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Needleman-Wunsch Sequence Alignment

F--SGGNTHIYMNHVEQCKEILRREPKELCELVISGLPYKFRYLSTKE-QLK-Y

GDFIHTLGDAHIYLNHIEPLKIQLQREPRPFPKLRILRKVEKIDDFKAEDFQIEGYN

X        220       230       240       250           X

|  : |::|||:||:|  |  | |||: : :| |     |   ::::: |:: |

X         260       270       280       290          X

where:

Score Similarity_Weights  Gap_Penalties
Re gion _ start

Re gion _ End


Re gion _ Start

Re gion _ End



Gap_PenaltyGap_Start _Penalty  (Gap_Size  1)Gap_Size_Penalty
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Needleman-Wunsch Alignment Algorithm
Trace Back
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Smith-Waterman Algorithm

.

T C A T G

C
A
T
T
G

0 0 0 0 0 0
0
0
0
0
0

0
0
1
1
0

1
0
0
1
1

0
2
1
0
1

0
1
3
2
1

0
0
2
3
3 -gp for a gap

-gp for a gap

add s(a,b)
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s(i-1,j)

s(i,j)

The score at s(i,j) is the maximum of:
 s(i-1,j-1) + s(a,b)
 s(i,j-1) - gap penalty
 s(i-1,j) - gap penalty
  Zero
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Computer Time and Space Requirements

• Needleman-Wunsch 
– O(N*M) time  and O(N*M) space 

• Smith-Waterman 
– O(N*M) time  and O(N*M) space

http://creativecommons.org/licenses/by/3.0/
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Gotoh’s Improvement

s(i,j) = Dayhoff score for amino acids i and j
S(i,j) = accumulated maximum score at location i, j
S(i-1,j-1) = accumulated maximum score at location i-1, j-1
S(i,j-1) = accumulated maximum score at location i, j-1
S(i-1,j) = accumulated maximum score at location i-1, j
VG(i-2,j) = accumulated score of gap extending to i-1,j
HG(i,j-2) = accumulated score of gap extending to i, j-1
GP = Gap Penalty
GEP = Gap Extension Penalty

VG i  2, j 

S i  1, j 

s i, j HG i, j  2  S i, j  1 

Current Column

S(i  1, j  2)

Previous Column

Previous Row

Current Row
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Computer Time and Space Requirements

• Needleman-Wunsch 
– O(N*M) time  and O(N*M) space 

• Smith-Waterman 
– O(N*M) time  and O(N*M) space

• Gotoh improvement of Smith-Waterman
– O(N*M) time  and O(N) space
– Remembers maximum score  and its x,y location
– Must regenerate matrix for alignment

• Myers and Miller (using Hirschberg’s method)
– O(N*M) time  and O(N) space
– Builds optimal alignment

http://creativecommons.org/licenses/by/3.0/


Smith-Waterman Homology Search
Query:       HU-NS1   Maximal Score:Query:       HU-NS1   Maximal Score: 452452
PAM Matrix:PAM Matrix: 200200 Gap Penalty:Gap Penalty:  5 5 Gap Extension:Gap Extension: 0.50.5

