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Aligning Text Strings

Raw Data 7?77
T C A T G

C AT TG 4 matches, 1 insertion

T C A - T G
2 mat ches, 0 gaps | ||
T C A T G .. C A T T G
|
C AT TG 4 matches, 1 insertion
T C A T - G
3 matches (2 end gaps) | | |
T C A T G . .. C A T T G

T
CATTG
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Dynamic Programming

e What to do for Bigger String?

SSDSEREEHVKRFRQAL DDTGVKVPNVAT TNLFTHPVFKDGGFTANDRDVRRYAL RKTI RNI DLAVEL GAETYVAWGGREGAESGGAKDVRDAL DRVKEAFDL LGEYVTSQGYDI RFAI EP
KPNEPRGDI LLPTVGHALAFI ERLERPEL YGVNPEVGHEQVAGLNFPHGE AQALWAGKLFHI DLNGONG KYDQDL RFGAGDL RAAFW. VDL L ESAGYSGPRHFDFKPPRT EDFDGVWAS

* Needleman-Wunsch (1970) provided first automatic
method
¢ Dynamic Programming to Find Global Alignment

e Their Test Data ( J- >Y)

0 ABCNYRQCLCRPM
AYCYNRCKCRBP
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Step 1 -- Make a Dot Plot
(Similarity Matrix)

Put 1's where characters are identical.

All

Y 1

C 1 1 1

Y 1

N 1

R 1 1
C 1 1 1

K

C 1 1 1

R 1 1
B 1

P 1
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A More Interesting Dot Matrix

SEQUENCE ANALYSI|I S IS FUN

F
Ll - -
N -
= - . - -
E
i .
u . .
E » » .
N . » »
C .
E N N »
=
N - -
il - .
R
E
F
Ll - -
N -

(adapted from R Altman)
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Step 2 --
Start Computing the Sum Matrix

new_val ue_cel | (R C) <=

cell (R O { Od value, either 1 or O }
+ Max|
cell (R+1l, C+l), { Di agonally Down, no gaps }
cel I's(R+l, C+2 to C_nmax),{ Down a row, making col. gap }
cells(R+t2 to R max, C+2) { Down a col., naking row gap }
]
AIB|CI[N|Y|[R|QIC|L|C|R|P|M A|IB[C|N|Y|[R|Q|IC|IL|C|R|P
All All
Y 1 Y 1
C 1 1 1 C 1 1 1
Y 1 Y 1
N 1 N 1
R 1 1 R 1 1
C 1 1 1 C 1 1 1
K K
C 1 1 1 C 1 1 1
R 1 1 R 1 210
B 1 Bli1j|2|1(1|2(1|1]|1(1]1]|1Qe
P 1 P 0




(C) M Gerstein, 1998, http://bioinfo.mbb.yale.edu/course

Step 3 -- Keep Going

5141313|12|12|10]0

31312111010

3123110160

111(1]2|0]|0
111{1]1]0]0

0/j0[{0f(0]1]0

A|B|CI[N|Y|RI[Q|C|IL|C|(R|P|M

Cl13|3|4|3[3]3

KJ3[(3]3|3|3]|3
Cl2(2(3|2]|2]|2
Ri2(1(1|1]|1]2
Bl1|12|1|1(1]|1

P{0O|0|0|0|O0]|O

0

0

0

A|B|CIN|Y|R[Q|C|IL|C|(R|P|M

Byi1|j2(1j1|1f(1j1|1|1f(1]1

PJ{0|0|0|0O[O0O|O|O0|0Of[0O0]0O]O
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Step 4 -- Sum Matrix All Done

Alignment Score is 8 matches.

=|lo|lo|lo|lo|lo|lo|o|lo|lo|lo|lo|o
AJo|o|o|o|lo|lo|o|o|lo|o|lo|-
ld|d|d|d|d|N|dA|d|Hd|N|[H]|O
Ol H|H|O
dlmmm[omlo|mm|N|d]|H|O
Ol |m|m|d|d|O
Ol ||| S| T ||[m||H]|H|O
Klidg|S|(S(F|F|O|O|MO|N|N|H|O
>>Iun|jolvolv|dF| MO|[M|N|dA|[H|O
Zlo|lo|lOo]|O|FT|M|M|(N|H|AH|O
Olo|lo[~Oo|lw|g | ||| O
Nir~|~lo|lojlv|gs|m|m|N|d|N|O
|~ |[o|lo(bv|d|m|m||fN]|H|O
T[>0 [>Z2|IX|(O|X|0O|x|m|a
= offej o|lO|0O|O|O
o =¥ O E=lk=1k=1K=1K=s
e N —AlHA|N|H]| O
@) — N N|m|d|d]|O
— (40 M|IN| A ]| O
@) — ol < EelkviE=iE=sikK=
@4 < -
o nEmmN|lN|d]| O
> — — NO|lm|N|[dH|H| O
Z - MM N|A|dH]| O
@) — [m|m|d|H| O
m mlm|la|d|ln]o
g mlm|lN|lN|[Hd]O
| >0 >|Z2|lx|0|x|O|lx|lm|a
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Step 5 -- Traceback

