Affine Gap Alignment




Definitions: Inputs and Outputs

Inputs: <X, Y, a, u, y, ©)

X, Y = strings of length m, n with characters indexed by j, j, respectively
a = match score

u = mismatch penalty

y = gap opening penalty

T = gap extension penalty (single-letter gap penalty)

Output: An alignment which maximizes the following score:

a(# matches) - u(# mismatches) - p(# gap clusters) - o(# single-letter gaps)



Definitions: Auxiliary Data Structures

Matrices: V, G, E, F

V = the best-score matrix

G = the match-mismatch matrix
E = the X-gap matrix

F = the Y-gap matrix



The Algorithm:

1)
2)

3)

>
Initialize the matrices /

Apply the recurrence relations
to fill each matrix

Traceback through V (not
shown)

~ V(0,0) «0
for j «+ 1 ton do

| ¥(0,4) = E(0,J) + =y —g7

end
for i + 1 to m do

| V(i,0) = F(i,0) + —y — it

_ end
~ fori+1tom, j+< 1tondo

Eig) e Lo hi— T+ a Tup=i
Vii—=1,0—1)—pu ifws£y

E(i,j) < max {

F(i,j) + max {
G (i, )
V(i,7) « max ¢ E(i, 5)
F(i,j)

_ end




An Example:

X =ATCGGC

Y = AGC

o =2 (score =+2)
w="1(penalty =-1)
y =2 (penalty = -2)
=1 (penalty =-1)

V(0,0) <0

for j «+ 1 ton do

end

for i + 1 to m do

| V(i,0) = F(i,0) + —y —iT
end

fori < 1tom, j+ 1tondo

i) eq L i hd~ e Hrp=yy
Vii—=1,0—1)—pu ifws£y
B - 1) =7
V(ij—1)—y—7
F(i.j) e max{ PO~ 1) 7T
Vi-1,j)—v—-71
G (i, j)
V(i,7) « max ¢ E(i, 5)
F(i, 5)
end




Tips for Initialization

1. Update the scores with the right recurrence relation math.
2. Update the backpointers to know where the score originated from.

3. Thejrepresents the column and the j represents a row number in our
example.



V(0,0) <0
° i d v for j «+ 1 to n do
| V(0,5) = E(0,j) + —y— g
end
for i + 1 to m do
| V(Zao)zF(’L,O)F—’}’—ZT
end
fori < 1tom, j+ 1tondo
. i V(Z-l,]—l)—l—a lfa;‘L:yJ
G(i,§) +
T T (1) max [ BG83~ =
V(i,j—1)—~v—7
A ) F(i,j) «+ max F(z__l’j)_T
V(Z—laj)_’y_T
e G(i, j)
V(i,j) ¢ max { E(i, ) B 3
1 F(i,j) |“°° 77
=1 =1
end

*0th row, Oth column in G is unused — initialize with error values



V(0,0) « 0
¢ £ F v for j « 1 to n do
| V(0,5) =E(0,j) « —v—J
end
for i + 1 to m do
| V(i,0) = F(i,0) + —y — it
end
fori < 1tom, j+ 1tondo
o Vi—1,]—1)+a ei=y
G(i,7) +
E A T C G G C (4,9) {V(z‘—l,j—l)—u iz, % g,
- - =% -0 =0 -0 -0 E(i,j) + max E(?’J._l)_‘r
V(i j—1)—v-r
A -3 F(i,j) + max F(z.—l,]')—'r
Vg~ 1,9} —9—%
el GG,
V(i,j) + max ¢ E(i, j) B ~
Cl° Fij) %22 777
end t=1

*0th row in E is unspecified — initialize with negative infinity to
favor opening gaps from V once we start calculating down