No.  Score  Match Length DB  ID          Description            Pred. No.No.  Score  Match Length DB  ID          Description            Pred. No.
    1    452  100.0     90  2  DBHB_ECOLI  DNA-BINDING PROTEIN H  8.74e-861    452  100.0     90  2  DBHB_ECOLI  DNA-BINDING PROTEIN H  8.74e-86
    2    451   99.8     90  2  DBHB_SALTY  DNA-BINDING PROTEIN H  1.54e-852    451   99.8     90  2  DBHB_SALTY  DNA-BINDING PROTEIN H  1.54e-85
    3    336   74.3     90  2  DBHA_ECOLI  DNA-BINDING PROTEIN H  1.64e-573    336   74.3     90  2  DBHA_ECOLI  DNA-BINDING PROTEIN H  1.64e-57
    4    336   74.3     90  2  DBHA_SALTY  DNA-BINDING PROTEIN H  1.64e-574    336   74.3     90  2  DBHA_SALTY  DNA-BINDING PROTEIN H  1.64e-57
    5    328   72.6     90  2  DBH_BACST   DNA-BINDING PROTEIN I  1.35e-555    328   72.6     90  2  DBH_BACST   DNA-BINDING PROTEIN I  1.35e-55
    6    328   72.6     92  2  DBH_BACSU   DNA-BINDING PROTEIN I  1.35e-556    328   72.6     92  2  DBH_BACSU   DNA-BINDING PROTEIN I  1.35e-55
    7    327   72.3     90  2  DBH_VIBPR   DNA-BINDING PROTEIN H  2.35e-557    327   72.3     90  2  DBH_VIBPR   DNA-BINDING PROTEIN H  2.35e-55
    8    302   66.8     90  2  DBH_PSEAE   DNA-BINDING PROTEIN H  2.14e-498    302   66.8     90  2  DBH_PSEAE   DNA-BINDING PROTEIN H  2.14e-49
    9    273   60.4     91  2  DBH1_RHILE  DNA-BINDING PROTEIN H  1.47e-429    273   60.4     91  2  DBH1_RHILE  DNA-BINDING PROTEIN H  1.47e-42
  10    272   60.2     91  2  DBH_CLOPA   DNA-BINDING PROTEIN H  2.52e-4210    272   60.2     91  2  DBH_CLOPA   DNA-BINDING PROTEIN H  2.52e-42
  11    263   58.2     90  2  DBH_RHIME   DNA-BINDING PROTEIN H  3.18e-4011    263   58.2     90  2  DBH_RHIME   DNA-BINDING PROTEIN H  3.18e-40
  12    261   57.7     91  2  DBH5_RHILE  DNA-BINDING PROTEIN H  9.29e-4012    261   57.7     91  2  DBH5_RHILE  DNA-BINDING PROTEIN H  9.29e-40
  13    250   55.3     94  2  DBH_ANASP   DNA-BINDING PROTEIN H  3.32e-3713    250   55.3     94  2  DBH_ANASP   DNA-BINDING PROTEIN H  3.32e-37
  14    233   51.5     93  2  DBH_CRYPH   DNA-BINDING PROTEIN H  2.70e-3314    233   51.5     93  2  DBH_CRYPH   DNA-BINDING PROTEIN H  2.70e-33
  15    226   50.0     95  2  DBH_THETH   DNA-BINDING PROTEIN I  1.07e-3115    226   50.0     95  2  DBH_THETH   DNA-BINDING PROTEIN I  1.07e-31
  16    210   46.5     99  3  IHFA_SERMA  INTEGRATION HOST FACT  4.46e-2816    210   46.5     99  3  IHFA_SERMA  INTEGRATION HOST FACT  4.46e-28
  17    206   45.6    100  3  IHFA_RHOCA  INTEGRATION HOST FACT  3.52e-2717    206   45.6    100  3  IHFA_RHOCA  INTEGRATION HOST FACT  3.52e-27
  18    205   45.4     99  3  IHFA_SALTY  INTEGRATION HOST FACT  5.90e-2718    205   45.4     99  3  IHFA_SALTY  INTEGRATION HOST FACT  5.90e-27
  19    204   45.1     99  3  IHFA_ECOLI  INTEGRATION HOST FACT  9.87e-2719    204   45.1     99  3  IHFA_ECOLI  INTEGRATION HOST FACT  9.87e-27
  20    200   44.2     94  3  IHFB_ECOLI  INTEGRATION HOST FACT  7.71e-2620    200   44.2     94  3  IHFB_ECOLI  INTEGRATION HOST FACT  7.71e-26
  21    200   44.2     94  3  IHFB_SERMA  INTEGRATION HOST FACT  7.71e-2621    200   44.2     94  3  IHFB_SERMA  INTEGRATION HOST FACT  7.71e-26
  22    165   36.5     99  5  TF1_BPSP1   TRANSCRIPTION FACTOR   3.42e-1822    165   36.5     99  5  TF1_BPSP1   TRANSCRIPTION FACTOR   3.42e-18
  23    147   32.5     90  2  DBH_THEAC   DNA-BINDING PROTEIN H  2.12e-1423    147   32.5     90  2  DBH_THEAC   DNA-BINDING PROTEIN H  2.12e-14
  24     76   16.8    477  2  GLGA_ECOLI  GLYCOGEN SYNTHASE (EC  3.80e-0124     76   16.8    477  2  GLGA_ECOLI  GLYCOGEN SYNTHASE (EC  3.80e-01
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Steps in FASTA Method
Lipman & Pearson, Science 1985

http://www.sciencemag.org/cgi/reprint/227/4693/1435
http://creativecommons.org/licenses/by/3.0/