s
S

AN QoA
L, m
(&)

S oo
O O
©

nLK
T OO
0O
N

mRR
o 2
A > >
NN_
§O 0
= @ >
S g ¢
LL

SJo|o|lo|lo|lo|lo|lo|lo|lo|lo|o|o
OjJo|o|lo|o|lo|lo|o|o|o|o|o K&
Kld|d|d|d|d|N]|Ad|d ]| —|O
(OF RoV IoVE Neo T IV I oV oV ool W\ —A|d|o
SN ool NN Nool el ool Mol W o) N|[d]|d]|O
Olm|m|g|[m|m|m n|lm|ld|d]|O
©4 IS IS IS IS IS I Mol o VR N R o)
Xl ||| < 4E3 m|lN|lN][H | O
> |© 5“5 J|m|m|N|[dA|dA|O
Zlo|lo]Jovw|Oo ||| |N|Ad]Hd]|O
Olw |w© ol |d]d]|O
nfr~ ololv|t|m|m|N|d|N]|O
S8 o0 IS NN NN NToN IS NeoN Neo X MoVl oVl RT N Ne)

(>0 >|2I]|0|XX|O|x|m|a
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Step 6 -- Alternate Tracebacks

A QA
00
X o
ONO)
—1 X
ONO)

X o
>
Z Z
e
OO0
n >
< <

=Jol|lo|lo|lo|lo|lo|o|o|lo|o|lo]|o
AJo|o|o|o|lo|lo|lo|lo|lo|o On
Eld|d]|d|d|d|N|[A || d —|O
O[N]y —A|ld]|O
SN ool Neol NeoN Neo N ao B Mool Neo) N|lH|H]O
Olm[m|t|m|m|m nm|lm|d|dH]|O
Ol ||| ]| |[m|n]d]|H|0O
g (|| < 453 MmMN|[N|H|O
ool || |N|[A|AH|O
Zjlo|lwo|© 5“4 M| Mm|N|dA|H|O
Olwo|w© N BTN RS ISl NN RGN RS RSN Ne)
o~ olojlv|dt|m|m|N]|d|N|O
CEeP~ | o|lojw|[dg|m|[m|N|fNn]|H]|O

<[>0 >|Z2|I|(O0|Xx|O|x|(m|a
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Key Idea in Dynamic Programming

¢ The best alignment that ends at a given pair of positions (i and j) in the 2
sequences is the score of the best alignment previous to this position
PLUS the score for aligning those two positions.

¢ An Example Below

o Aligning R to K does not affect alignment of previous N-terminal
residues. Once this is done it is fixed. Then go on to align D to E.

o How could this be violated?
Aligning R to K changes best alignment in box.

ACSQRP- - LRV- SH|RSENCV
A- SNKPQLVKLMI'H | VKDFCV

ACSQRP- - LRV- SH |- R SENCV
A- SNKPQLVKLMI'H | VK | DFCV

11
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Computational Complexity

e Basic NW Algorithm is N
O(n?) (in speed) A
¢ M x N squares to fill

¢ At each square need to
look back (M'+N’) “black”
squares to find max in block

0 MxN X (M+N’) ->0O(nd)
¢ However, max values in
bIocK can _be cached, so M <
algorithm is really only
O(n?)
e O(n?) in memory too!
e Improvements can
(effectively) reduce N~ —
sequence comparison to \ )
O(n) in both

\
_/

M’

V(@D |O|X|O|D|2Z2|<]|O|<|>

olr|nv|INv]|iw]|w
ol w]w
olr|lr|lw|lw|s
olr|r|INv]|w]|w
olkr|r|INv|w]|w
olr(v[IMiw]|lw o
olr|lr|lw|lw PN w
Rlo|lo|lo|o E=R ©
olo|lo|o|o K=R o

olr|(rk,r|Nv|w
olr|(k,r|w|r
olr[(N]k R

z <
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Gap Penalties

The score at a position can also factor in a penalty for

iIntroducing gaps (i. e., not going from i, jto i- 1, J- 1).