V(0,0) <0
¢ £ F v for j « 1 to n do
| V(0= B0, 1)+ ~y—3
end
for i + 1 to m do
| V(i,0) = F(i,0) + —y — it
end
fori < 1tom, j+ 1tondo
i) Vi—1,]—1)+a ei=y
E Al T Cl G )G C PTG - - iz y,
-0 ) -0 ) ) ) —00 E(i,j)<—1nax E('l:,J'—l)—T
V(i,j—1)—v-7
A, Bif] é-man | T bb]
V(i-1,4)—v-r
C GG,
V(i,j) + max ¢ E(i, j) _o -
© F(i.g) |"_ = 7
1T =1
end

*Also keep backpointers to let you know which matrix was used
to compute the score in each cell



V(0,0) <0
¢ £ F v for j «+ 1 to n do
| V(0,4) = E(0,4)+ —=y—gT
end
for i + 1 to m do
| V(i,0) = F(i,0) « —y —iT
end
fori < 1tom, j+ 1tondo
o Vi—1,]—1)+a ei=y
G(i,7) +
F A T C G G C (4,7) {V(z‘—l,j—l)—u it 4y,
w | -3 | 4| 5| 6 -7 | -8 Bli,3) +—max { nd = 1) =7
V(,j—1)—y-—1
AT F(i,j) ¢ max{ D07 L) =T
Vig— L,4) —9—%
G | - G (i j)
V (4,4) ¢ max ¢ E(i, §)
- =2 y=2
O F(i, )
T =1
end

*0th column in F is unspecified — initialize with negative infinity
to favor opening gaps from V once we start calculating across



V(0,0) <0
G E F v for j «+ 1 to n do
| V0.5 =E0,j)<¢ —y—gT
end
for i < 1 to m do
| V(i,0) = F(i,0) « —y —ir
end
fori< 1tom, j« 1tondo
Gli.d) Vi—1,]—1)+a ei=y
F Al T Cc G| G C o V@ii—1,j—1)—p ifa; #y;
N E(ivj_l)_T
-0 -3V -4F -5F ‘6F '7F '8F E(Z’ .7) < max {V('L,J - 1) —y—T
A =% F(i,j) + max F(z.—l,].)—'r
V(Z_la.])—’y_T
G 00 G(Z7])
V(i,j) « max ¢ E(i, )
> =2 y=
C ~00 F(’L}J)
1T =1
end

*Also keep backpointers to let you know which matrix was used
to compute the score in each cell



(0,0) <0

G £ F v /Z)rjeltondo \
| V(0,4) = E(0,j) + —y—37
end

for i < 1 to m do

| V(i,0) = F(i,0) « —y —iT
end

fori < 1tom, j+ 1tondo

o Vi—-1,i—1)+a =1y
G
0 '3|: '4|: -O¢ '6F e _8F ke {V(i’j B
A3 P} man§ L0 wd) =7
Vi-1,5)—v—-7
s | G(i,7)
V(i,j) ¢ max ¢ E(i, §) _ _
C _5E F(Z J) _2 -
=1 7=1
end

*In V, keep track of which matrix gave you each score



V(0,0) <0

for j «+ 1 ton do

end

for i < 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

E(i,j) < max {E(z’] “H

(
F(i,7) « max {58_ LJ

- B
G .
GED R

G(i
V(i,j) « max < E(¢
F(i

end




G E F
G A T C G
A 2
G
C

*We don't need backpointers in G because all entries are computed

from the same cell in V

V(0,0) <0

for j «+ 1 ton do

| V(0,5) = E(0,j) « —y — j7
end

for i < 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

{[V('z’ ~1L,j -1t a] iffz; = yj

Vi@ =1, —1)—p if @5 43

E(i,j) + max {

F(i,j) « max{

G(i, )
V(i,j) ¢ max ¢ E(i, j)
F(2,5)

end




E 2
- 3
-0 -6
A T C G G C
-3V
4,
-5E

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——7—]7'
end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

1i_1 T ——
Glij) V(z. ,]' )+ a 1a: Yj
Vi@ =1, —1)—p if @5 43

— E(G,j— 1) 7
e
P~ L)~

Wii—1,7) —
(2?