A A A A - 34, 56, 72A A A A - 34, 56, 72
A A A C - 35, 98, 120A A A C - 35, 98, 120
A A A G -A A A G -
A A A T - 57, 73A A A T - 57, 73
A A C A - 36, 121A A C A - 36, 121
A A C C -A A C C -
A A C G - 99A A C G - 99
A A C T -A A C T -
A A T A - 58A A T A - 58
A A T C - 74, 147A A T C - 74, 147
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Database Sequences . . .Database Sequences . . .

FASTA Word Search
(Query Hashing)
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Steps in FASTA Method
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Joining Diagonals of Similarity

JP = Joining penalty

S1

S2

S3

S4

S5

S1,3,5 = S1 + S3 + S5 - 2 x JP

S1,3 = S1 + S3 - JP
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Steps in FastA Method
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FastA Search (cont.)
(HU versus SwissProt)

Alignment of hu  to HLIK_ASFB7Alignment of hu  to HLIK_ASFB7

SCORES Init1: 59  Initn: 59  Opt: 84 score: 200.4  E(58800): 0.00014SCORES Init1: 59  Initn: 59  Opt: 84 score: 200.4  E(58800): 0.00014
Smith-Waterman score: 84;    30.2% identity in 96 aa overlapSmith-Waterman score: 84;    30.2% identity in 96 aa overlap

                                                      10        20        30        40          4910        20        30        40          49
hu                 MNKSQLIDKIAAGADISKAAAGRALDAIIASVTESLKEGDDVAL---VGFGThu                 MNKSQLIDKIAAGADISKAAAGRALDAIIASVTESLKEGDDVAL---VGFGT
                                      ::|::| : :|| ::::||   | : :    : ::||::::| :   : | :::|::| : :|| ::::||   | : :    : ::||::::| :   : | :
HLIK_ASFB7 MSTKKKPTITKQELYSLVAADTQLNKALIERIFTSQQKIIQNALKHNQEVIIPPGIKFTVHLIK_ASFB7 MSTKKKPTITKQELYSLVAADTQLNKALIERIFTSQQKIIQNALKHNQEVIIPPGIKFTV
                                      10        20        30        40        50        6010        20        30        40        50        60

                    50        60        70           80        9050        60        70           80        90
Hu         FAVKERAARTGRNPQTGKEITIAAA---KVPSFRAGKALKDAVNHu         FAVKERAARTGRNPQTGKEITIAAA---KVPSFRAGKALKDAVN
                        :|| : || |:|| ||: | | |    |: ::|| | : | :|:|| : || |:|| ||: | | |    |: ::|| | : | :|
HLIK_ASFB7 VTVKAKPARQGHNPATGEPIQIKAKPEHKAVKIRALKPVHDMLNHLIK_ASFB7 VTVKAKPARQGHNPATGEPIQIKAKPEHKAVKIRALKPVHDMLN
                                      70        80        90       100    70        80        90       100    
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Original BLAST Algorithm
Altschul et al. J. Mol. Biol. 1990 215, 403-410.

• Basic Local Alignment Search Tool
• Indexes words in database
• Calculates “neighborhood” of each word in query using 

BLOSUM  matrix and probability threshold
• Looks up all words and neighbors from query in database 

index to find High-scoring Segment Pairs (HSPs)
• Extends High-scoring Segment Pairs (HSPs) left and right 

to maximal length
• Finds Maximal Segment Pairs (MSPs) between query and 

database
• Does not permit gaps in alignments

http://www.ncbi.nlm.nih.gov/pubmed/2231712?dopt=Citation
http://creativecommons.org/licenses/by/3.0/


Expectation of High-scoring Segment Pairs (HSPs)
Karlin and Altschul PNAS 1990, 87, 2264-2268.