Gap penalties are often of linear form:

GAP = a + bN

GAP is the gap penalty

a = cost of opening a gap

b = cost of extending the gap by one (affine)
N = length of the gap

(Here assume b=0, a=1/2, so GAP = 1/2 regardless of length.)

13



Step 2 -- Computing the Sum Matrix
with Gaps

new val ue _cell (R C <=
cell (R O { Od value, either 1 or O }
+ Max|
cell (R+1, C+1), { Di agonal ly Down, no gaps }

cel Is(R+1, C+2 to C max) - GAP ,{ Down a row, meking col. gap }
cels(R+2 to R.max, C+2) - GAP { Down a col., making row gap }
]

A|B|C|N|Y|R|[QIC|IL|C|R|P|M A|B|CI[N|Y|R|QIC|L|C|R|P|M

GAP
=1/2

VD |TD(O(R[O|D|Z2[<]|O0|X|>
=
=

V(WO O|XO|ITZ<O|<X|>

14
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larity (Substitution) Matrix

IMmi

S

* |dentity Matrix

L K MF P ST WY V

-1 -1
-2 2

-1

A R NDCOQE G H

> 1

¢ Match L with L

-1-2-1 1 0-3-2 0
-1 -3 -1 -1
-3

-2 -2 0-1-1 0-2
-2
-3

=>0 A 4 -1
S R-1 5 0

Match L with D
Match L with V

0??
 S(aa-1,aa-2)

-3 -2 -3
1 0-4-2-3
-1 -3
-1

-2
-2

1 0-2 0-3
-30 0 0 1-3-3 O
-3

-3 0 2
-3

6
-3 8
Q-1 1 0 0-3 5 2-2 0-3-2 1 0-3-1 0-1-2-1-2

-2 -3
1

N-2 0 6

D-2

-4 -1-3-3-1 0-1-4-3
-1-1-3-1-2-3-1-1-2-2

-1 -1
-3

-4 -3

1
-3

-2
-3

C 0

-2 -2
-3

-3
-2
-2 2
-3
-2
-3

-4 2 5-2 0-3-3 1-2-3-1 0-1
-4 -4 -3-2 0 -2
-3 -3

-3

E-1 0 0 2

-3
-3

-1 -2

-2
-2
-1 0

-1 -2

-3
-2

-2
-1

-2 0 -1 -2 -2 6 -2
H-2 0 1-1-3 0 0-2 7
-3 -1 -3 -4
-3 -4
K-1 2 0 -2
-3
-3
-2
O 0 O

G O

> 1
>0

¢ Match L with L

Match L with D
Match L with V

e Number of

-1 3
-1
-2

-1-1-1-1

-2

-3 4 2-3 1 O0-3 -1
3 2 4 -1
-1

-3
-3

-3

-3
-2

-1
-1

> 5

1
-2

-2 2 0-3

-4 -1 -2

L

-1 -3

-3-2 5

-1
-2

1 1

-3
-1
-2
-3
-1

-1
-3
-3
-1

1
-1
-2
-2

-1 5 0-2
-3 0 6

1 2

0-2
-3

-2
-3
-2

M-1 -1
F-2
P-1

Common Ones

1 3
-4 -3

-3
-2

-2

-4

-1 0 O
-2
-1
-2
-2

-3

-3
-2
-1

-1 -1

-3 -3-1-2-4 6
-2
-1

-3
-1

-1 -1

¢ PAM

-2

-1 4 1
-1

-4
-3

-1 -2
-1 -2

-1
-1

-2 0

1 O

S 1

-2 0

5

1
-3
-2

-1 -1
-2

-1-1-1-2
-2 -2
-2

-1
-4
-3
-3

-1 0

T O

¢ Blossum
¢ Gonnet

-3
-1

-2 10 2
-2 2 6

1
3

-3

-3

-2

-4
-2
-3

-3 -3
-2
-3

Y -2

-1 -2

-3 2
-3

-1 -2

-3 3 1-2 1-1-2-2 0-3-1 4

-2

-1 -2

vV 0
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Where do matrices come from?

