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Introduction to Bioinformatics
Lecture 4
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Fitting alighment
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Gapped alignment
BLOSUM scoring matrix

= W

Reading:
* Jones and Pevzner. Chapters 6.6-6.9
* Lecture notes



NGS Characterized by Short Reads

A

... CATTCAGTAG ...

L ... AGCCATTAG ...

i g j
O e l - GGTAGTTAG ... ... GGTAAACTAG ...

G ... TATAATTAG ... ... CGTACCTAG ...

enome * s

Millions -billions Next_generation 10-100’s million short reads
"ucleotides DNA sequencing Short read: 100 nucleotides

Allow for inexact matches due to: Human reference genome is

3,300,000,000 nucleotides, while a

, , _ short read is 100 nucleotides.

* Polymorphisms/mutations in Global sequence alignment will not
reference genome waid

* Sequencing errors

Question: How to account for discrepancy
between lengths of reference and short read?




Fitting Alignment

For short read alignment, we want to aligh complete short read v €
>™ to substring of reference genome w € X™. Note that m < n.

vexm

wexh

Fitting Alignment problem: Given stringsv € 2™ and w € X" and

scoring function o, find a alignment of v and a substring of w with

maximum global alignment score s* among all global alignments of
v and all substrings of w




Fitting Alignment — Naive Approach

Fitting Alignment problem: Given strings v € 2™ and w € X" and scoring
function 9, find an alignment of v and a substring of w with maximum global
alignment score s™ among all global alignments of v and all substrings of w

vexm

wexh

* Consider all contiguous non-empty substrings of w, definedby1 <i<j<n
* How many?




Fitting Alignment — Naive Approach

Fitting Alignment problem: Given strings v € 2™ and w € X" and scoring
function 9, find an alignment of v and a substring of w with maximum global
alignment score s™ among all global alignments of v and all substrings of w

vexm

wexh

* Consider all contiguous non-empty substrings of w, definedby1 <i<j<n
* How many? Answer: n + (7))

* What are their total lengths?
* What is the running time?




Fitting Alighnment — Dynamic Programming

Fitting Alignment problem: Given strings v € X™ and w € X™ and scoring

function 0, find an alignment of v and a substring of w with maximum global
alignment score s™ among all global alignments of v and all substrings of w

v\w 0

0 O

T

A

C

AC

¢ O

G

¢

G

G

C 0,

’_’O sli, j] = max <

\

sli — 1, 7] + (v,
sli,j — 1]+ 6(—, wy),
s[i— 1,5 — 1] + 6(v;, w;),

s* = max{s|m,0], ..

., 8[m, n]}

_)7

if 1+ = 0,
if 7 > 0,
if ¢ >0 and 5 > 0,
if ¢ >0 and 5 > 0.



Fitting Alighnment — Dynamic Programming

Fitting Alignment problem: Given strings v € X™ and w € X™ and scoring

function 0, find an alignment of v and a substring of w with maximum global
alignment score s™ among all global alignments of v and all substrings of w

v\w 0 T A C G G C 0, 'Start a'nywhere on first row %f 7, =0,
0’0 O i e TR D

| si, § — 1]+ 0(—, w;), if i >0 and j > 0,
A sli—1,7 — 1] + 6(vi,w;), ifi>0andj> 0.

: : s* g max{s|m,0],...,s[m,n]} End anywhere on last row




Fitting Alighnment — Dynamic Programming

Fitting Alignment problem: Given strings v € 2™ and w € X" and scoring
function 9, find an alignment of v and a substring of w with maximum global
alignment score s™ among all global alignments of v and all substrings of w

\w 0 T A C G G C 0, Start anywhere on first row if : = 0,
0 O 10 —Q sli, j] = max 3['5:—.1,‘7']—1—(5(1}7;,—), 1fz >0, ,
sli,j — 1] + 6(—, w;), if 1 >0 and 57 > 0,
A(Y\ sli —1,7 — 1]+ 6(vs,w;), if i >0and j > 0.
max{s/m,0],...,s[m,n]} Endanywhere on last row
G O
Question: Let match score be 1,
G mismatch/indel score be -1. What is s*?
Vi - ~ Question: Same scores. What is optimal
w| T C global alignment and score?