F(i,j) + max

V(i,j) ¢ max i

(4
(2,

"1@153
S, Loy Sy

)
; a=2 |p=2

end u="1|t=1




E %
- 6
AT C G G ¢C
3, | -6,
4,
-5E

V(0,0) <0

for j «+ 1 ton do

end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

Cytende o
Clind) g L O L m L) da Hm=
Vi@ =1, —1)—p if @5 43

end




F v
EIRNES
-0 -6
A T C G G C
o | 3, -4 | 5| -6 | -T. -8

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——7—]7'
end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

Gy {Vi~bi—Dre Hni=y
Vi@ =1, —1)—p if @5 43
.. E(ivj_l)_T
E
(Z’J)Fmax{V(i,j—l)—v—r
=7 7
(F(i.j) ¢+ max P La)-
y(z—l,J)_'Y_
(G(i, j)
V(i,j) ¢ max ¢ E(i, j) - >
Flig) |22
end u="1|z=1




F v
—00 -6
A T C G G C
o | 3, -4 5 -6 | -T. -8
-0 -6V

V(0,0) <0
for j «+ 1 ton do

end
for i + 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

i) < {VE-bi-D+a Ea—
V-1, —1)—p ifz#y;
E(i,j) + max s
V{ig—1) —9
— F(i j)—7
F(i,
BT o
G(i,j)
V(i,j) ¢ max ¢ E(i, j)
a=2 y=2
F(4,7) I
end u=1rrt=




V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——’7—]7'
end

for i < 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

Blid) edq b Lt a Hop=iy
Vi-1,j-1)—p ifz #y,
E(i,j) + max E(z_’] ) =
V(i g—1) =y~
F(i,j) < max { TG~ 1A =7
Vi-1,j)—vy—71




AT Cc G G | C
o 3. | 4 5 6. -7. -8
3. 2,
4,
-5E

V(0,0) <0

for j «+ 1 ton do

end

for i < 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

O L e i et
Vi@ =1, —1)—p if @5 43
Bli,3) +—max { nd = 1) =7
V(Z»J_]-)_’Y_T
F(i,§) « max § T ¢~ Ld) =7
V(Z—l,])_’Y‘—T
Vi
BES IS
end =1 =1




V(0,0) <0

for j «+ 1 ton do

end

for i < 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

E(i,j) < max {E(z’] “H

(
F(i,7) « max {58_ LJ

- B
G .
GED R

G(i
V(i,j) « max < E(¢
F(i

end




V(0,0) <0

for j «+ 1 ton do

end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

Vi—1,]—1)+a ei=y

AT ¢  G6 G | cC G(i’j)“{[v(i_l,j_ljif

E(i,j—1)—7

- - - - - - - E(i,j) + max
D) V(i —1)—7

s>

(i =) ==
2 oo [ FE— L)

L

.

V(i,j) + max

L

o Q
<

(i,)
(4,)
(2, 7)

end




E v
o -4
—00 -7
A T C G G C
'3v '6v
_4E
_5E

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——7—]7'
end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

1i_1 T ——
Glij) V(z. ,]' )+ a 1a: Yj
Vi@ =1, —1)—p if @5 43

— E(G,j— 1) 7
e
P~ L)~

Wii—1,7) —
(2?

F(i,j) + max

V(i,j) ¢ max i

(4
(2,

"1@153
S, Loy Sy

)
; a=2 |p=2

end u="1|t=1




E v
-0 -7
A T C G G C
'3v '6v '7v
_4E
_5E

V(0,0) <0

for j «+ 1 ton do

end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

Cytende o
Clind) g L O L m L) da Hm=
Vi@ =1, —1)—p if @5 43

end




F v
RN
7 1
Al T  c 6 &6 | cC
o | 3, | -4, | 5. 6. 7. -8
o | -6,

V(0,0) <0

for j «+ 1 ton do

| V(0,5) = E(0,j) « —y — j7
end

for i < 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

Gy {Vi~bi—Dre Hni=y
Vi@ =1, —1)—p if @5 43
.. E(ivj_l)_T
E
(Z’])(_max{V(i,J—l)—v—T
(1 B B
(F(i.j) ¢+ max PE—La)
y(z—l,J)_W—
(G(i, )
V(i,j) ¢ max ¢ E(i, j) - >
Flig) |22
end u="1|z=1




