’ GGG TAG

5’ CATCAACTACAACTCCAAAGACACCCTTACACATCAACAAACCTACCCAC 3’ 
3’ GTAGTTGATGTTGAGGTTTCTGTGGGAATGTGTAGTTGTTTGGATGGGTG 5’
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Step&3:#Choose#the#database#

111

nr = non-redundant (most general database) 
dbest = database of expressed sequence tags 
dbsts = database of sequence tag sites 
gss = genomic survey sequences

protein databases

nucleotide databases
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Organism

Entrez

Seangs!

Step&4a:#Select#op<onal#search#parameters
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Scoring matrix

Word size
Expect

Step&4:#Op<onal#parameters#

• You#can...##

– choose#the#organism#to#search#

– change#the#subs<tu<on#matrix#

– change#the#expect#(E)#value#

– change#the#word#size##

– change#the#output#format

114

Results#page
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Further#down#the#results#page...
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Further#down#the#results#page...
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Further#down#the#results#page...
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Different#output#formats#are#available
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E.g.#Query#anchored#alignments
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...#and#alignments#with#dots#for#iden<<es
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Common#problems

• Selec<ng#the#wrong#version#of#BLAST#

• Selec<ng#the#wrong#database#

• Too#many#hits#returned#

• Too#few#hits#returned#

• Unclear#about#the#significance#of#a#par<cular#

result#V#are#these#sequences#homologous?#
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How#to#handle#too#many#results

• Focus#on#the#ques<on#you#are#trying#to#answer#

– select#“refseq”#database#to#eliminate#redundant#

matches#from#“nr”#

– Limit#hits#by#organism#

– Use#just#a#por<on#of#the#query#sequence,#when#

appropriate#

– Adjust#the#expect#value;#lowering#E$will#reduce#the#
number#of#matches#returned
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How#to#handle#too#few#results

• Many#genes#and#proteins#have#no#significant#

database#matches#

– remove#Entrez#limits#

– raise#EVvalue#threshold#

– search#different#databases#

– try#scoring#matrices#with#lower#BLOSUM#values#(or#

higher#PAM#values)#

– use#a#search#algorithm#that#is#more#sensi<ve#than#

BLAST#(e.g.#PSIVBLAST#or#HMMer)
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Side&note:#Scoring#matrices

• A#subs<tu<on#matrix#contains#values#propor<onal#to#

the#probability#that#amino#acid#i#mutates#into#amino#

acid#j#for#all#pairs#of#amino#acids#

• Subs<tu<on#matrices#are#constructed#by#assembling#a#

large#and#diverse#sample#of#verified#pairwise#alignments#

(or#mul<ple#sequence#alignments)#of#amino#acids.#

• #Subs<tu<on#matrices#should#reflect#the#probabili<es#of#

muta<ons#occurring#through#a#period#of#evolu<on#

• The#two#major#types#of#subs<tu<on#matrices#are#PAM#

and#BLOSUM
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BLOSUM62#is#the#default#BLASTp#scoring#

matrix

• BLOSUM#matrices#are#based#on#short,#ungapped#blocks#of#

conserved#amino#acid#sequences#from#mul<ple#alignments#

– members#of#a#block#that#have#a#most#X#percent#sequence#

iden<ty#to#each#other#are#used#to#generate#a#BLOSUMX#matrix#

– For#example,#using#a#cutoff#of#62%#iden<ty#will#generate#the#

BLOSUM62#matrix#

• PAM#matrices#are#similar#but#built#from#mul<ple#alignments#

where#amino#acid#subs<tu<ons#are#at#rate#of#1%#(PAM#1)#

– Matrix#mul<plica<on#is#used#generate#higher#PAM#matrices#

– PAM3#=#(PAM1#x#PAM1#x#PAM1)#etc...
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By#default#BLASTp#Match#scores#come#from#the#

BLOSUM62#matrix

Note. Some amino acid mismatches have 
positive scores – highlighted in red
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Protein#scoring#matrices#reflect#the#

proper<es#of#amino#acids
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Two#problems#standard#BLAST#cannot#solve