Fitting Alighnment — Dynamic Programming

* Online:

https://valiec.github.io/AlienmentVisualizer/index.html|

v\w 0

T

A

C G G
-Q—Q—C

C (0, if + =0,
o sli — 1, 7] + 6(vi, —), if 1+ > 0,
>QO slt,j] =maxq . e .
sli,j — 1] + 6(—, w;), if i >0 and 57 > 0,
(sl — 1,5 — 1] + 6(vi,w;), if7>0andj>0.
s* = max{s[m,0],...,s[m,n|}

Question: Let match score be 1,
mismatch/indel score be -1. What is s*?

Question: Same scores. What is optimal

C global alignment and score?
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Outline

2. Local alignment
3. Gapped alignment
4. BLOSUM scoring matrix

Reading:
* Jones and Pevzner. Chapters 6.6-6.9
* Lecture notes



Local Alignment — Biological Motivation

Proteins are composed of functional units called domains. Such
domains may occur in different proteins even across species.

SHKA |

Pkinase Tyr SH2.

ABL1 |

SH2 o PkinasesTyrs F_actin_bind

From Pfam database (http://pfam.sanger.ac.uk/)

Local Alignment problem: Given strings v € 2™ and w € X™ and scoring
function 0, find a substring of v and a substring of w whose alignment has
maximum global alignment score s* among all global alignments of all
substrings of vand w



http://pfam.sanger.ac.uk/

Global, Fitting and Local Alignment

Global Alignment problem: Given strings v € X™ and w € X™ and scoring
function 9, find alighment of v and w with maximum score.

Fitting Alignment problem: Given strings v € 2™ and w € X" and scoring
function 9, find an alignment of v and a substring of w with maximum global
alignment score s™ among all global alignments of v and all substrings of w

Local Alignment problem: Given strings v € 2™ and w € X™ and scoring
function 0, find a substring of v and a substring of w whose alignment has
maximum global alignment score s* among all global alignments of all
substrings of vand w




Local Alighnment — Naive Algorithm

Local Alignment problem: Given strings v € 2™ and w € X™ and scoring
function 0, find a substring of v and a substring of w whose alignment has
maximum global alignment score s® among all global alignments of all
substrings of vand w

Brute force:
1. Generate all pairs (v',w") of substrings of vand w
2. For each pair (v',w"), solve global alignment problem.

Question: There are (Tg) (g) pairs of substrings.
But they have different lengths. What is the running time?




~=T--CC-C-AGT--TATGT-CAGGGGACACG--A-GCATGCAGA-GAC
Ke |de I | || (. | . [ I
Ea AATTGCCGCC-GTCGT-T-TTCAG--—-CA-GTTATG--T-CAGAT--C

tccCAGTTATGTCAGgggacacgagecatgcagagac
FETETr el
aattgccgccgtegttttcagCAGTTATGTCAGatc

TTGCCGCCGTCGTTTTCAGCAGTTATGTCAGATC

Global alighment:
e Startat (0,0) and end at (m,n)

Local alighment:
e Start and end anywhere

-“—__

OO->0OOEO0FOEO000E0—0—E2——-O>000—

o

- -
—] -

Figure 6.16 (a) Global and (b) local alignments of two hypothetical genes that each
have a conserved domain. The local alignment has a much worse score according to
the global scoring scheme, but it correctly locates the conserved domain.