F v
-7 -1
Al T  c G G| cC
o | 3, | -4, | 5. 6. 7. -8
o | B, | -1

V(0,0) <0
for j «+ 1 ton do

end
for i + 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

i) < {VE-bi-D+a Ea—
V-1, —1)—p ifz#y;
E(i,j) + max s
Vi g—1) —p=
— F(i j)—7
F(i,
EiTR o
G(i,j)
V(i,j) ¢ max ¢ E(i, j)
a=2 y=2
F(4,7) I
end u=1rrt=




AT Cc G G | C
o 3. | 4 5 6. -7. -8
3. | 2,

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——’7—]7'
end

for i < 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

Blid) edq b Lt a Hop=iy
Vi-1,j-1)—p ifz #y,
E(i,j) + max E(z_’] ) =
V(i g—1) =y~
F(i,j) < max { TG~ 1A =7
Vi-1,j)—vy—71




V(0,0) <0

for j «+ 1 to n do

end

for i + 1 to m do

| V(Zao)zF(Z,O)F—’Y—ZT
end

fori < 1tom, j+ 1tondo

2 Vi-1,j—1)+a ifz;=y;
G
', A T C G G ¢C (z,y)e{v(i_l,j_l)_u o35 1
;L E(, 1) —
0 '3F '4F -Op '6F -7 '8|: E(Z,])(—max{ (4,




V(0,0) <0

for j «+ 1 ton do

end

for i < 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

E(i,j) < max {E(z’] “H

(
F(i,7) « max {58_ LJ

- B
G .
GED R

G(i
V(i,j) « max < E(¢
F(i

end




V(0,0) <0

for j «+ 1 ton do

end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

Vi—1,]—1)+a ei=y

AT ¢  G6 G | cC G(i’j)“{[v(i_l,j_ljif

E(i,j—1)—7

- - - - - - - E(i,j) + max
D) V(i —1)—7

s>

( ) ey
i 2 4 5 i e m (#—L,g) —=

L

.

V(i,j) + max

L

o Q
<

(i,)
(4,)
(2, 7)

end




£ v
i - i i -5 i
-0 -8
-3, | -6, -7,
4
-5E

V(0,0) « 0
for j «+ 1 to n do

| V(0,4) = E(0,j) < —y — jT
end

for i + 1 to m do

| V(i,0) = F(i,0) « —y — ir
end

for i <~ 1 tom, j < 1tondo

! V(i_laj_l)_l«b lf'Ez;éyJ

g E(,j—1)7
[ E(i, j) « ma'x]{[v(i ;_ JE _J

P 1,4) -
V(i-1,7) -

V(Za ]) — max

"iijQ

=

(J)
u=1g=1

end




E %
- 8
Al T C G G C
3, | 6, -7, -8,
4,
-5E

V(0,0) <0

for j «+ 1 ton do

end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

Cytende o
Clind) g L O L m L) da Hm=
Vi@ =1, —1)—p if @5 43

end




F v
N
-2 4
Al T  c 6 &6 | cC
o | 3, | -4, | 5. 6. 7. -8
o | 6, | -1

V(0,0) <0

for j «+ 1 ton do

| V(0,5) = E(0,j) « —y — j7
end

for i < 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

Gy {Vi~bi—Dre Hni=y
Vi@ =1, —1)—p if @5 43
.. E(ivj_l)_T
E
(Z’])(_max{V(i,J—l)—v—T
(1 B B
(F(i.j) ¢+ max PE—La)
y(z—l,J)_W—
(G(i, )
V(i,j) ¢ max ¢ E(i, j) - >
Flig) |22
end u="1|z=1




