BIOS 477/877
Bioinformatics and Molecular Evolution

Instructor: Etsuko Moriyama
(School of Biological Sciences)

Spring 2026 | Lecture 11
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Today's topics

> Statistical Significance of Alignment
Scores

> Similarity Search
= FASTA and BLAST
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Significance of alignment scores
» P(52x|Hy): probability of getting the alignment score S > x
by chance
Karlin-Altschul equation (kariin and Altschul 1990) P(S2x)=Kmne™
P(S>x) = 1 - exp[-Kmne*] = Kmne*
* K and A: parameters based on a given scoring matrix EVD (Gumbel distribution):
and the amino acid position of the seq e P(5>x) = 1-exp[-e /4|
 m and n: lengths of sequences aligned A=V p= (nKmn)/A
=> Solved for ungapped local alignments
=> Can be applied for gapped local alignments
» E-value = P(S2x[Hy) x N E-value # P-value
V: the number of sequences in the dataset
Expected number of randomly selected sequences in the dataset
that have alignment scores > x BIOS477/877 L11 -3
3

Estimation of K, A, and P-value

» Estimation of K and A from empirical distribution of
random alignment scores (used in LALIGN and PRSS)
1) The second sequence is shuffled many times
—> Simulates random sequences

2) Smith-Waterman local alignment score is calculated from
each alignment: P(S>x|Hy)

3) The distribution is fitted to an extreme value distribution
to obtain estimates of K and A

4) P-value is estimated based on the K and 4, and the
original alignment score x: P(S>x) = Kmne**
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Simulation of random score distribution
(example)
[Input sequences]

+ RECA_ECOLI (POA7G6; 353 amino acids)
+ RAD51_YEAST (P25454; 400 amino acids)

Smith-Waterman local alignment score =293
( BLOSUM50, gap opening: -10, gap extension: -1)

RECA_ECOLT 3 51
I ! ! Tl
RADS1_YEAST 124 170

RECA_ECOLT 52 %
IR N e A [N
£

RADS1_YEAST 1

RECA_ECOLT 95 135

RADS1_YEAST 219 268

RECA_ECOLT 136 181
LT 1] il [
RADS1_YEAST 269 314

RECA_ECOLT 182 228
I [ERERIEI "
RADS1_YEAST 315 358

RECA_ECOLT 229 LYGEGI 269
- [

RADS1_YEAST 359 392

Using EMBOSS WATER @ EBI BIOS477/877 L11 -5

Simulation of random score distribution
(example)
[Input sequences]

« RECA_ECOLI (P0A7G6; 353 amino acids)
* RAD51_YEAST (P25454; 400 amino acids)

Smith-Waterman local alignment score = 293
( BLOSUM50, gap opening: -10, gap extension: -1)

1. Shuffle RAD51_YEAST 1000 times
(generate 1000 random sequences)

2. Align with RECA_ECOLI
(generate 1000 random local alignments)

reca Ecou > NS I NN N .
shuffled > T T T 0 (T 1] CT O] CT T W0 BT[]
RAD51_YEAST
(score?) (score?) (score?) (score?) (score?)
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https://www.ebi.ac.uk/jdispatcher/psa/emboss_water

Simulation of random score distribution
(example)

s
2 - RECA_ECOLI (POA7G6; 353 amino acids)
_ + RADS51_YEAST (P25454; 400 amino acids)
nn Smith-Waterman local alignment score = 293
2 ( BLOSUMS50, gap opening: -10, gap extension\-1)
o | |
. 8
g
% From 1000 random
[ alignments
2
I I S S
OTTm (e (T (T W
s
8
° T T T T T T T

293

30 40 50 60 70 80 %
Smith-Waterman local alignment scores
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FASTA Web server by William Pearson

FASTA Sequence Comparison at the U. of Virginia

2\
UVa FASTA Server N ooPouP ey et Y 1Y
(1 Y
Aot - oitner by =
* Getling st databes ‘sequence. Other programs =
qasiy s} Uie BLAST. FASTA ca be used s mer
O [T E) Protein Nucleotide e
Retoroncos William R, Pearson
+ Pt oonFASTA + Nockotd-Nucieotd NARNA fasta)
s 8
* Psteessry | 8 : ..
- satstes (ggssarch) = Original FASTA
© rasTsmASTE | Ea oo protin st gisearch)
© Proa cton wih rorcers peptdes (asts)
Sotware 2 Prolin protein wih mxed popide sequances package was
« FASTAYGS
Grangiog released on 1988
* Soaee .
I M Staistion Significance ' (earlier than
+ Draierairg e | »
5 Protins tastunasty) DNAvS DNA S (pres) BLAST)
over resouces « Fromnvs * Tansimes On
GHAPS -Comvert| o v arsiaed ONA tats) = The origin of
FEes ot The origin o
Fiois
+ oaroptma
akgnments Local Duplications. FASTA format
FEThBaroses
+ Ncsiel « Local Protein alignments (lalign)
sener P e sigimant cotper. (platgn)
« EMBL-EBIServer| , | ocal DNAaW?vmlms (lalign) N
£ P DA sigman G pr i)
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STAWeb server