• Use#human#beta#globin#as#a#query#against#human#

RefSeq#proteins,#and#blastp#does#not#“find”#human#

myoglobin##

– This#is#because#the#two#proteins#are#too#distantly#related##

– PSIMBLAST#at#NCBI#as#well#as#hidden#Markov#models#

(HMMs)#easily#solve#this#problem#

• How#can#we#search#using#10,000#base#pairs#as#a#

query,#or#even#millions#of#base#pairs?##

– Many#BLASTVlike#tools#for#genomic#DNA#are#now#available#

such#as#Megablast
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PSIMBLAST:&Posi<on#specific#iterated#BLAST

• The#purpose#of#PSIVBLAST#is#to#look#deeper#into#

the#database#for#matches#to#your#query#

protein#sequence#by#employing#a#scoring#

matrix#that#is#customized#to#your#query#

– PSIVBLAST#constructs#a#mul<ple#sequence#

alignment#from#the#results#of#a#first#round#BLAST#

search#and#then#creates#a#“profile”#or#specialized#

posi4onMspecific&scoring&matrix#(PSSM)#for#

subsequent#search#rounds#
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PSIMBLAST:##Posi<onVSpecific#Iterated#BLAST
• Many#proteins#in#a#database#are#too#distantly#related#to#a#query#to#be#

detected#using#standard#BLAST.#In#many#other#cases#matches#are#

detected#but#are#so#distant#that#the#inference#of#homology#is#unclear.##

Enter#the#more#sensi<ve#PSIVBLAST
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BLAST input sequence to 
find significant alignments

Construct a multiple 
sequence alignment (MSA)

Construct a PSSM

BLAST PSSM profile to 
search for new hits

Iterate

1.

2.

3.

4.

5.

R,I,K C D,E,T K,R,T N,L,Y,G

Inspect the blastp output to identify empirical “rules” 
regarding amino acids tolerated at each position

132

           A  R  N  D  C  Q  E  G  H  I  L  K  M  F  P  S  T  W  Y  V  
    1 M   -1 -2 -2 -3 -2 -1 -2 -3 -2  1  2 -2  6  0 -3 -2 -1 -2 -1  1  
    2 K   -1  1  0  1 -4  2  4 -2  0 -3 -3  3 -2 -4 -1  0 -1 -3 -2 -3  
    3 W   -3 -3 -4 -5 -3 -2 -3 -3 -3 -3 -2 -3 -2  1 -4 -3 -3 12  2 -3  
    4 V    0 -3 -3 -4 -1 -3 -3 -4 -4  3  1 -3  1 -1 -3 -2  0 -3 -1  4  
    5 W   -3 -3 -4 -5 -3 -2 -3 -3 -3 -3 -2 -3 -2  1 -4 -3 -3 12  2 -3  
    6 A    5 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0  
    7 L   -2 -2 -4 -4 -1 -2 -3 -4 -3  2  4 -3  2  0 -3 -3 -1 -2 -1  1  
    8 L   -1 -3 -3 -4 -1 -3 -3 -4 -3  2  2 -3  1  3 -3 -2 -1 -2  0  3  
    9 L   -1 -3 -4 -4 -1 -2 -3 -4 -3  2  4 -3  2  0 -3 -3 -1 -2 -1  2  
   10 L   -2 -2 -4 -4 -1 -2 -3 -4 -3  2  4 -3  2  0 -3 -3 -1 -2 -1  1  
   11 A    5 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0  
   12 A    5 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0  
   13 W   -2 -3 -4 -4 -2 -2 -3 -4 -3  1  4 -3  2  1 -3 -3 -2  7  0  0  
   14 A    3 -2 -1 -2 -1 -1 -2  4 -2 -2 -2 -1 -2 -3 -1  1 -1 -3 -3 -1  
   15 A    2 -1  0 -1 -2  2  0  2 -1 -3 -3  0 -2 -3 -1  3  0 -3 -2 -2  
   16 A    4 -2 -1 -2 -1 -1 -1  3 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2 -1  
   ... 
   37 S    2 -1  0 -1 -1  0  0  0 -1 -2 -3  0 -2 -3 -1  4  1 -3 -2 -2  
   38 G    0 -3 -1 -2 -3 -2 -2  6 -2 -4 -4 -2 -3 -4 -2  0 -2 -3 -3 -4  
   39 T    0 -1  0 -1 -1 -1 -1 -2 -2 -1 -1 -1 -1 -2 -1  1  5 -3 -2  0  
   40 W   -3 -3 -4 -5 -3 -2 -3 -3 -3 -3 -2 -3 -2  1 -4 -3 -3 12  2 -3  
   41 Y   -2 -2 -2 -3 -3 -2 -2 -3  2 -2 -1 -2 -1  3 -3 -2 -2  2  7 -1  
   42 A    4 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0 