15



. —-T--CC-C-AGT--TATGT-CAGGGGACACG—-A-GCATGCAGA-GAC
Local Alignment Recurrence GCC-GTCGT-T-TTCAG——~CAC I CAGAT-—
AATTGCCGCC-GTCGT-T-TTCAG--—-CA-GTTATG--T-CAGAT--C

tccCAGTTATGTCAGgggacacgagecatgcagagac
FEEErrrrrrd
aattgccgcecgtegttttcagCAGTTATGTCAGatc

Local Alighment problem: Given strings v € ™
and w € X" and scoring function §, find a substring L16CCCCATCATTTTCAGCAGT TATGTCAGATS

.
. . G wuas
of v and a substring of w whose alignment has g
maximum global alighment score s™ among all 7 IR 111
. . A Globa —4 Loca
global alignments of all substrings of vand w &
:
g
g
0. o g g
. sli — 1, 7] + (v, —), if 1 > 0, A "
sli,j] = max< o g ‘
sli,j — 1] + 6(—, w;), if 7 >0, 7 '
(sle— 1,5 — 1]+ 0(vi,w;), ifi>0andj>O0. X :
A i
s* = max si, j] A '.

,]

Figure 6.16 (a) Global and (b) local alignments of two hypothetical genes that each
have a conserved domain. The local alignment has a much worse score according to
the global scoring scheme, but it correctly locates the conserved domain.
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. ~=T--CC-C-AGT--TATGT-CAGGGGACACG--A-GCATGCAGA-GAC
Local Alienment Recurrence GCC-GTCRT-T-TTCAG- A~ I CAGAT-—
AATTGCCGCC-GTCGT-T-TTCAG--—-CA-GTTATG--T-CAGAT--C

tccCAGTTATCTCAGgggacacgagecatgcagagac
FEEErrrrrrd
aattgccgcecgtegttttcagCAGTTATGTCAGatc

Local Alighment problem: Given strings v € ™
and w € X™ and scoring function §, find a substring LTGCCGCCGTCATTTTCAGCAGTTATGTCAGATC
of v and a substring of w whose alignment has
maximum global alignment score s* among all
global alignments of all substrings of vand w

10, Start anywhere H 4= —
sli — 1, 4] + 6(vi, —), if 1 > 0,
sli,j — 1] + 6(—, w;), if 5 >0,
(sle— 1,5 — 1]+ 0(vi,w;), ifi>0andj>O0.

sli, j] = max <

133

s* = max s|i, j| End anywhere
0,]

OrOrOHrOO—rO0OrO0r0OFO0OOOE0—HGO—E——OF000

Figure 6.16 (a) Global and (b) local alignments of two hypothetical genes that each
have a conserved domain. The local alignment has a much worse score according to

e [ ]
R u n n I ng tl m e : 0 (mn) the global scoring scheme, but it correctly locates the conserved domain.
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Local Alignment — Dynamic Programming

* Online:
https://valiec.github.io/AlienmentVisualizer/index.html|

wO T A C

C G G
0 Q—~O—0—Q—Q—~Q—0

(

, — =

0
A ('\ Sfi. ] = max ¢ s[i — 1, 5] + 8(v;, —), if i > 0,
’ sli,j — 1] + 6(—,w;), if 7 >0,
G | s[e — 1,5 — 1] + 6(vi,w;), ifi>0andj>0.

s" = max si, |

G 1,7

Question: Let match score be 2, mismatch
W| G G score be -2 and indel be -4. What is s*?

18
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Global, Fitting and Local Alignment

Global Alignment problem: Given strings v € X™ and w € X™ and scoring
function 9, find alighment of v and w with maximum score.

Fitting Alignment problem: Given strings v € 2™ and w € X" and scoring
function 9, find an alignment of v and a substring of w with maximum global
alignment score s™ among all global alignments of v and all substrings of w

Local Alignment problem: Given strings v € 2™ and w € X™ and scoring
function 0, find a substring of v and a substring of w whose alignment has
maximum global alignment score s* among all global alignments of all
substrings of vand w




Outline

3. Gapped alignment
4. BLOSUM scoring matrix

Reading:
* Jones and Pevzner. Chapters 6.6-6.9
* Lecture notes



Scoring Gaps

Let v = AAC and w = ACAGGC

Match 6(c,c) = 1;
Mismatch 6 (c,d) = —1 (where ¢ # d); Indel 6(¢c,—) = §(—,c) = —2