Statistical analysis of alignments by PRSS
(result example)
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Simulation of random score distribution
(example)
g Random alignment score distribution
. ?—" EVD (Gumbel distribution)
- |l P(S=x)=Kmn e
g
Fitting the curve to
24 estimate K and A
30 40 50 60 70 EY 90
Smith-Waterman local alignment scores
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Statistical analysis of alignments by PRSS

PRSS/PRFX siapilcanceofa alignment
Statistical Significance from Shuffles 5 Z

scar
rom the distribution of shuffed alignment scorc.

earch Databases with FASTA

proteins.
Find Internal Duplicati

Choose: (A) program and (5, C) sequences to compare:

R 0 e of e 0
(A) Program: prss:proeinproten © e (o

(B.1) Enter first (query) sequence

The second sequence is
shuffled 1000 times to generate
random sequences.

15.2) Or upload sequence from file: Chooes i o i sl
OProtein DNA (both-strands)  DNA (forward only)  DNA (rev-comp only)

=> Amino acid composition can
be maintained.

(C.1) Enter the second sequence: © Subset range:
Anncrae Tt Seence |
- Upload anpotation

=> Window size can be set so
that shuffling is done locally

(690 hun st e ivrs A
IR T Start shuffling
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Statistical analysis of alignments by PRSS
(result example)

Qu

;\>>>SDIPEA7GG|RECA ECOLT Protein RecA; Recombinase A - 353 aa
Library: TMi

Yoo resfaues in 1 sequences

shuffisg [1ogol) ML sigiisticsl wanbdas
Algorithm: Smith-waterman (ese2, Michael | Farrar 2aa6) «
Parameters BL5G matrix (1 5). open/ext: -10/-

Scan time: 0.080 /

IBiP35354TRADST_VERST ONA repair protein RADS ,' ! ( a00) z‘a’s“é?s‘ﬁ?“j”’
~>>splPOATG6IRECA_ECOLI, 353 aa vs TMP.q2 library /. n
=25p|P25454 |RADS1_YEAST DNA rBRair protein RAD: (400 _aa)
SmithoWatcrman scorer 3s; 26.6ntqaentity fés,é Limitiary ,.. 231 aa Mr\a,«la 241:153- 3,55)
W N, /
\\s \\ Il II ’/ ,
7
' ’
( ) Kmne? i 0. 1376 K=0.01032 /' E(10000) = 10000 x P
x= 236 m=353,n= 400 ;l 1 x 107 x 10000
- £ =11x107
Aand K are estimated P(5>236) !
based on simulated random =0.01032 x 353 x 400 x 137626 | Ry = Ny p
alignments =» Each S
shuffling can generate = 1.149¢e-11=1.1x10-11-----
slightly different values!
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https://fasta.bioch.virginia.edu/fasta_www2/fasta_list2.shtml
https://fasta.bioch.virginia.edu/wrpearson/

Pairwise alignment by LALIGN

LALIGN

PLALIGN (dot plot)
3 E
% o

Ve

7

7 ) A - . tpanains
% ‘

/ f

p f—
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Estimation of K and A in BLAST

» K and A = from Altschul & Gish (1996) table.

A K Hewy | e P A K Mo & For BLOSUMS0;

P > on om w en ot oms oz N
16 a6 oos  on W7 o ose o @:gap opening penalty
o 00s oz 3 G oo o1 b:gap extension penalty
o1 Do ois o3 0% oom oo )
. ‘ . I i Tincar (affine gap penalty)
5 008 02 o 510 o1 017
[ 007 o o 7 o o6
B2 008 oz 03 o1se olo Based on 10,000 random
15 i 0018 011 10 3 0139 0.07 a

o 2 oo 008 sequence pairs,
T oo
W O°T o oos o 79 oies 013 = calculate optimal local
" oz oos 5 56 oim 010 N
i 018 0oss A 1 007 alignment scores, S.
W1 ol oom s 3 oy oo
3 813 o2n0 oos 027 Coon? = estimate K and 4 by fitting
355 05 oo 03 s 8 o o
3 %7 om oo om: 57 oia 007 the distribution of S
53 o oow o 5 e onr 006
51 oiis oom oot S5 o o oo with P(S>x) = Kmne*