20 amino acids

all the amino acids 
from position 1 to the 
end of your PSI-
BLAST query protein 
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           A  R  N  D  C  Q  E  G  H  I  L  K  M  F  P  S  T  W  Y  V  
    1 M   -1 -2 -2 -3 -2 -1 -2 -3 -2  1  2 -2  6  0 -3 -2 -1 -2 -1  1  
    2 K   -1  1  0  1 -4  2  4 -2  0 -3 -3  3 -2 -4 -1  0 -1 -3 -2 -3  
    3 W   -3 -3 -4 -5 -3 -2 -3 -3 -3 -3 -2 -3 -2  1 -4 -3 -3 12  2 -3  
    4 V    0 -3 -3 -4 -1 -3 -3 -4 -4  3  1 -3  1 -1 -3 -2  0 -3 -1  4  
    5 W   -3 -3 -4 -5 -3 -2 -3 -3 -3 -3 -2 -3 -2  1 -4 -3 -3 12  2 -3  
    6 A    5 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0  
    7 L   -2 -2 -4 -4 -1 -2 -3 -4 -3  2  4 -3  2  0 -3 -3 -1 -2 -1  1  
    8 L   -1 -3 -3 -4 -1 -3 -3 -4 -3  2  2 -3  1  3 -3 -2 -1 -2  0  3  
    9 L   -1 -3 -4 -4 -1 -2 -3 -4 -3  2  4 -3  2  0 -3 -3 -1 -2 -1  2  
   10 L   -2 -2 -4 -4 -1 -2 -3 -4 -3  2  4 -3  2  0 -3 -3 -1 -2 -1  1  
   11 A    5 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0  
   12 A    5 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0  
   13 W   -2 -3 -4 -4 -2 -2 -3 -4 -3  1  4 -3  2  1 -3 -3 -2  7  0  0  
   14 A    3 -2 -1 -2 -1 -1 -2  4 -2 -2 -2 -1 -2 -3 -1  1 -1 -3 -3 -1  
   15 A    2 -1  0 -1 -2  2  0  2 -1 -3 -3  0 -2 -3 -1  3  0 -3 -2 -2  
   16 A    4 -2 -1 -2 -1 -1 -1  3 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2 -1  
   ... 
   37 S    2 -1  0 -1 -1  0  0  0 -1 -2 -3  0 -2 -3 -1  4  1 -3 -2 -2  
   38 G    0 -3 -1 -2 -3 -2 -2  6 -2 -4 -4 -2 -3 -4 -2  0 -2 -3 -3 -4  
   39 T    0 -1  0 -1 -1 -1 -1 -2 -2 -1 -1 -1 -1 -2 -1  1  5 -3 -2  0  
   40 W   -3 -3 -4 -5 -3 -2 -3 -3 -3 -3 -2 -3 -2  1 -4 -3 -3 12  2 -3  
   41 Y   -2 -2 -2 -3 -3 -2 -2 -3  2 -2 -1 -2 -1  3 -3 -2 -2  2  7 -1  
   42 A    4 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0 