>
|

V| A - - A C V| A -

w A | C | A | A | C w A | C | A | A

Both alignments have 3 matches and 2 indels.
Score: (3x1)+(2*x—-2)=-1




Scoring Gaps

Let v = AAC and w = ACAGGC

Match 6(c,c) = 1;
Mismatch 6 (c,d) = —1 (where ¢ # d); Indel 6(¢c,—) = §(—,c) = —2

>
|

V| A - - A C V| A -

w A | C | A | A | C w A | C | A | A

Both alignments have 3 matches and 2 indels.
Score: (3x1)+(2*x—-2)=-1

Question: Which alignment is better?




Scoring Gaps — Affine Gap Penalties

Desired: Lower penalty for consecutive gaps than interspersed gaps.

Why: Consecutive gaps are more likely due to slippage errors in DNA
replication (2-3 nucleotides), codons for protein sequences, etc.

A —

A

C

A C

A

A

C

V
A%/

A

A

A

C

A

A




Scoring Gaps — Affine Gap Penalties

Desired: Lower penalty for consecutive gaps than interspersed gaps.

Why: Consecutive gaps are more likely due to slippage errors in DNA
replication (2-3 nucleotides), codons for protein sequences, etc.

V| A

A

C

W| A

C

A

A

C

Vv
\%%

A

A

C

A

C

A

A

C

Affine gap penalty: Two penalties: (i) gap open penalty p = 0 and (ii) gap
extension penalty o = 0. Stretch of k consecutive gaps has score —(p + ok).




Scoring Gaps — Affine Gap Penalties

Desired: Lower penalty for consecutive gaps than interspersed gaps.

Why: Consecutive gaps are more likely due to slippage errors in DNA
replication (2-3 nucleotides), codons for protein sequences, etc.

V| A - - A C V| A - A - C

w A | C | A | A | C w A | C | A | A | C

Affine gap penalty: Two penalties: (i) gap open penalty p = 0 and (ii) gap
extension penalty o = 0. Stretch of k consecutive gaps has score —(p + ok).

letp=10ando =1.Left: (3*1) — (10+ 1% 2) = —9.
Right: (3% 1) — (10 + 1+ 1) — (10 + 1+ 1) = —19.




Affine Gap Penalty Alignment — Naive Approach

Affine gap penalty: Two penalties: (i) gap open penalty p = 0 and (ii) gap
extension penalty o = 0. Stretch of k consecutive gaps has score —(p + ok).

O~ Idea: Insert horizontal (deletion)

‘%ﬂe@!‘ and vertical (insertion) edges

’«“.«ﬁi!‘\x* spanning k > 1 gaps with score

RERERE D paning k> 1 g
°S ‘ck_cﬁ O— - ~ (p +ok).

<\ AV — NS N
NZa SR N

‘/‘\‘/‘V“V“Y“ ——p new edges

-~ A 0ld edges



Affine Gap Penalty Alignment — Naive Approach

Affine gap penalty: Two penalties: (i) gap open penalty p = 0 and (ii) gap
extension penalty o = 0. Stretch of k consecutive gaps has score —(p + ok).

/m Idea: Insert horizontal (deletion)
” V4 and vertical (insertion) edges
< >4F X spanning k > 1 gaps with score
— (p + gk).
= NN
new edges

-~ A 0ld edges

Question: What’s the recurrence? Question: What's the running time?