P oah rdciine or incar
2 7z o3 oo o2
% 0l oo o 7 & omi oolo  om This is what BLAST does
53 o oom  ois 7% s o lincar
23 % oow o
e Borderlin 16 e BIOSA77/877 L11 - 15

Similarity search

» What can you learn from similarity search?
* Related genes in another organisms
=> Homologue candidates

* Possible functions of genes/protein
[From genomic sequence]
* Gene locations
* Against cDNA sequences
=> exon-intron structure

BIOS477/877 L11 -17

Pairwise alignment by LALIGN
P(S>x) = Kmne*

Query: @
15>>5p|POATGHRECA _ECOLT Protein RecA; Reconbinase A - 353 aa
brary: THP

400 residues in 1 sequences

------- > A=0.1393, K=0.01116
o X=236

LE statistics: Lanbda=
XOR 4 Sequences

RCTAL]
+saaple
Threshotds €00 ¢
Algorithn: Smith- wa(erman Asssz Aichas, Farrar 2006) (7.2 Nov 2010/SIHDe Nov 2020)
: 10/-2

Paraneters X (15:-5), open/ext: e m =353, n =400
S tines 020 e
Amnotation syabols: ,/’ P(5>236)
active site - = 0.01116x353x400xe 13933236
# 1 binding site R
~ 1 site -’ -
1 : netal binding % =8.321e-12=8.3x10""?
Ca A
x
/’ \
\
>>>sp| POA7G6 |RECA_ECOLI, 353 aa vs TMPQ \xbrarY,
E(N)=Nx P
»spmsasumsx vnst oA repsic pmm(mn
R RecA_ATP-bd
6 cn RecA_ATP-bd

RecA_nonomer-noroner_interface
RecA_nononer-mononer_interface

Vetermon-tagert score: 236 " ms AHERY 3e 1
mmig—rsrvrm in 231 aa overlep.

L’

<---7
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Significance of alignment scores

> Alignment scores cannot be compared directly because they
depend on: scoring matrix, gap penalty, algorithms used

> Statistical significance of alignments can be tested
* Null hypothesis (Ho): the given ali score is possible by alij
two randomly selected (unrelated) sequences
« If Hy is rejected (P < threshold),
=> The given score is not possible simply by chance
= The alignment is meaningful (the two sequences must be related).

> P-value or E-value (E=NP) can be compared regardless of the
scoring systems used for alignments.
=> 0 <P-value <1 vs. 0 <E-value<N
NOTE: E-values change depending on the number of data used]
if /Vis small, E-value becomes small)
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Similarity search

Database Search result
Query sequence (protein or nucleotide)
(protein or nucleotide) 1 high similarity
MVLSPA. .. zequence 2 Sequence28
equence Sequence5
Sequence3
_— " Sequencell
Pairwise alignment Sequence4
Sequencel
(local) Sequence5
Sequence73
Sequence6
Sequence65
Sequence7
Sequence33
low simila‘ri;y‘
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Similarity search as
multiple pairwise alignments

=
N = (=)
=

MVLSPA. ..

Similarity search using
Smith-Waterman algorithm (SSEARCH)

MVLSPA. ..

rlrfafelalcle]c]a]r]a
A
T Similarity search
] . B
| Pairwise alignment Multiple
I pairwise alignments
| 2 | search space
G
Cc
T . .
e X multiple comparisons
BIOS477/877 L11 - 19
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Heuristic algorithm (FASTA/BLAST)

rlrlalelalclelc]c]r]a
<]
a Minimizes the search space
G
n i
| G | Faster search speed
| C | But search is not thorough
T
A
BIOS477/877 L11 -21
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Word/k-tuple matching
To reduce the search space:
T‘T‘A‘G‘A‘C‘G‘C‘G‘T‘A
| 2|
(o]
o Break each sequence into words
= (or k-tuples/k-mers)
N e.g., word length (k-tuple) = 2
| € | Finding short identical words
| €| can be done very rapidly
T
BN
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r]r]alc]alclclcle]]n
A
]
2 | Searches Search time needs
G | the entire alignment space to be reduced!
2 | (X multiple comparisons)
G | -
¢ | For a large database, it requires
50| lots of time
BN
BIOS477/877 L11 -20
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Search speed and sensitivity
Slower _> Faster
SSEARCH BLAST
(Smith-Waterman (Basic Local Alignment Search Tool;
dynamic programming) Altschul ez al. 1990, 1997)
;Guaranfee.s to find
the optimal alignments FASTA
(Pearson and Lipman 1988)
More ‘ Less
sensitive sensitive
More sensitive = Heuristic algorithm
detects more distantly (fast approximation)
re'qued sequm BIOS477/877 L11 -22
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Word/k-tuple matching
(o e O e e O e O e O e O W e B
T‘T‘A‘G‘A‘C‘G‘C‘G‘T‘A
12
c .
C || Break each sequence into words
[ — e.g., word length (k-tuple) = 2
G
Cla] g
[ | € | Larger the word size, more rapid, but
[ | ¢ | less thorough (less sensitive)
T
N
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Word/k-tuple matching
(example)
o
T T G [} G C G T