note that a given 
amino acid (such as 
alanine) in your 
query protein can 
receive different 
scores for matching 
alanine—depending 
on the position in the 
protein
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           A  R  N  D  C  Q  E  G  H  I  L  K  M  F  P  S  T  W  Y  V  
    1 M   -1 -2 -2 -3 -2 -1 -2 -3 -2  1  2 -2  6  0 -3 -2 -1 -2 -1  1  
    2 K   -1  1  0  1 -4  2  4 -2  0 -3 -3  3 -2 -4 -1  0 -1 -3 -2 -3  
    3 W   -3 -3 -4 -5 -3 -2 -3 -3 -3 -3 -2 -3 -2  1 -4 -3 -3 12  2 -3  
    4 V    0 -3 -3 -4 -1 -3 -3 -4 -4  3  1 -3  1 -1 -3 -2  0 -3 -1  4  
    5 W   -3 -3 -4 -5 -3 -2 -3 -3 -3 -3 -2 -3 -2  1 -4 -3 -3 12  2 -3  
    6 A    5 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0  
    7 L   -2 -2 -4 -4 -1 -2 -3 -4 -3  2  4 -3  2  0 -3 -3 -1 -2 -1  1  
    8 L   -1 -3 -3 -4 -1 -3 -3 -4 -3  2  2 -3  1  3 -3 -2 -1 -2  0  3  
    9 L   -1 -3 -4 -4 -1 -2 -3 -4 -3  2  4 -3  2  0 -3 -3 -1 -2 -1  2  
   10 L   -2 -2 -4 -4 -1 -2 -3 -4 -3  2  4 -3  2  0 -3 -3 -1 -2 -1  1  
   11 A    5 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0  
   12 A    5 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0  
   13 W   -2 -3 -4 -4 -2 -2 -3 -4 -3  1  4 -3  2  1 -3 -3 -2  7  0  0  
   14 A    3 -2 -1 -2 -1 -1 -2  4 -2 -2 -2 -1 -2 -3 -1  1 -1 -3 -3 -1  
   15 A    2 -1  0 -1 -2  2  0  2 -1 -3 -3  0 -2 -3 -1  3  0 -3 -2 -2  
   16 A    4 -2 -1 -2 -1 -1 -1  3 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2 -1  
   ... 
   37 S    2 -1  0 -1 -1  0  0  0 -1 -2 -3  0 -2 -3 -1  4  1 -3 -2 -2  
   38 G    0 -3 -1 -2 -3 -2 -2  6 -2 -4 -4 -2 -3 -4 -2  0 -2 -3 -3 -4  
   39 T    0 -1  0 -1 -1 -1 -1 -2 -2 -1 -1 -1 -1 -2 -1  1  5 -3 -2  0  
   40 W   -3 -3 -4 -5 -3 -2 -3 -3 -3 -3 -2 -3 -2  1 -4 -3 -3 12  2 -3  
   41 Y   -2 -2 -2 -3 -3 -2 -2 -3  2 -2 -1 -2 -1  3 -3 -2 -2  2  7 -1  
   42 A    4 -2 -2 -2 -1 -1 -1  0 -2 -2 -2 -1 -1 -3 -1  1  0 -3 -2  0 

note that a given 
amino acid (such as 
alanine) in your 
query protein can 
receive different 
scores for matching 
alanine—depending 
on the position in the 
protein
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The PSI-BLAST PSSM is essentially a query customized 
scoring matrix that is more sensitive than PAM or BLOSUM.

Retinol-binding protein

Odorant binding protein

Apolipoprotein D

Start search with single 
human RBD sequence
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Retinol-binding protein

Odorant binding protein

Apolipoprotein D

Result of initial blastp 
search 
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Retinol-binding protein

Odorant binding protein

Apolipoprotein D

Result of subsequent 
PSI-BLAST iteration 
(note, many more 
lipocalin hits returned!) 
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Retinol-binding protein

Odorant binding protein

Apolipoprotein D

Potential Lipocalins?

Result of later 
PSI-BLAST 
iteration (note, 
potential 
“corruption”!) 
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PSIVBLAST#returns#drama<cally#more#hits#

• The#search#process#is#con<nued#itera<vely,#typically#about#five#

<mes,#and#at#each#step#a#new#PSSM#is#built#

– You#must#decide#how#many#itera<ons#to#perform#and#which#

sequences#to#include!##

– You#can#stop#the#search#process#at#any#point#V#typically#whenever#few#

new#results#are#returned#or#when#no#new#“sensible”#results#are#found
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Iteration Hits with 
E < 0.005

Hits with 
E > 0.005

1 34 61
2 314 79
3 416 57
4 432 50
5 432 50

Human retinol-binding protein 4 (RBP4; P02753) was used 
as a query in a PSI-BLAST search of the RefSeq database.



Summary
• Alignment basics 

‣ Why compare biological sequences?  

• Homologue detection 
‣ Orthologs, paralogs, similarity and identity 
‣ Sequence changes during evolution 
‣ Alignment view: matches, mismatches and gaps 

• Pairwise sequence alignment methods 
‣ Brute force alignment 
‣ Dot matrices 
‣ Dynamic programing  
(global vs local alignment) 

• Rapid heuristic approaches 
‣ BLAST 

• Practical database searching 
‣ BLAST, PSI-BLAST and HMM approaches
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