Affine Gap Penalty Alighment

Idea: Three separate recurrences:
(i) Gap in first sequence s~ [i, j]
(i) Match/mismatch S\'[i,j]

(iii) Gap in second sequence s*[i, j]

Figure 6.18 A three-
vertex (1, 7} in the middle level has one ou
ing edge to the lower level, and one incom

le

K
AR
AN NN

vels.

level edit graph for a

lignment with affine gap penalt

ies. Every

tgoing edge to the upper level, one outgo-

ing edge each from the upper and lower

28



Affine Gap Penalty Alignment o

Idea: Three separate recurrences: o—e—rfe—s
. . . N -6 0 -0 |
(i) Gap in first sequence s~ [i, j] e

(i) Match/mismatch S\'[i,j]

(iii) Gap in second sequence s*[i, j] ANV
i, j] [s7lid-1~o if j > 1, O
s [i, 7] = max U o "
/ \3\[273—1]—(0+p), if 7 >0, .\..f\.' .
(0, ifi=0and j =0, pta) 40
. s~ i, ), if j > 0, e o o o
s (i, j] = max < i . o e |- |-
ST, D1 117 i ® e o L
(s>[i— 1,5 — 1] 4+ 8(vs,wy), ifi>0and j >0, all R AW
( . . . . . . ’ .
sHi. f] = max stli —1,5] — o, if i > 1, I i
’ |s™[i—1,5] = (o +p), ifi>0.

Figure 6.18 A three-level edit graph for alignment with affine gap penalties. Every

vertex (1, 7} in the middle level has one outgoing edge to the upper level, one outgo-
- L -~ N L
ing edge to the lower level, and one incoming edge each from the upper and lower
29

levels.



Affine Gap Penalty Alignment :

. 3

Idea: Three separate recurrences: o—e—fre—s
. o o - . . - i' o -o |
(i) Gap in first sequence s~ [i, j] oo

(i) Match/mismatch S\'[i,j] . o\ ,"j,;'*";?‘
(iii) Gap in second sequence s*[i, j] NN\

( NN

. S%[ij—l]—a' if 7 >1 o o /o o
s [7, j] = max < ’ ’ ’ ,-
0. \3\[75,3' —1]—(oc+p), iftj>0, 0\0.':\0\-
(0, if i=0and j =0, pta) 40
e >0 |I |
s™[i,j) = max { °| -] T
S [7’7]]7 if ¢ > 0, ° . o .
(s>[i— 1,5 — 1] 4+ 8(vs,wy), ifi>0and j >0, ~o | -0\ | -o
p ® L J ® L
Vi ) sti—1,7] — o, if i > 1, o |0 |0 |0
s*[i, 7] = max . . o
/ \S\‘[Z—l,j]—(d—l—p), if 7 > 0. * e

Figure 6.18 A three-level edit graph for alignment with affine gap penalties. Every

Ru n n i n ti m e . 0 mn vertex (1, 7} in the middle level has one outgoing edge to the upper level, one outgo-
g o ing edge to the lower level, and one incoming edge each from the upper and lower

levels.



Affine Gap Penalty Alignment — Example

Let p = 10 and o0 = 1. Match = 1. Mismatch =-1

v = AAC

s [, j] = max <

s 4[4, j] = max

<

s¥[i, 7] = max <

w = ACAAC
(57,7 — 1] — o, if j > 1,
(s[5 =1 = (o0 +p), ifj>0,
(0, it i =0 and 5 =0,
s~ i, 7], if 7 >0,
sti, 7], if 7 > 0,

s>t — 1,7 — 1]+ d(vs, wy), ifi>0and j> 0,

(sVi—1,4] — o, ifi> 1,

\3\[i—1,j]—(0—|—p), if 1+ > 0. ]
See recording!



Gapped Alignment — Additional Insights

* Naive approach supports arbitrary gap penalties given two
sequences v € 2™ and w € X™. This results in an

O(mn(m + n)) algorithm.

* Alignment with convex gap
penalties given two sequences
veXM™andw € X" can be

computed in O(mnlogm) time.

See: Dan Gusfield. 1997. Algorithms on Strings, Trees, and
Sequences: Computer Science and Computational Biology.
Cambridge University Press, New York, NY, USA.