F %

-2 iy
-0 '3 -4 _5 _6 _7 _8
-00 _6 _1 _2

V(0,0) « 0
for j «+ 1 to n do

| V(0,5) = E(0,5) « —y — jr
end
for i + 1 to m do

| V(Z1O) ZF(’L,O) — —7_7:7-
end

fori+ 1tom, j+ 1tondo

G(i,5) V(Z.—l,.]'—l)-l-a }fxizyj
V(=10 —1)—p ifz;£y
E(i,j) + max E(z.’J 1)—7
Vij-1)—y-7
F('I’ ) ) T]
F(d.7) -{V(z—l,]) N—T
G (i, j)
V(ij) e max{ B,j) [
Fij) |*72 77
end 1 =1




Al T  c 6 &6 | cC
o 3. | 4 5 6. -7. -8
3. 2,
-4,
-5E

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——7—]7'
end

for i + 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

Bug) e LS hd Lt & TEE
Vi-1,j—-1)—p ifz; #y,
B(i,j) « max{ 0T =T
V(,j—1)—y—7
F(ij) e max{ D0~ LI =7
Vi-1,j)—vy—71
[V(z,g)(—max] =2 »=2
end =1 =1




V(0,0) <0

for j «+ 1 to n do

| V(O,])=E(O,j)(——’y—]7-
end

for i + 1 to m do

| V(Zao)zF(’L,O)F—’}’—ZT
end

fori < 1tom, j+ 1tondo

. i V(Z-l,]—l)—l—a lfa;‘L:yJ
G
', A T C G G ¢C (z,y)e{v(i_l’j_l)_“ o35 1
;o E(i, 1) —
0 '3F '4F -Op '6F -7 '8|: E(z,])<—max{ (4,




And so on...

The algorithm continues like so until all the matrices are filled.

We'll skip ahead, stopping at some interesting intermediate states which cover
new branches in the algorithm.

As an exercise, try filling out these matrices on your own and checking the
values against our final solution!



V(0,0) <0
for j «+ 1 ton do

end
for i + 1 to m do
| V(i,0) = F(i,0) « —y — it

end
fori < 1tom, j+ 1tondo

E(i,j) < max {E(z’] “H

(
F(i,7) « max {58_ LJ

- B
G .
GED R

G(i
V(i,j) « max < E(¢
F(i

end




V(0,0) <0

for j «+ 1 ton do

end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

G(Z )(_ Vi-1,7—-1)+a ifa:.i=yj
Al T | C | G G C = VG 1,5 - 1)) ife: # y)
. E(i,j—1)—7
- - - - - - - E(i,
GBI EmE i1 -y -
- 2 4 | 5 | 6 | -7 -8 F(i,j) ¢ max F(z._l’J.)_T
V(Z—l,])_'Y‘—T
- -4 G(i, )
V(i,j) ¢ max< E(i,7
Qe BO T =2
- F(Z-]) =1 =1
end — B




£ "4
i -6 i ; 2 i
-7 P
By | By | Ty | 8y 9y | 10, -,
4
-5,

V(0,0) « 0
for j «+ 1 to n do

| V(0,4) = E(0,j) < —y — jT
end

for i + 1 to m do

| V(i,0) = F(i,0) « —y — ir
end

for i <~ 1 tom, j < 1tondo

! V(i_laj_l)_l«b lf'Ez;éyJ

g E(,j—1)7
[ E(i, j) « ma'x]{[v(i ;_ JE _J

P 1,4) -
V(i-1,7) -

V(Za ]) — max

"iijQ

=

(J)
u=1g=1

end




E "4
-7 -1
A T C G G C
3, 6, | -7, | -8, | -9, | -10, -1,
4 -l
-5_

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——’7—]7'
end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

e
Gli,j) d e~ Li=Dta iz =y
Vi@ =1, —1)—p if @5 43

end




F v
RN
~c0 7
Al T  c 6 &6 | cC
w | 3, 4 | 5 | -6 | 7. -8
w 6, -1, | 2. | -3 | -4 -5

