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Sequence variation

Base mutations: the source of sequence

variation
Purines A G
Pyrimidines C T

3 Transitions

E=  Transversions
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Sequence variation (cntd)

t Aa ccctgaagtt aatgGatcaa tcaagagaga 120
tgtgggctgt aatgaaTcgt Cttattgaat Taacaggttg gatcgttctt gtcgtttcag 180
tcattcttet tggcgt‘:‘gggg ag’ rcatig s tca gaa cagagtgctt 240
cggtacaaca caagtaagct t t tc cgggtgcatg 300
missense nonsense
silent

tggagctGtt attgctaagt Tacatttacc ccgfgaagtt aatghatcaa tcaagagaga 120

tgtgggetgt aatgaaCcgt Gttattgaat Aaacaggttg gatcgttctt gtcgtttcag 180
I E

M N R V
tcattcttet tggegtggeg agf tea gaa cagagtgctt 240

cggtacaaca caagtaagct t t tc cgggtgcatg 300
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Sequence variation (cntd)

t Aa ccctgaagtt aatgGatcaa tcaagagaga 120

tgtgggctgt aatgaaTcgt Cttattgaat taacaggttg gatcgttctt gtcgtttcag 180
M N R I E L

tcattcttct tggegtggeg ag tca gaa cagagtgctt 240

cggtacaaca caagtaagct t t tc cgggtgcatg 300

deletion
't t Ta cectgaagtt aatghatcaa tcaagagaga 120
tgtgggctgt aatgaaCcgt Gttattgaa- taacaggttg gatcgttctt gtcgtttcag 180
M N R vV I E
tcattcttct tggegtggeg ag tca gaa cagagtgctt 240
cggtacaaca caagtaagct t t tc cgggtgcatg 300
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Sequence variation (cntd)
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Figare 2. Average tates of substitution in different parts of genes and in
preudogenes. a=
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Distonce measures

BBSI 2006 30-MAY-2006 © 2006 P. Benos N

Nucleic acid distances

No selection - no correction:
D=k/N

ca/721/dis
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4 p - 3

A
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Nucleic acid distances (cntd)

Jukes-Cantor correction:
D,.=-0.75 In (1 - D/0.75)

P
A G g
p L _
p p T
» - -
T i
P x 3
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Nucleic acid distances (cntd)
Kimura’s 2-parameter model:
Dypp =-0.5 In (1 - 2P -2Q) - 0.25 In(1 - 2Q)

!
q
q q
q
P :
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Scoring malrices
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Nucleic acid distances (cntd)

Nucleotide substitution matrices.

ATCG A T C G ATCG
A1000 A 5 -4 -4 -4 A0551
TO0100 T -4 5 -4 -4 T5015
coo010 C -4 -4 5 -4 cC5105
G0OO1 G -4 -4 -4 5 G1550
BLAST Trans:l.tlo.n/

Transversion
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Amino acid distances: PAM

Percent Accepted Mutations (PAM) matrices:

Frequency substitution matrix from aligned

sequences (Dayhoff, 1978).

M(i,/): no. of a.a. i to j mutations

71 groups of closely related proteins (whv?);
1,572 changes.

PAMn: the aligned sequences have » a.a.

BBSI 2006 30-MAY-2006

substitutions per 100 residues.
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Amino acid distances: PAM (cntd)
Assumptions of the PAM model:

Replacement at any site depends only on the
a.a. on that site, given the mutability table.

Sequences in the training set (and those
compared) have average a.a. composition.
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Amino acid distances: PAM (cntd)

Table 1 - The log odds matrix for 250 PAMs (multiplied by 10) 3
=2
A C DEVF G HIKILMDNUZPGQERSTV W Y
A 2-2 0 0-4 1-1-1-1-2-1 0 1 0-2 1 1 0-6-3
c 12 -5-5-4 -3 -3-2-5-6-5-4-3-5-4 0-2-2-8 0
D 4 3-6 1 1-2 0-4-3 2-1 2-1 9 0-2-7-4
E 4-5 0 1-2 0-3-2 1-1 2-1 0 0-2-7-4
F 9-5-2 1-5 2 0-4-5-5-4-3-3-10 7
G 5-2-3-2-4-3 0-1-1-3 1 0-1-7-5 S
H 6-2 0-2-2 2 0 3 2-1-1-2-3 0 N
I 5§-2 2 2-2-2-2-2-1 0 4-5-1 g
K 5-3 0 1-1 1 3 0 Q-2-3-4 =
L 6 4 -3 -3-2-3-3-2 2-2-1
M €6 -2-2-1 0-2-1 2-4-2 3
N 2-1101 0-2-4-2
P € 0 0 1 0-1-6-5 H
Q 4 1-1-1-2-5-4 g
R 6§ 0-1-2 24
s 2 1-1-2-3 2
L 3 0-5-3 E
v 4 -6 -2 3
W 17 0
Y 10
Score(i,j) = log,y M(i,j)/f(i)
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Amino acid distances: PAM (cntd)
Sources of error in the PAM model:

Many proteins depart from the average a.a.
composition.

The a.a. composition can vary even within a
protein (e.g., transmembrane proteins).

A.a. positions are not “mutated” equally
probably; especially in long evolutionary
distances.
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Amino acid distances: PAM (cntd)
Sources of error in the PAM model (cntd):

Rare replacements are observed too
infrequently and...

...errors in PAM1 are magnified in
PAM250.

BBSI 2006 30-MAY-2006 ©2006 P.Benos 1§




A.a. distances: BLOSUM
Blocks Substitution Matrices (BLOSUM):

Log-likelihood matrix (Henikoff & Henikoff,
1992)

BLOCKS database of aligned sequences
used as primary source set.
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A.a. distances: BLOSUM (cntd)

GGCPA | | Score(i,j) = 2 log, q;;/ e;;

GSSpA

gz: g €ij =p/’ Jor i=j
e..=2p.p. or I£]

i Y pip;  Jori#j

HSSCI| p,=0.5(q; + X qy)
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A.a. distances: BLOSUM (cntd)

Weighted contribution of similar(*)
sequences in order to reduce redundancy.

BLOSUMBG62 is more closely related to
PAM120.

(*) n% similar; the » in BLOSUMn
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A.a. distances: BLOSUM (cntd)

). html

Table 2 - The log odds matrix for BLOSUM 62
A CDEFGHTIZKTILBMNEPERQERSETV WY
A4 0-2-1-2 0-2-1-1-1-1-2-1-1-1 1 0 0-3 -2
¢ 9-3-4-2-3-3-1-3-1-1-3-3-3-3-1-1-1-2-2
D € 2-3-1-1-3-1-4-3 1-1 0-2 0-1-3-4-3 S
E 5-3-2 0-3 1-3-2 0-1 2 0 0-1-2-3-2 3
F 6-3-1 0-3 0 0-3-4-3-3-2-2-11 3 g
@ €2-4-2-4-3 0-2-2-2 0-2-3-2-3 3
H g-3-1-3-2 1-2 0 0-1-2-3-2 2
1 4-3 2 1-3-3-3-3-2-1 3-3-1 H
K 52-1 0-11 2 0-1-2-3-2 H
L 4 2-3-3-2-2-2-1 1-2-1 2
M 5-2-2 0-1-1-1 1-1-1 5
N €-2 0 0 1 0-3-4-2 S
P 7-1-2-1-1-2-4-3 kS
Q 51 0-1-2-2-1
3 5-1-1-3-3-2
s 4 1-2-3-2
T 5 0-2-2
v 4-3 -1
w11 2
Y 7
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Substitution matrices: comparison
PAM vs BLOSUM

BLOSUM 80 BLOSUM 62 BLOSUM 45
PAM 1 PAM 120 PAM 250

Less divergent <—————————————> More divergent

Source: http:/www.ncbi.nlm.n ASTinfo/s himl

Matrices of choice:
BLOSUMG62: the all-weather matrix
PAM250: for distant relatives
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Substit. matrices: comparison (cntd)
PAM vs BLOSUM (cntd)

Lower PAM/higher BLOSUM matrices
identify shorter local alignments of
highly similar sequences

Higher PAM/lower BLOSUM matrices
identify longer local alignments of
more distant sequences
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(cntd)

ices: comparison

Substit. matr
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Pairwise $%
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Alignment: the problem

Given two sequences, S and 7, and a scoring
matrix find their relative arrangement with
the highest “score”.