Distribution of Scores > S
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Score S

Fraction of Scores > S

Prob(Score  X) 1  exp  Ke λX 

where λ  is the root of the equation:

pi p j exp λsij  1
j1

r


i1

r


pi  and p j  are the probabilities of the
residues in each sequence,
sij  are the similarity scores of
two residues i and j.
If the expected value of
the scores for random sequences is

< 0, i. e. pi p jsij  0
j1

r


i1

r


⎛
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then there are two solutions for λ,
zero and one other positive root.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=2315319
http://creativecommons.org/licenses/by/3.0/


Extreme Value Distribution of Scores
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Original BLAST vs Smith & Waterman
(Metr vs Swiss-Prot:  60 members expected)

PenaltiesPenalties Threshold (Threshold (5% expectation)5% expectation)
GapGap NumberNumber NumberNumber NumberNumber

ProgramProgram PAMPAM Gap Gap SizeSize RightRight WrongWrong MissedMissed
(TP/60)(TP/60) (FP)(FP) (FN/60)(FN/60)

S & WS & W 11 2020 55 33 44 5757
S & WS & W 5050 2020 55 2727 11 3333
S & WS & W 100100 2020 55 4242 11 1818
S & WS & W 150150 2020 55 5151 00 99
S & WS & W 200200 2020 55 5353 00 77
S & WS & W 250250 2020 55 5050 00 1010

S & WS & W 200200 55 55 22 00 5858
S & WS & W 200200 1010 55 5353 22 77
S & WS & W 200200 2020 55 5353 00 77
S & WS & W 200200 4040 55 5353 00 77
S & WS & W 200200 8080 55 5151 00 99

BLASTBLAST 22 ∞∞ ∞∞ 22 00 5858
BLASTBLAST 5050 ∞∞ ∞∞ 2323 00 3737
BLASTBLAST 100100 ∞∞ ∞∞ 3232 00 2828
BLASTBLAST 150150 ∞∞ ∞∞ 3535 00 2525
BLASTBLAST 200200 ∞∞ ∞∞ 4040 00 2020
BLASTBLAST 250250 ∞∞ ∞∞ 3535 00 2525

http://creativecommons.org/licenses/by/3.0/


cDNA Queries Require Affine Gap Penalties

http://creativecommons.org/licenses/by/3.0/


Detecting Genomic Sequences with
cDNA Queries

Rank Order of Genomic Sequence in Output List   

HUMACCYBB

MUSHBBMAJ
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ZMALPTUB1
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FASTA

S & W
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GAPPED BLAST Starts with a
Two Hit Approach

http://creativecommons.org/licenses/by/3.0/


GAPPED BLAST Extension of Two Hit HSP

http://creativecommons.org/licenses/by/3.0/


Region Explored by GAPPED BLAST
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GAPPED BLAST Extension of Two Hit HSP
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GAPPED BLAST Alignment
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Extreme Value Distribution of Scores
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Gapped BLAST Advanced Settings
http://www.ncbi.nlm.nih.gov/BLAST/

• -G  Cost to open gap [Integer]
– default = 5  for nucleotides 11 proteins

• -E  Cost to extend gap [Integer]
– default = 2 nucleotides 1 proteins

• -q Penalty for nucleotide mismatch [Integer]
– default = -3

• -r reward for nucleotide match [Integer]
– default = 1

• -e expect value [Real]
– default = 10

• -W wordsize [Integer]
– default = 11 nucleotides 3 proteins

http://www.ncbi.nlm.nih.gov/BLAST/
http://creativecommons.org/licenses/by/3.0/


PSI-BLAST Alignment
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Dynamic Programming
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Generalized Dynamic Programming

G  L   I  V  S   R  A   D  G  I  R  E  M  T  S  P  L  K  S  G  F  V
(3 4 5 1-5 2 7 1 9-3 5 0-6 1 2 5 6-7 3 4)(3 4 5 1-5 2 7 1 9-3 5 0-6 1 2 5 6-7 3 4)

(3 4 5 1-5 2 7 1 9-3 5 0-6 1 2 5 6-7 3 4)(3 4 5 1-5 2 7 1 9-3 5 0-6 1 2 5 6-7 3 4)

(3 0 5 9-5-3 2 2-3-3 2 0-2 1 1-5 6-7 3 4)(3 0 5 9-5-3 2 2-3-3 2 0-2 1 1-5 6-7 3 4)

(3 0 5 9-5-3 2 2-3-3 2 0-2 1 1-5 6-7 3 4)(3 0 5 9-5-3 2 2-3-3 2 0-2 1 1-5 6-7 3 4)