1 Manually align protein structures
(or, more risky, sequences)

2 Look at frequency of a.a. substitutions
at structurally constant sites.

3 Compute log-odds
S(aa-1,aa-2) = log ( freq(O) / freq(E) )
O = observed exchanges, E = expected exchanges

+ —> More likely than random
0 —> At random base rate
- —> Less likely than random

16
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The Score

S = Total Score

S(1,])) = similarity matrix score for aligning | and |
Sum is carried out over all aligned i and |

n = number of gaps (assuming no gap ext. penalty)
G = gap penalty

S= ZS(i,j)—nG

|, ]

17
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Molecular Biology Information:
Macromolecular Structure

* DNA/RNA/Protein

¢ Almost all protein

(RNA Adapted Frol

)
% gl
o] VOS] ;
-
.i i u 4
. e H geugc Vi,
= CoE ' ' G
= COAGE, ¢
u GGC , C W
Cu
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 Statistics on Number of XYZ triplets

ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM

ATOM

ATOM
ATOM
ATOM
ATOM
ATOM
TER

Molecular Biology Information:

Protein Structure Detalls

¢ 200 residues/domain - > 200 CA atoms, separated by 3.8 A

¢ Avg. Residue is Leu: 4 backbone atoms + 4 sidechain atoms, 150 cubic A
0 => ~1500 xyz triplets (=8x200) per protein domain

¢ 10 K known domain, ~300 folds

©CoOo~NOOA~WNPE

092880092g00

1444
1445
1446
1447
1448
1449
1450

2RR838

ACE
ACE
ACE
SER
SER
SER
SER
SER
SER
ARG
ARG
ARG

LYS
LYS
LYS
LYS
LYS
LYS
LYS

NNMNNRFRPRPRPRPRPRPPRPOOO

186
186
186
186
186
186

. 401
. 432
. 876
. 753
. 242
. 453
. 593
. 052
. 294
. 360
. 548
. 502

. 836
. 422
. 531
. 452
. 735
. 887

30.
30.
. 767
29.
30.
29.
29.
30.
31.
28.
28.
29.

22.

22

21

166
832

755
200
500
607
189
409
819
316
501

263

. 452
21.
20.
. 104
23.

198
402

841

60.
60.
59.
61.
62.
63.
64.
63.
63.
62.
63.
63.

57.
58.
58.
56.
55.
56.

595
722
226
685
974
579
814
974
930
827
532
500

567
180
185
860
811
647

Lanl il ol S el ol ol

sl

00
00

00
00
00
00

00
00

00

00

00
00

00

49.
50.
50.
49.
46.
41.
43.
53.
57.
36.
30.
25.

55.

49.
48.
48.
62.

88
35
04
13
62
99
24
00
79
48
20
54

06

88
15
41
94

1KY 67
1KY 68
1KY 69
1KY 70
IXY 71
IXY 72
IXY 73
IXY 74
IXY 75
1KY 76
1KY 77
1KY 78

1GKY1510
1&KY1511
1GKY1512
1GKY1513
1GKY1514
1GKY1515
1CGKY1516

3.8%

@

o®

{
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Sperm Whale Myoglobin

20
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Structural Alignment

of Two Globins

21
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Immunoglobulin Alignment (Harder)

22
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Some Similarities are Readily
Apparent others are more Subtle

Easy: Tricky: Very Subtle: G3P-dehydro-
Globins IgC, genase, C-term. domain
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Automatic Structural Alignment

24
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Generalized Similarity Matrix

« PAM(A,V) = 0.5

¢ Applies at every position |

_ 12 3 4 5 6 7 8 9 1011 12 13 BB
*« S@a@i,aa @ J) ATB[CIN[Y]R]Q[C[L]C|R[P|M
¢ Specific Matrix for each pair of 1AL
residues 1 5(5[5[5[5]5
| in protein 1 and 3|C 1 1 1
Jin protein 2 s ly 1
¢ Example is Y near N-term. 5 |N 1
matches any C-term. residue (Y 6 | R 1 1
at J=2) 71C 1 1 1
* S(i,J) s
9|C 1 1 1
¢ Doesn’'t need to depend on a.a. olR 1 1
identities at all! ne 1
¢ Just need to make up a score NE 1

for matching residue i in protein
1 with residue J in protein 2

o
=
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Similarity Matrix

for Structural Alignment

« Structural Alignment

¢ Similarity Matrix S(i,J) depends
on the 3D coordinates of residues
| and J

¢ Distance between CA of i and J
d =% —x,)2+ (¥, - ¥,)* + (%~ 2,)°
¢ M(i,j) =100/ (5 + d?)

* Threading

¢ S(i,J) depends on the how well
the amino acid at position i in
protein 1 fits into the 3D structural
environment at position J of
protein 2

[ s |
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L — | ]
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