Seq. #1: GAATTCAGT T A
Seq. #2: GGATC G A
BBSI 2006 30-MAY-2006 © 2006 P. Benos 29

Alignment: the problem (cntd)

ATTCAGTTA

BBSI 2006 30-MAY-2006 ©2006 P.Benos 30
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Alignment: the problem (cntd)
Scoring schemes: three possible situations...
Match EWARE!!
Mismatch
Gap
* Gap initiation
* Gap extension

How much??
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Alignment: a naive approach

Seq #1
GAATTCAGTTA

G 1 1
o G 1 1
#* A 11 1 1

g T 11 11 5
] @
«w C 1 g
G 1 1 )
A 11 1 1 2
2
‘ insertion seq. #1 S

BBSI 2006 30-MAY-2006 ©2006 P.Benos 32

Alignment: a naive approach
Seq #1
GAATTCAGTTA

G 1 1
NG 1 1
* A 11 1 1
gT 11 11
w C 1
G 1 1
A 11 1 1
GAATTC-AGTTA
[ | | |
GGA-T-CGA 06 P.Benos 33
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Alignment: a naive approach (cntd)

Seq #1
GAATTCAGTTA

G 1 1
NG 10 1
* A 1 1 1
gT 11 11
©w C 1
G 1 1
A 11 1 0 1
GAATTCAGTTA
| (| | |
GGAT-C-GA ©2006P.Benos 34

Alignment: adding scores

The formula:
M, T MAXIMUM{

M, T S; ; (match/mismatch in the diagonal),

M;; ; + W (gap in sequence #1),
M, ;; + W (gap in sequence #2)

}

In the following example, the score for
match is 1 and for mismatch and gap is 0.
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Alignment: adding scores (cntd)

In each step we need to keep track only the
scores of the (i,7) position and its immediate
neighbours: (i-1,j-1), (i-1,j) and (ij-1).

We backtrack from the right-down corner to
find the actual alignment.
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Alignment: adding scores (cntd)

AATT CAGTTA GAATTTCGTTA
o Jo [ of of of o o] o] of o] oo ofo o o]
0—3-%1 0 1?’0”[;
G o o
a0 Alofl
T [0 T[0F)
clo clof]
G o 0]
Alo Alod

S(1,1) = MAX{
S(0,0)+1=1,

S(0,1)+w=0,
S(LOYFW=0} =1 bt s
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Alignment: adding scores (cntd)

G A ATTCAGTT A G & A CaA GTT A
oflofofo]o]olo|olofo]o]o o (0 f0f0ofOfOfO]O|O]|O]|O]|O
Glo i) el phhh
Glo sloin i ii]ef2]2]2
s lo Afofr]2f2f2|2]2]2|2]2]2]3
T |0 TI{O|1]2]2|3 |3 |3 |3 |3 (333
clo cloif22]3[s[s]a]a]a]a]a
clo clofifelesssea[s]s5]s
a0 AJOJ1|2|3 |3 |3 |3 |4 |5]5]5]|86
Source.
http:/fwww.she.su.sel- info200 g ic.htm
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Alignment: adding scores (cntd)

GAATTCAGTT TCAG TTA
ofoJoJoJoJofofoToTo o o 0o fofo]ofofofofo]o]o
sl ] efouifuujifuijifuie
clo i i i iz z]z]z] efonifiifafififa]2]2
sloiizze o2 222 ]s] afouf2f2]2]2]2]2]2]2]2
th B ] tlofifelzs{s[s[s[s]s]s
clofn oo s s afafafelala] clofife]a]sssa]s]s]s
clofifeessaass[s]s] eloifalals s afa]s]s45
sloie[sssfass[s[s¥6] a

(Seq #1) A

Alignment: |

(Seq #2) A

Source.
http:/Awww.she.stw.sel ©2001/dynprog/dynamic. him
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Alignment: adding scores (cntd)

GAATTCAG TTA
oo oo
glof1 11
Gglof1h 2 |2
alo]i]2 2 |2
T(o]1]2 5 |3
clofi]2 44
alofi]z B3]
A
(Seq #1) T A
Alignment: |
(Seq #2) - A
Source
http:/fwww.sbe.suse/ info2001/dynprog/e ic.htm
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Alignment: adding scores (cntd)

GAATTCAG TTA GAATTCAG TTA
0|0 0
G 11 1 G
G 1]1 2 G
A 12 2 A
Tlo]1]2 3 T
C 1]2 4 c
clofi]z 5 I
A A
(Seq #1) GAATTCAGTT A
Alignment: | ‘ [ ‘ |
(Seq #2) GGA - T C - G - - A
Source
http:/hwww.sbe.su.se/ info2001/dynprog/e ic.htn
BBSI 2006 30-MAY-2006 © 2006 P. Benos 41

Alignment: another example

The formula:

M;,; = MAXIMUM{
M, T S; ,; (match/mismatch in the diagonal),
M;;,
Mi-lj + W (gap in sequence #2)

+ W (gap in sequence #1),

}

New scores: 2 for match, -1 for mismatch
and -2 for gap.