(3 0 5 9-5-3 2 2-3-3 2 0-2 1 1-5 6-7 3 4)(3 0 5 9-5-3 2 2-3-3 2 0-2 1 1-5 6-7 3 4)

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

  A R N D C Q E G H I L K M F P S T W Y VA R N D C Q E G H I L K M F P S T W Y V

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

(6 4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1)(6 4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1)

(6 4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1)(6 4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1)

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

(2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4)(2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4)

(6 4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1)(6 4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1)

(2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4)(2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4)

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

(2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4)(2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4)

(2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4)(2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4)

(6 4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1)(6 4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1)

(1 3 5 2-5-3 2 2-3 2 2 0-2 1 1-5 6-7 3 4)(1 3 5 2-5-3 2 2-3 2 2 0-2 1 1-5 6-7 3 4)
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PSI-BLAST Alignment I

http://creativecommons.org/licenses/by/3.0/


Sequence Profile

http://creativecommons.org/licenses/by/3.0/


Hidden Markov Models (after Haussler)
http://www.cse.ucsc.edu/research/compbio/HMM-apps/HMM-applications.html

AA1 AA2 AA3 AA4 AA5 AA6

I 1 I 2 I 3 I 4 I 5

D 2 D 3 D 4 D 5

http://www.cse.ucsc.edu/research/compbio/HMM-apps/HMM-applications.html
http://creativecommons.org/licenses/by/3.0/


FastA Protein
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=fasta-prot

http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=fasta-prot
http://creativecommons.org/licenses/by/3.0/
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SeqWeb FASTA
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=fasta-prot

http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=fasta-prot
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=fasta-prot
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=fasta-prot
http://creativecommons.org/licenses/by/3.0/


SeqWeb BLAST Protein
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=blastp

http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=fasta-prot
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=fasta-prot
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=fasta-prot
http://creativecommons.org/licenses/by/3.0/


SeqWeb BLASTP
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=blastp

http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=blastp
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=blastp
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=blastp
http://creativecommons.org/licenses/by/3.0/


SeqWeb PSI-BLAST Protein
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=psiblast

http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=psiblast
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=psiblast
http://seqweb.stanford.edu:81/gcg-bin/analysis.cgi?program=psiblast
http://creativecommons.org/licenses/by/3.0/


NCBI BLAST Home Page
http://blast.ncbi.nlm.nih.gov/

http://blast.ncbi.nlm.nih.gov/
http://creativecommons.org/licenses/by/3.0/
http://www.ncbi.nlm.nih.gov/


NCBI BLAST Input
http://blast.ncbi.nlm.nih.gov/

http://blast.ncbi.nlm.nih.gov/
http://creativecommons.org/licenses/by/3.0/
http://www.ncbi.nlm.nih.gov/


NCBI BLAST Parameters
http://blast.ncbi.nlm.nih.gov/

http://blast.ncbi.nlm.nih.gov/
http://creativecommons.org/licenses/by/3.0/
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BLAST Low Scores 
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General DNA Similarity Search Principles

• Search both Strands
• Translate ORFs
• Use most sensitive search possible

– UnGapped BLAST for infinite gap penalty (PCR & CHIP 
oligos)

– Gapped BLAST for most searches
– Smith Waterman or megaBLAST or discontinuous 

MegaBLAST for cDNA/genome comparisons
– cDNA =>Zero gap-length penalty 
– Consider using transition matrices
– Ensure that expected value of score is negative

• Examine results with exp. between 0.05 and 10
• Reevaluate results of borderline significance using 

limited query

http://creativecommons.org/licenses/by/3.0/


General Protein Similarity Search Principles

• Chose between local or global search algorithm
• Use most sensitive search algorithm available

– Original BLAST for no gaps
– Smith-Waterman for most flexibility
– Gapped BLAST for well delimited regions
– PSI-BLAST for families
– Initially BLOSUM62 and default gap penalties
– If no significant results, use BLOSUM30 and lower gap penalties
– Ensure expected score is negative

• Examine results between exp. 0.05 and 10 for biological 
significance

• Beware of long hits or those with unusual amino acid 
composition

• Reevaluate results of borderline significance using 
limited query
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BestFit Alignments (Gap =8)
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BestFit Alignments (Gap =8&2)
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Gap Results (Gap 8&4)
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