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Outline	
  

  Dynamic	
  programming	
  
  Global	
  alignment	
  algorithm	
  of	
  	
  
Needleman	
  and	
  Wunsch	
  (1970)	
  
  Local	
  alignment	
  algorithm	
  of	
  	
  
Smith	
  and	
  Waterman	
  (1981)	
  

Possibles routes 
from Malmö to 
Tromsø.  
 
How can you 
determine an 
optimal route? 

Alignment 
algorithms 
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A 4                    
R -1 5                   
N -2 0 6                  
D -2 -2 1 6                 
C 0 -3 -3 -3 9                
Q -1 1 0 0 -3 5               
E -1 0 0 2 -4 2 5              
G 0 -2 0 -1 -3 -2 -2 6             
H -2 0 1 -1 -3 0 0 -2 8            
I -1 -3 -3 -3 -1 -3 -3 -4 -3 4           
L -1 -2 -3 -4 -1 -2 -3 -4 -3 2 4          
K -1 2 0 -1 -1 1 1 -2 -1 -3 -2 5         
M -1 -2 -2 -3 -1 0 -2 -3 -2 1 2 -1 5        
F -2 -3 -3 -3 -2 -3 -3 -3 -1 0 0 -3 0 6       
P -1 -2 -2 -1 -3 -1 -1 -2 -2 -3 -3 -1 -2 -4 7      
S 1 -1 1 0 -1 0 0 0 -1 -2 -2 0 -1 -2 -1 4     
T 0 -1 0 -1 -1 -1 -1 -2 -2 -1 -1 -1 -1 -2 -1 1 5    
W -3 -3 -4 -4 -2 -2 -3 -2 -2 -3 -2 -3 -1 1 -4 -3 -2 11   
Y -2 -2 -2 -3 -2 -1 -2 -3 2 -1 -1 -2 -1 3 -3 -2 -2 2 7  
V 0 -3 -3 -3 -1 -2 -2 -3 -3 3 1 -2 1 -1 -2 -2 0 -3 -1 4 
 A R N D C Q E G H I L K M F P S T W Y V 
 

Blosum62	
  scoring	
  matrix	
  
=	
  cost	
  func�on	
  

Consider	
  possible	
  paths	
  from	
  Start	
  to	
  Finish	
  that	
  pass	
  through	
  A.	
  

Dynamic	
  programming	
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• Consider	
  first:	
  how	
  many	
  paths	
  from	
  Start	
  to	
  Finish	
  pass	
  through	
  A?	
  	
  
• There	
  are	
  six	
  paths	
  from	
  Start	
  to	
  A.	
  	
  
• By	
  symmetry,	
  there	
  are	
  also	
  six	
  paths	
  from	
  A	
  to	
  Finish.	
  
• Therefore,	
  there	
  are	
  a	
  total	
  of	
  36	
  paths	
  from	
  Start	
  to	
  Finish	
  through	
  A.	
  
• Assuming	
  that	
  we	
  have	
  assigned	
  costs	
  to	
  the	
  individual	
  steps,	
  do	
  we	
  have	
  to	
  
check	
  all	
  36	
  paths	
  to	
  find	
  the	
  path	
  of	
  minimum	
  cost	
  that	
  goes	
  from	
  Start	
  to	
  
Finish	
  passing	
  through	
  A?	
  	
  

Dynamic	
  programming	
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• No:	
  the	
  choice	
  of	
  the	
  best	
  path	
  from	
  A	
  to	
  Finish	
  is	
  independent	
  of	
  the	
  choice	
  of	
  
path	
  from	
  the	
  Start	
  to	
  A.	
  	
  

• If	
  we	
  determine	
  the	
  best	
  of	
  the	
  six	
  paths	
  from	
  Start	
  to	
  A,	
  and	
  the	
  best	
  of	
  the	
  six	
  
paths	
  from	
  A	
  to	
  Finish,	
  the	
  best	
  path	
  from	
  Start	
  to	
  Finish	
  passing	
  through	
  A	
  is:	
  	
  
The	
  best	
  path	
  from	
  Start	
  to	
  A,	
  followed	
  by	
  the	
  best	
  path	
  from	
  A	
  to	
  Finish.	
  
à	
  No	
  more	
  than	
  12	
  of	
  the	
  36	
  paths	
  through	
  A	
  need	
  to	
  be	
  considered.	
  

• Even	
  greater	
  simplifica�on	
  is	
  possible	
  by	
  systema�cally	
  resubdividing	
  the	
  problem.	
  	
  
• The	
  dynamic	
  programming	
  method	
  for	
  finding	
  the	
  op�mal	
  path	
  through	
  the	
  
matrix	
  is	
  based	
  on	
  this	
  idea.	
  