BBSI 2006 30-MAY-2006 ©2006 P.Benos 42
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Alignment: another example (cntd)

AATT CAGTT A AATT CAGTT A
oJoJ o[ o] o[ o] o] o o] o] o]0 oJo] o] of of o] o of o] o] o]0
G G|0 ]2

02
A A o0
T T|0
c clo
G clo
A AlOD

Source.
http:/Awww.sbe.su.se/~per/molbioinfo2001/dynprog/ady_dynamic.html
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Alignment: another example (cntd)

GAATT CAGTT A GAATTCAGTT A
oo 0jojojojojojojojo oo [ofofofofofofoo]o]o
clofaral-1 <] Y Y Y Y A e A
HASHE o[
e 1*2 AQO?J 5 k_l:f_ - 0._1
I SN 5[ sT ST IT-1[-! 0
cloj-10 c| gf-1 R
= =3 ;
G 0} 0 Go,l -1
Alo]of4 Al 0] o[ 4] 3
Source.

http:/Awww.sbe.st.se/~per/molbioinfo2001/dynprog/ady_dynamic.html
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Alignment: another example (cntd)

G AATTCAGTT & G AATTCAGTT A

T Q aH rQQ

(Seq #1) TCAGTTA

Alignment: [ ‘ |
(Seq #2) TC-G--A

Source.

http:/Awww.sbe.su.se/~per/molbioinfo2001/dynprog/ady_dynamic.html
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Alignment: another example (cntd)

G A ATTCAGTT A GAATTCAG TTA

G

G

A

T

c

G

A
(Seq #1) GAATTCAGTT A
Alignment: | ‘ [ ‘ |
(Seq #2) GGA - T C - G - - A
Source.

http:/hwww.sbe.su.se/~per/molbioinfo2001/dynprog/ady_dynamic.himl
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Global alignment

s JLJ PAM

i-1 - DNA matrix | BLOSUM

M, ; ;1 + Score(S,T;)

M;;=MAX< M, +w
ij-1 Gap penalty
M ;+w
Needleman & Wunsch, 1970
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Local alignment

i-1
! ..

0
M, ; ;1 + Score(S,T;)
+w

Mij-l Gap penalty
M,, jTw

M;; = MAX

Smith & Waterman, 1981
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Local alignment

Given two sequences, S and 7, find two
subsequences, s and ¢, whose alignment has the
highest “score” amongst all subsequence pairs.

Why do we need local alignment,
if we have the global one?
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Local alignment: an example

EGR
-, ) ) )- coon
A w4 >——ooon
MIG

EGRA_HUMAN

£
EGR3,
E
B
EGRL
EGRL
£

£

HAN
usE

AL
A1

£
EGR2_HUMAN

YEAST -
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Local vs. global alignment

E A G A w G H E E
484 564 64+ —T24- 80
AN

Source: Durbin et al “Biological Sequence Analysis”, 1998,
Cambridge University Press
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Local vs. global alignment (cntd)

H E A G A W G H B B
o o 0o o 0 0 o o o o o
Pio 0 0 0 [ [ [ 0 0 0 0
=~ Y
Alo 3 0 s o EL Y 0 0 0 0
AN
W|o 9 0 0 2 6 4 0 0
AN ’
H|o 0e 2 0 o 0 12 13 E e 6
[N + [ LN
Efo 2 16+« & 0 0o 4 10 18 )
[ A S +
Alo 0 8 Ae 13 5 o 4 w2
* LN LSRN
Eje o 6 13 18 12+ 4 0 4 6 B
AWGHE
AW-HE

Cambridge University Press
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Source: Durbin et al “Biological Sequence Analysis”, 1998,

Local alignment (cntd)
Characteristics of local alignments:

The alignment can start/end at any point in
the matrix.

No negative scores.

The mean value of the scoring matrix (e.g.
PAM, BLOSUM) should be negative.

There should be positive scores in the
scoring matrix.
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