V(0,0) <0

for j «+ 1 ton do

| V(0,5) = E(0,j) « —y — j7
end

for i < 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

iy { i ~ba D =
Vi@ =1, —1)—p if @5 43
R E(ivj_l)_T
E
(z’])(_max{V(i,J—l)—v—T
(1 B B
(F(i.j) ¢+ max PE—La)
y(z—l,_j)—')’—
(G(i, )
V(i,j) ¢ max ¢ E(i, j) - >
Flig) |22
end u="1|z=1




F v
-0 -7
A T C G G C
| 3, -4 5. -6 -7, -8
w6, 1, 2. 3 | 4 5
-00 -7V

V(0,0) <0
for j «+ 1 ton do

| V(Oa]) =E(Ov.7) — _’7_.7'7-
end

for i + 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

i) < {VE-bi-D+a Ea—
V-1, —1)—p ifz#y;
E(i,j) + max s
V{ig—1) —9
— F(i j)—7
F(i,
BT o
G(i,j)
V(i,j) ¢ max ¢ E(i, j)
a=2 y=2
F(4,7) I
end u=1rrt=




Al T  c 6 &6 | cC

o 3 | -4 | 5 | -6 7. -8

3. 2, | .| 2. 3. 4 5
-4,
-5E

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——7—]7'
end

for i + 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

Bug) e LS hd Lt & TEE
Vi-1,j—-1)—p ifz; #y,
B(i,j) « max{ 0T =T
V(,j—1)—y—7
F(ij) e max{ D0~ LI =7
Vi-1,j)—vy—71
[V(z,g)(—max] =2 »=2
end =1 =1




A T C G G C
0 3. | 4 -5 -6 -7 -8
3 | 24 -1 -2 -3 -4 -5
4 | -1
-5_

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——’7—]7'
end

for i < 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

Gy VU b Dre n=y
Vi@ =1, —1)—p if @5 43
B(i,j) ¢ max{ \0d DT
V(z,g—l)—'y—‘r
FGi7) e mae [T 1)~
V(Z—l,])_’}"—T
G (i,
Vg -
BGI) 25 =2
F(3,7) ~ ~
end T =1







A T C G G C
2 -4 -5 -6 -7 -8
-4 1 -2 0 -1 -5
-5

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——’7—]7'
end

for i < 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

B | O if:z;,-='yj
G
o R
E(i, ) ¢ max{ 240~ 1) =7
V(z,g—l)—'y—‘r
F(ij) - max{ T0 L) =7
Vi-1,j)—v—-71
G(i, j)
V(i,j) ¢ max ¢ E(i, j)
=2 yp=2
F(2,5) o
end =




V(0,0) <0

for j «+ 1 ton do

| V(0,7) = E(0,j) < —y —JjT
end

for i + 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori< 1tom, j< 1tondo

Gl ) = Vi—1,]—1)+a ei=y
AT ¢c G G ¢ D V=1 =1 Fa) it £y,
) ; . - - - - E(i,j) + max E(z_’J__l)_T
V(’L,j—l)—’y—T
- 2 -4 -5 -6 -7 -8 F(i, j) < max F(z._l’J.)_T
V(Z—l,])_'Y‘_T
- -4 1 -2 0 -1 -5 G(i,7)
V(i,j) ¢ max ¢ E(i, j) -
i 5 | 2 F(i, j) «z2 V=2
=1 =1
end




£ "4
i -4 i i 1 i
-5 P
-3V '6V -7V -8V -9V -1 OV -11 v
-4E -1 \V -4V -5V -6V _7V _8V
-5E _2E

V(0,0) « 0
for j «+ 1 to n do

| V(0,4) = E(0,j) < —y — jT
end

for i + 1 to m do

| V(i,0) = F(i,0) « —y — ir
end

for i <~ 1 tom, j < 1tondo

J V@i—1,—1)—p ifz; #y;

(BG.j) ema,x]{[v(z ;_JE ;