Dynamic	
  programming	
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•  Two	
  sequences	
  can	
  be	
  compared	
  in	
  a	
  matrix	
  along	
  x-­‐	
  and	
  y-­‐axes.	
  
•  If	
  they	
  are	
  iden�cal,	
  a	
  path	
  along	
  a	
  diagonal	
  can	
  be	
  drawn.	
  
•  Find	
  the	
  op�mal	
  subpaths,	
  and	
  add	
  them	
  up	
  to	
  achieve	
  the	
  best	
  

score.	
  This	
  involves	
  
•  adding	
  gaps	
  when	
  needed	
  
•  allowing	
  for	
  conserva�ve	
  subs�tu�ons	
  
•  choosing	
  a	
  scoring	
  system	
  (simple	
  or	
  complicated)	
  

•  The	
  Needleman-­‐Wunsch	
  algorithm	
  is	
  guaranteed	
  to	
  find	
  op�mal	
  
alignment(s).	
  

Global	
  alignment	
  with	
  the	
  algorithm	
  of	
  
Needleman	
  and	
  Wunsch	
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1.  set	
  up	
  a	
  matrix	
  

2.  score	
  the	
  matrix	
  

3.  iden�fy	
  the	
  op�mal	
  alignment(s)	
  

Three	
  steps	
  to	
  global	
  alignment	
  with	
  the	
  
Needleman-­‐Wunsch	
  algorithm	
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1.  iden�ty	
  	
  
(stay	
  along	
  a	
  diagonal)	
  

2.  mismatch	
  	
  
(stay	
  along	
  a	
  diagonal)	
  

3.  gap	
  in	
  one	
  sequence	
  
(move	
  ver�cally!)	
  

4.  gap	
  in	
  the	
  other	
  
sequence	
  	
  
(move	
  horizontally!)	
  

Four	
  possible	
  outcomes	
  in	
  aligning	
  two	
  sequences	
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Dynamic	
  programming	
  algorithm	
  I	
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Dynamic	
  programming	
  algorithm	
  II	
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Dynamic	
  programming	
  algorithm	
  III	
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Dynamic	
  programming	
  algorithm	
  IV	
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Dynamic	
  programming	
  algorithm	
  V	
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Fill	
  in	
  the	
  matrix	
  using	
  ““dynamic	
  programming””	
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Fill	
  in	
  the	
  matrix	
  using	
  ““dynamic	
  programming””	
  

Ini�alize	
  with	
  gap	
  penal�es	
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Fill	
  in	
  the	
  matrix	
  using	
  ““dynamic	
  programming””	
  

Fill	
  in	
  the	
  matrix	
  using	
  ““dynamic	
  programming””	
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Fill	
  in	
  the	
  matrix	
  using	
  ““dynamic	
  programming””	
  

Fill	
  in	
  the	
  matrix	
  using	
  ““dynamic	
  programming””	
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Traceback	
  to	
  find	
  the	
  op�mal	
  (best)	
  pairwise	
  alignment	
  

Dynamic	
  programming:	
  Example	
  II	
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Dynamic	
  
programming:	
  
Example	
  II	
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•  N-­‐W	
  is	
  guaranteed	
  to	
  find	
  op�mal	
  alignments,	
  
although	
  the	
  algorithm	
  does	
  not	
  search	
  all	
  possible	
  
alignments.	
  
	
  

•  It	
  is	
  an	
  example	
  of	
  a	
  dynamic	
  programming	
  
algorithm:	
  an	
  op�mal	
  path	
  (alignment)	
  is	
  iden�fied	
  
by	
  incrementally	
  extending	
  op�mal	
  subpaths.	
  
	
  

•  Thus,	
  a	
  series	
  of	
  decisions	
  is	
  made	
  at	
  each	
  step	
  of	
  
the	
  alignment	
  to	
  find	
  the	
  pair	
  of	
  residues	
  with	
  the	
  
best	
  score.	
  

Needleman-­‐Wunsch:	
  dynamic	
  programming	
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•  Global	
  alignment	
  (Needleman-­‐Wunsch)	
  extends	
  from	
  
one	
  end	
  of	
  each	
  sequence	
  to	
  the	
  other.	
  

•  Local	
  alignment	
  finds	
  op�mally	
  matching	
  regions	
  
within	
  two	
  sequences	
  (“subsequences”).	
  

•  Local	
  alignment	
  is	
  almost	
  always	
  used	
  for	
  database	
  
searches	
  such	
  as	
  BLAST.	
  It	
  is	
  useful	
  to	
  find	
  domains	
  
(or	
  limited	
  regions	
  of	
  homology)	
  within	
  sequences.	
  