Gap penalty

-

Linear
Constant
Affine
Convex

10 15
Gap Length

20



Outline

4. BLOSUM scoring matrix

Reading:
* Jones and Pevzner. Chapters 6.6-6.9
* Lecture notes



Substitution Matrices

* Given a pair (v, w) of aligned sequences, we want to assign a score that
measure the relative likelihood that the sequences are related as opposed
to being unrelated

 We need two models:
* Random model R: each letter a € X occurs independently with probability g,
 Match model M: aligned pair (a, b) € Z X X occur with joint probability p, j,

Pr(v,w|R) = 1_[ Qv; - 1_[ Qw; Pr(v,w| M) = 1_[ Pv,w;
[ L L

Pr(V, Wl M) 1 Dab
br(V, W[ ) =).;s(v;, w;) where s(a,b) = In —

log




BLOSUM (Blocks Substitution Matrices)

* Henikoff and Henikoff, 1992

 Computed using ungapped alignments of protein
segments (blocks) from BLOCKS database

* Thousands of such blocks go into computing a
single BLOSUM matrix

* Example of a one such block (right):
e 31 positions (columns)
* 61 sequences (rows)

* Given threshold L, block is pruned down to largest
set C of sequences that have at least L% sequence
identity to another sequence in C

* How to compute C?

SHLLRHQRIHDKTA
SHLLRHQRTHDKD R
SHLLRHQRIHDKN
SHLLRHQRIHDKN
SHLLRHQRIHDKN
SHLLRHQRIHDKN

SHLLRHQRIHNKS
SHLLRHQRIHNKNY
SHLLRHQRIHNKN
SHLLRHQRIHNKN

SHLLRHQRIHDKS
SHLLRHQRIHDKSY
SHLLRHQRIHDKS
SHLLRHQRIHDKS
SHLLRHRRVHDEKDY
SHLLRHRRVHDKD

SHLLRHQRVHDKN
SHLLRHQRVHDKN

THMNOOO0OO0O0O0O0O0O0O0O0OO0O00O0O0O0O0OMNMMOOOO0O0O0O0O0O0O0OO0O0O0O YO YTOOOOOO0OO00 Y

R
SHLLRHQRIHERNJOQ
SHLLRHQRIHERNJOQ
SHLLRHQRIHNRCHH
SHLLRHQRIHNRCHH
SHLLRHQRIHNRFHH
SHLLRHQRIHNRFHH

PL'EGPVAGOGEDVE
PE'ESRVESHUENIE
PE'KSRHESOLENVE
PE'KSRHEGOLENVE
TE'KSRHESOLENVE
PEIKSRHESOLENVE
PEWKSRTESQLENVE
PEIKSRTESOLENVE
PEWEGRTESQWQNVE
PEﬂEGRTESQUONVE

{PEWESQMEIQERNVE

PEWECRVEGQWENVE
PGWECRVEGQWENVE
SEMGCRTESQUWENVQ
SEWGCRTESQWENVQ
PEWE YRGEGQWENNE
PEWEYRGEGQWENNE
PEWESRTESQWENVD
PEWESRTESQWENVD
SEWESRMESQWENVE
PEWESRTESQWENTE
PEWESRTESQWENTE
PEWESRTESQWENTE

IPEWESRTESQWENTE
IPEWERRTESQWENIE

PEWERRTESQWENIE
PE'EGRTESOUENVE

‘PEIEGRTESOUENVE

PE!ESRVESOUENVE
PEWESRVESQWENVE

IPEWE SRME SQWE SVE

LEWESRMESQWESVE
PD'ESRKESOUEHVE
PDIESRKESOUENVE
PD'ESRHESQUENVE

‘PD'ESRHESQUEHVE

REWESRVESRWENVE
REWESRVESRWENVE
PKGQSRRESQUWENFE

IPKGOQSRRESQWENFE

LD'OSRLESQUGDVE
PD'ESRHESOEGHIE
PDIESRHESOEGHIE
PK'ECRKGGOEEHAE

‘PKﬂECRKGGOEENAE
‘PDﬂESRHESSUEHAE
‘PD'ESRHESSUEHAE

PE'EDRVERSEGSVE
PEIEDRVERSEGSVE
SEIESRHENQFEHAE
SE'ESRHENQUEHAK
SEWENRVENQWEKTE
SEWENRVENQUWEDTE
PD'EGRLEGOUEHTE
PD'EGRMESOUENTE
PDIEGRHESQUENVG
PDWEGRMESQWENVG
AVFESETETQUWGNLE
AVFESETETQUWGNLE
PECEGEVETQWENLE
PECEGEVETQWENLE