P 1,4) -
V(i-1,7) -

Via. — max
(4,7) ——

u=1 lg=1

"ijij

=

(4:7)
(4,9)
(4,7)

end




E "4
-5 -2
A T C G G C
3, 6, | -7, | -8, | -9, | -10, -1,
T B VA e VR = VA B -V T AR B ¥
S | 2% 2y

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——7—]7'
end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

end

6 {5
m-{[ (21—3 ’TY—T]
L
G (i, j)
V(i,J) + max ig;; :2 ::12




F v
EIRNE]

-9 5
Al T  c 6 &6 | cC
w | 3, 4 | 5 | -6 | 7. -8
w 6, -1, | 2. | -3 | -4 -5
w7, 4, | 2, 3| -3, -4

o | -8,

V(0,0) <0

for j «+ 1 ton do
| V(0,5) = B0,
end

for i + 1 to m do

k= =gt

| V(i,0) = F(i,0) + —y — it

end

fori < 1tom, j+ 1tondo

G(i,7) <—{

V(i,7) ¢ max 4

end

Vi-1,j—1)+a
Vi@ =1, —1)—p if @5 43

E(i,j) + max {

— (F(i—1,5)
[F6d) < max]{y(z' - l,jJE

if T =Y

E(i,j—1




F v
-9 -5
A T C G G C
- By A o | 6 T 8
- S e T
- Ty Ay 2y 3 3y Ay
- 8, | 9y

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——7—]7'
end

for i + 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

Bug) e LS hd Lt & TEE
Vi-1,j—-1)—p ifz; #y,
B(i,j) « max{ 0T =T
V(,j—1)—y—7
- Fi-1,5)—71
F(i,j) «[max|q "
w1
G(i, j)
V(i,j) ¢ max ¢ E(i, j) - -
FGi,j) |“°2 7"
end 1 T 1




V(0,0) <0

for j «+ 1 ton do

| V(0,5) = E(0,j) « —y — j7
end

for i < 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

i V(z—l,]—l)—l-a lf.'IIL=’yJ
G
v AT G 6eC (z’J)F{V(z‘—l,j—l)—u if @i # y
R E(ivj_l)_T
0 8. 4 5. 60 | -7 | -8 E(i,j) + max {V(z,j - —
A 8. 2, 1. 20 3. 4 -5 Bl e-max i O L) =7
V(ii-1,j) -7




A T C G G C

0 3 | 4. | 5. | 6. -7 -8

B 25 1 20 3. | 4 -5¢

4 -l e | 2a¢ | 0Og -1 4
-S5¢ '25 25

V(0,0) <0
for j «+ 1 ton do

| V(Oa]) =E(Ov.7) — _7_.7'7-
end

for i + 1 to m do

| V(i,0) = F(i,0) + —y — it
end

fori < 1tom, j+ 1tondo

iy {Vi~1i—Dve n=
V(z—lj—l)—u if z; # y;
E(i,j) + max By~
V(E,j—1)—7-—
F(i, j) + max P~ L§) —#
V(Z—'la]) Y
G(i, )
£ [
i,7) ~ -1
end - -







A T C G G C
2 -4 -5 -6 -7 -8
-4 1 -2 0 -1 -5
-5 -2 3 -3 -1 1

V(0,0) <0

for j «+ 1 ton do

end

for i < 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

Gy VU b Dre n=y
Vi@ =1, —1)—p if @5 43
B(i, j)  max{ 23— =7
V(Z»J_]-)_’Y_T
P(i,j) max D0 LI -
Vi-1,j)—vy—71
G(i, j)
V(i,j) ¢ max ¢ E(i, j)
gy =2 y=2
F(i, )
=1 =1
end




A T C G G C
3, 6, | -7, | -8, | -9, | -10, -1,
T B VA e VR = VA B -V T AR B ¥
R R AV - VR VAR B VIR AV

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——7—]7'
end

for i + 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

Bug) e LS hd Lt & TEE
Vi-1,j—-1)—p ifz; #y;
E(i,§) «max{ Do0d ~ 1) =7
Vi, j—1)—y-1
F(i,j) «+ max F(Z__l’j)_T
Vi-1,j)—vy—71
G(i,j)
V(i,j) ¢ max ¢ E(i, j) - -
Flig) |[“T277
end 1 T 1