e (0 0>
e 0 0>
e (0 0>

1
Hlole (P a|p| oy

- a [ J [ J [ J
Word length (k-tuple) = 2
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Word/k-tuple matching
(example)
A
T T G C G C G T

® O o>
e o o>
e o o>

1—r
H 0@ |®|@|® | ap

g ES [ ] [ ] [ ]
Word length (k-tuple) = 2
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Word/k-tuple matching
(example)
oo
T T A G A C] G Cc G T A
e (o D
o |o
OED D

Hiole|»| Q|| a|p
([
o
[

- a @ (] @
Word length (k-tuple) = 2
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Word/k-tuple matching
(example)

o

T | T G c|G|C|G|T

e 0 o>
e (0 o>
e (0 0>

H 0o o |» | |2 a|p

A [ J [ J o
Word length (k-tuple) = 2

| e | | s | | s | | |
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Word/k-tuple matching
(example)

;o

T | T G c|G|C|G|T

o O o>
® o o>
e o o>

Hlo | @ [P |a|» (o »

L [ J [ J o
Word length (k-tuple) = 2

| | s | s | |y | |
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Word/k-tuple matching

(example)
oo

T T|A|G|A © G c G T A

a [ ] [ ] [ ]
[ c [ [
E A [ [ J o

G o [ ] @
E A [ J ® ®
=» Faster search
[ Larger word size =» Lower resolution
[ =>» Only highly similar hits can be found
[ = 7= T T T T T =71 |

Lsf T fel fof | [ [ | Te]

Word length (k-Tuple) = 3
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FASTA algorithm

1. Find identities using\
k-tuples

2. Join diagonals without gaps
3. Choose top 10 diagonals using a
scoring matrix (e.g., BLOSUM62)

(init1: the top diagonal score)

(k-tuples = words)
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FASTA similarity search

» Ranking
» Database sequences are ranked based on z-values
or OPT scores
=> z-value = the number of standard deviations from the
mean (standardized score)
» Alignment
* The high scored sequence pairs are aligned using
the full Smith-Waterman dynamic programming
algorithm
= Not just from the diagonal band =? better alignment
> FASTA/SSEARCH website (more on CANVAS)
EASTA website @ EBL
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BLAST resources

» BLAST Help
https://blast.ncbi.nlm.nih.gov/doc/blast-help/
* Guide to BLAST home and search pages

* BLAST Command Line User Manual
* BLAST Tutorials on YouTube

> BLAST Statistics
https:/www.ncbi.nlm.nih.gov/BLAST/tutorial/Altschul-1.html

BLAST

> "BLAST" (online version)
( see more on CANVAS)
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FASTA algorithm

(4. Join again with gaps
(initn: score of the longer diagonal)

5. A diagonal band is defined
\_ (width: 32 if k=1, 16 if k=2 for protein)

algorithm within the band

(opt: the final score)

6. Find optimal local alignment\
using dynamic programming

J

.\ and SN
. s\‘ N

\
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BLAST similarity search

() S, National Library of Medicine
National Center for Botechnblogy Information

BLAST® Home  Recent Results ~ Saved

Basic Local Alignment Search Tool

BLAST finds regions of similarity between biological sequences. The cloud based to0l o run your

and make you more effective.

databases and calculates the statitical significance. Leam more
Mon, 07 Feb 2022 120000 EST More BLAST news,

Web BLAST
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BLAST algorithm: seeding

Lo O o e 8 e e Y e e Y e O |

e o [ON4— °
[k N@) [e®|Wardhits
= 2ND yan! L
[ G \.\(——’ ¢

[ a QNY o
[ G \\.) (.\\l(

c [ J \\.)
IBOON N
INENOED o)