BLOSUM (Blocks Substitution Matrices

Pab
daqb

Pr(V, w| M)
Pr(V,W| R)

log =).;s(v;, w;) where s(a,b) ==1In

* Null model frequencies q,q; of letters a and b:

e Count the number of occurrences of a (b) in all
blocks

* Divide by sum of lengths of each block
(sequences * positions)

* Match model frequency pg p:

* Count the number of pairs (a, b) in all columns
of all blocks

* Divide by the total number of pairs of columns:
cn(©)(™)
 m(C) is the number of sequences in block C
* n(C) is the number of positions in block C

SHLLRHQRIHDKTA
SHLLRHQRTHDKD R

SHLLRHQRIHDKN
SHLLRHQRIHDKN
SHLLRHQRIHDKN
SHLLRHQRIHDKN

SHLLRHQRIHNKS

SHLLRHQRIHNKNY

SHLLRHQRIHNKN
SHLLRHQRIHNKN

SHLLRHQRIHDKS

SHLLRHQRIHDKSY

SHLLRHQRIHDKS
SHLLRHQRIHDKS

SHLLRHRRVHDEKDY

SHLLRHRRVHDKD

SHLLRHQRVHDKN
SHLLRHQRVHDKN

SHLLRHQRIHERN
SHLLRHQRIHERN
SHLLRHQRIHNRC
SHLLRHQRIHNRC
SHLLRHQRIHNRF
SHLLRHQRIHNRF

DQww(“1HOQQQQOOOODOOOODQODDQQl"lHQOOQQQQQQQQOOOO'vO'vDODDQOOQ"}'v

HH

HH
HH
HH

PLWEGPVAGQGEDVE
PEWESRVESHWENIE
PEWKSRMESQLENVE

PEWKSRMESQLENVE
PEWKSRTESQLENVE
PEWKSRTESQLENVE
PEWEGRTESQWQNVE
PEWEGRTESQWQNVE
IPEWE SQMEIQERNVE
PEWECRVEGQWENVE
PGWECRVEGQWENVE
SEWGCRTESQWENVQ
SEWGCRTESQWENYVQ
PEWEYRGEGQWENNE
PEWEYRGEGQWENNE
PEWESRTESQWENVD
PEWESRTESQWENVD
SEWESRMESQWENVE
PEWESRTESQWENTE
PEWESRTESQWENTE
PEWESRTESQWENTE
IPEWESRTESQUENTE
IPEWERRTESQWENIE
PEWERRTESQWENIE
PEWEGRTESQWENVE
IPEWEGRTESQWENVE
PEWESRVESQWENVE
PEWESRVESQWENVE
IPEWE SRME S QWESVE
LEWESRMESQWESVE
PDWE SRKESQUWENVE
PDWE SRKESQWENVE
PDWESRMESQWENVE
IPDWE SRME SQWENVE
DREWE SRVESRWENVE
DREWE SRVESRWENVE
PKGQSRRESQWENFE
IPKGQSRRESQWENFE
pLDWOSRLESQWGDVE
PDWESRMESQEGHIE
b PDWE SRMESQEGHIE
PKWECRKGGQEENAE
[PKWECRKGGQEENAE
IPDWE SRMES SWENAE
IPDWE SRMES SWENAE
bPEWEDRVERSEGSVE
DPEWEDRVERSEGSVE
b SEWE SRMENQUENAE
b SEWE SRHENQWENAK
b SEWENRVENQWEKTE
b SEWENRVENQWED TE
PDWEGRLEGQWENTE
PDWEGRMESQWENTE
PDWEGRMESQWENVG
PDWEGRMESQWENVG
AVFESETETQWGNLE
AVFESETETQWGNLE
PECEGEVETQWENLE
PECEGEVETQWENLE