•  Smith	
  and	
  Waterman	
  (1981)	
  solved	
  the	
  problem	
  of	
  
performing	
  op�mal	
  local	
  sequence	
  alignment.	
  Other	
  
methods	
  (BLAST,	
  FASTA)	
  are	
  faster	
  but	
  less	
  thorough.	
  

Global	
  alignment	
  versus	
  local	
  alignment	
  

Global	
  alignment	
  (top)	
  includes	
  matches	
  	
  
ignored	
  by	
  local	
  alignment	
  (bo�om)	
  

Global alignment: 
15% identity 

Local alignment: 
30% identity 
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Local	
  alignment	
  algorithm	
  of	
  Smith-­‐Waterman	
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•  The	
  Needleman-­‐Wunsch	
  algorithm	
  determines	
  the	
  op�mal	
  
global	
  alignment	
  of	
  two	
  sequences.	
  

•  It	
  is	
  inappropriate	
  for	
  detec�on	
  of	
  local	
  regions	
  of	
  high	
  
similarity	
  within	
  two	
  sequences,	
  or	
  for	
  probing	
  a	
  long	
  sequence	
  
with	
  a	
  short	
  fragment,	
  because	
  it	
  imposes	
  gap	
  penal�es	
  
outside	
  the	
  similar	
  regions.	
  	
  

•  The	
  method	
  of	
  T.	
  Smith	
  and	
  M.	
  Waterman	
  solves	
  this	
  problem.	
  	
  
•  Their	
  modifica�ons	
  of	
  the	
  basic	
  dynamic	
  programming	
  
algorithm	
  find	
  op�mal	
  local	
  alignments;	
  that	
  is,	
  they	
  select	
  the	
  
substrings	
  from	
  both	
  sequences	
  that	
  are	
  most	
  similar	
  to	
  each	
  
other.	
  Their	
  changes	
  affect	
  three	
  parts	
  of	
  the	
  algorithm.	
  

Local	
  alignment	
  algorithm	
  of	
  Smith-­‐Waterman	
  

Page 76 
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How	
  the	
  Smith-­‐Waterman	
  algorithm	
  works	
  

Set	
  up	
  a	
  matrix	
  between	
  two	
  proteins	
  (size	
  m+1,	
  n+1)	
  
	
  
No	
  values	
  in	
  the	
  scoring	
  matrix	
  can	
  be	
  nega�ve!	
  S	
  >	
  0	
  
	
  
The	
  score	
  in	
  each	
  cell	
  is	
  the	
  maximum	
  of	
  four	
  values:	
  

	
  [1]	
  s(i-­‐1,	
  j-­‐1)	
  +	
  the	
  new	
  score	
  at	
  [i,j]	
  (a	
  match	
  or	
  mismatch)	
  

	
  [2]	
  s(i,j-­‐1)	
  –	
  gap	
  penalty	
  
	
  [3]	
  s(i-­‐1,j)	
  –	
  gap	
  penalty	
  
	
  [4]	
  zero	
  

Smith-­‐Waterman	
  algorithm	
  allows	
  
the	
  alignment	
  of	
  subsets	
  of	
  sequences	
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h�p://www.ebi.ac.uk/Tools/psa/	
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Performing	
  global	
  and	
  local	
  pairwise	
  alignment	
  

Rapid,	
  heuris�c	
  versions	
  of	
  Smith-­‐Waterman:	
  
FASTA	
  and	
  BLAST	
  

•  Smith-­‐Waterman	
  is	
  very	
  rigorous	
  and	
  it	
  is	
  guaranteed	
  
to	
  find	
  an	
  op�mal	
  alignment.	
  	
  

•  But	
  Smith-­‐Waterman	
  is	
  slow.	
  It	
  requires	
  computer	
  
space	
  and	
  �me	
  propor�onal	
  to	
  the	
  product	
  of	
  the	
  
two	
  sequences	
  being	
  aligned	
  (or	
  the	
  product	
  of	
  a	
  
query	
  against	
  an	
  en�re	
  database).	
  	
  

•  Gotoh	
  (1982)	
  and	
  Myers	
  and	
  Miller	
  (1988)	
  improved	
  
the	
  algorithms	
  so	
  both	
  global	
  and	
  local	
  alignment	
  
require	
  less	
  �me	
  and	
  space.	
  

•  FASTA	
  and	
  BLAST	
  provide	
  rapid	
  alterna�ves	
  to	
  S-­‐W.	
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Unterlagen zur Vorlesung 

http://www.bpc.uni-frankfurt.de/guentert/wiki/index.php/Teaching 