Word length =2
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https://fasta.bioch.virginia.edu/fasta_www2/fasta_list2.shtml
https://www.ebi.ac.uk/jdispatcher/sss/fasta
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/doc/blast-help/
https://blast.ncbi.nlm.nih.gov/doc/blast-help/
https://blast.ncbi.nlm.nih.gov/doc/blast-help/
https://www.ncbi.nlm.nih.gov/BLAST/tutorial/Altschul-1.html
https://www.ncbi.nlm.nih.gov/BLAST/tutorial/Altschul-1.html
https://www.ncbi.nlm.nih.gov/BLAST/tutorial/Altschul-1.html

BLAST algorithm: seeding
(including neighborhood)

= Using words reduces the search space
= Neighborhood increases the sensitivity

Mismatch (Ts) = -1

Match =2
{ Mismatch (Tv) = -5

Neighborhood

Neighborhood Threshold (T) = 1
[minimum score allowed to be the neighborhood]
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BLAST algorithm: seeding
(including neighborhood)
o
T | T G c|G|C|G|T
[
[ J [ J [ J

o o o>
o o o>

e o 0

r
H Q@ [P ||k | ap

L 2K J [ ]
L a Y
Word length=2, T=1
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BLAST algorithm: extension
oo
T T | A G|A|C G Cc G T | A

[ ] [ ] [ ] [ ]
[ ] ] ([ [ ]
Y Extension of diagonal lines

1
PIHIQO|lQ@ || @ |® alk
[

[ J ® [ J
Word length=2,T=1
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BLAST algorithm: seeding

(including neighborhood)
o

T | T G c|GcG|Cc|G|T

e 0 o>
e (0 0>

oo o (o>

HliQo @ P @ |P|a| P

a @

Word length=2,T=1
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| | s | s | [ | o | |

»[a]ofe]>]as]a]»

BLAST algorithm

Lo 0 o e Y e O O o e |

2]z [alc]alclclclc]]a

Search space is seeded

a

Extension of each alighment

Word length=2, T=1
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| e | e | s | e |y | e [ |

BLAST algorithm: extension

Lo O o e 8 e e Y e e Y e O |

T‘T‘A‘G‘A‘C‘G‘C‘G‘T‘A

A

||

EN

|G | Alignment extension is done until
' the score drops over the threshold

I |

lc |

K3

EN

Word length=2,T=1
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BLAST algorithm: extension

= Alignment extension is done until its score
drops 2 X from the last maximum

Score=$S

X=3
(drop-off threshold)

Score—s

Alignment position __,

BIOS477/877 L11 -43
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BLAST algorithm: extension

= Alignment extension is done until its score
drops 2 X from the last maximum

\5
+2 1

+2
T 2 -2

x:3
. N Mlx \‘ (drop-off threshold)

Drop off = 4>X

extension stopped

Score —»

Alignment position —
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BLAST algorithm: extension
(two-hit method)

= Two-hit method: Extension is invoked only when two hits are
found within distance A and on the same diagonal

N
—
\\

R N

\~ ) Tooﬁ

Many thresholds are set!

Extend only these two hits

W=3,T=11,X=16, A=20
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BLAST algorithm: extension

= Alignment extension is done until its score
drops 2 X from the last maximum

s
\+2 4

. X=3
f\' (drop-off threshold)

§

Alignment position __,
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Score 5

BLAST algorithm: extension

= Alignment extension is trimmed back to
the point of the nearest maximum score

\5
+2 1

+2

L =8
\/MIJX (drop-off threshold)

the end of extension

Alignment position —
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BLAST algorithm: HSP selection

= HSPs (High-scoring Segment Pairs) scoring
higher than the threshold (S1) are chosen

Score 2 S1

N
N

NN

Even more thresholds!

R

W=3, T=TT, X=16, A=40, SI=4T
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BLAST algorithm: HSP selection BLAST algorithm: gapped extension

= Consistent (non-overlapping) HSPs are = Gapped extension is done only for selected HSPs
grouped for E-value calculation = Gapped alignments scoring higher than the threshold (S2) is

Multiple HSPs can be chosen as the final set
found for a single hit

Consistent HSPs

Score 2 S2

Inconsistent HSPs
are overlapped

IW=3, T=11, X=16, A=40, 51=41

W=3,T=11, X=16, A=40, 5S1=41, 52=70
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BLAST algorithm: summary

» Word-matching size (W)

y
=> Longer words: faster but less sensitive [2] (o]
c
> Neighborhood threshold (T) 2 o
= LowerT: S o
o detects weaker similarities 5 o
- T
o slower but more sensitive o o 1o n
»> Extension -
= Drop-off score threshold (X) G Y
= Two-hit method \ e =
(A: distance b/w 2 hits) 2 =
a N
»> HSP selection c
(ungapped alignment threshold: S1) -
x o

» Gapped HSP extension
(gapped alignment threshold: 52)
BI0S477/877 L11 -51

51