BLOSUM (Blocks Substitution Matrices)

Pr(V, W| M) _ _1 Pa,b
(VW R) Y. S(v;,w;) where s(a, b) = > In p——

log

* Null model frequencies q,q; of letters a and b:
e Count the number of occurrences of a (b) in all

blocks
* Divide by sum of lengths of each block Example: (4 = 0.5)
(sequences * positions) G = 7
A
AAT =
* Match model frequency pg p: Gy = —
* Count the number of pairs (a, b) in all columns > A L 2
of all blocks T AL PaT =30
* Divide by the total number of pairs of columns: T AV 3%
m(e) S(A,T)=2-1n 7 3 ~ 0.7
« Yen(O) (™) A AL Tz iE

 m(C) is the number of sequences in block C
* n(C) is the number of positions in block C



. Pr(V, W| R)
Arg -1 5

Asn -2 0 6

Asp -2 =2 1 6

Cys O -3 -3 =3 9

Gin -1 1 0 0O -3 5

Glu -1 0 0 2 -4 2 5

Gly 0 -2 O -1 -3 -2 =2 6

His -2 0 1 -1 =3 0 0O -2 8
lle -1 -3 -3 -3 -1 -3 -3 -4 -3
L,euy -1 -2 -3 -4 -1 -2 -3 -4 -3
Lys -1 2 O -1 -3 1 1 -2 -1
Met -1 -1 -2 -3 -1 0O -2 -3 =2
Phe -2 -3 -3 -3 -2 -3 -3 -3 -1
Po -1 -2 -2 -1 -3 -1 -1 -2 =2
Ser 1 -1 1 0 -1 0 0 0 -1
Thr 0 -1 o -1 -1 -1 -1 -2 =2
Tp -3 -3 -4 -4 -2 -2 -3 -2 =2
Tyr -2 -2 -2 -3 -2 -1 -2 -3 2
Val o -3 -3 -3 -1 -2 -2 -3 -3

A dadb

BLOSU M 62 log Pr(v, w) M) = Zi s(v;,w;) where s(a, b) = lln Pa,b

Ala Arg Asn Asp Cys GIn Glu Gly His

This explains some details in BLOSUMG62 that may seem
counterintuitive at first glance. For instance, tryptophan (W/W) pairs
score +11, while leucine (L/L) pairs only score +4; why shouldn't all
identitites get the same score? The rarer the amino acid is, the more
surprising it would be to see two of them align together by chance. In
the homologous alignment data that BLOSUMG62 was trained on,
leucine/leucine (L /L) pairs were in fact more common than
tryptophan/tryptophan (W/W) pairs (p,., = 0.0371, pww = 0.0065), but

4 tryptophan is a much rarer amino acid (f, = 0.099, fy, = 0.013). Run those

2 4  numbers (with BLOSUMG62's original A = 0.347) and you get +3.8 for L/L

-3 —2  and +10.5 for W/W, which were rounded to +4 and +11.

1 2 -1 5 https://doi.org/10.1038/nbt0804-1035

0 0 -3 0 6

-3 -3 -1 -2 -4 7

-2 =2 O -1 -2 -1

-1 -1 -1 -1 -2 -1 1 5

-3 -2 -3 -1 1 -4 -3 -2 11

-1 -1 -2 -1 3 -3 -2 =2 2 7

3 1 =2 1 -1 -2 =2 O -3 -1 4

lle Leu Lys Met Phe Pro Ser Thr Trp Tyr Val 38



https://doi.org/10.1038/nbt0804-1035

Take Home Messages

Edit distance Edit distance is shortest path in DAG

Global alignment

Fitting alignment Global alignment is longest path in DAG

Local alignment Small tweaks enable different extensions

Gapped alignment
BLOSUM substitution matrix

ok wheE

Reading:
* Jones and Pevzner. Chapters 6.6-6.9
* Lecture notes