F
A T C G G C
- By A o | 6 T 8
- S e T
- -1y '4v '2v '3F '3v '4v
- 8, | 5 | -y 0, e 2%

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——7—]7'
end

for i + 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

Bug) e LS hd Lt & TEE
Vi-1,j—-1)—p ifz; #y;
E(i,§) «max{ Do0d ~ 1) =7
Vi, j—1)—y-1
F(i,j) + max Fig=LJ) —5
Vi-1,j)—vy—71
G(i,j)
V(i,j) ¢ max ¢ E(i, j) - -
Flig) |[“T277
end 1 T 1




A T C G G C

0 3 | 4. | 5. 6. | 7. | -8
Be | 26 | 1 20 30 | 4L | S5
4 | 1 To |26 O 1| 4
S | 20 | 25 35 O | -1gr 16

V(0,0) <0

for j «+ 1 ton do

| V(O,])=E(O,j)(——7—]7'
end

for i + 1 to m do

| V(i,0) = F(i,0) « —y — it
end

fori < 1tom, j+ 1tondo

Bug) e LS hd Lt & TEE
Vi-1,j—-1)—p ifz; #y,
R

(
F(i,j) + max {58_ LJ

o
. ~.
-

G
V(i,j) « max { E(i,
F(

sy
<

end




Traceback

We use the backpointers in our matrices to reconstruct our alignment.

At each position, we can recover the single-letter alignment of the prior two
characters based on which matrix produced our maximum score.

Starting from V(m,n), at every V(i)

e |fargmax = G — recover a match/mismatch; recurse on V(i-1, j-1)

e Ifargmax =E — recover a gap in X; follow the backpointers of £(i,j)
recursively, inserting gaps in X until we return to V; recurse

e Ifargmax =F— recover a gap inY; follow the backpointers of Fi,j)
recursively, inserting gaps in Y until we return to V; recurse



X sequence

Vv A T C G G C
0 -3F -4F -5F -6F -7F -8F
Y A -3E 2G -1 . -2F -3F -4F -5F
sequence
G '4E -1 E 1 G _2G/F OG -1 G '4F
C '5E '2E _2G/E 3G OF -1 GIF 1 G

Score:



Score:



O O

Score:







Score:




\" A T C G G C
Here you hit the 0 3. | 4. 5. 6. 7. -8
backpointer
referencing F A | 3 2 1 2 3 4 5
matrix. So you E G F F F F F
must continue G 4 1 1 D 0 '\_1 4
backtracking E E G G/F G G F
through the F \
matrix. C S | 2 2 3 O | -1gr | 16

G C Score:




F A T C G G C
We switched to o | -3 -4 -5 -6 -7 -8
the F matrix. Y i " " i "
A -0 | -6, | -1, 20 | -3 | 4. | -5
G -0 | -7, | 4, 2, | -3 x-3V -4,
C -0 | -8, | -5, -5, O, -1 x-2F

G C Score:




C G
-9 | -6,
2F = '3F
v | 3

v Oy

G C
[
-4 S
8y Ay
1 x-2F

Score:




C G
-9 | -6,
2_4m-3_
v | 3

v Oy

O O

Score:




T C G
-4 o5 | -6¢
1, ¢m-2_4m -3,
-4y 2y | -3¢
Sy S5 | 0,

O O

Score:




Here you hit the
backpointer
referencing V
matrix. So you
must continue
backtracking
through the V
matrix

A T C G G C
-00 3, | 4 5. | 6 7. | -8
6y | -l em-2 em-3 | 4 5
-00 -7, 4, 2, | -3 x-3V -4,
- 8, Dy Dy 0y e 2

O O

Score:




We switched to 0 -3 4 5
the V matrix.

Score:




A T C G

-3: 4. | -5 -7

2. qm-1_qm-2 . qm-3. -4

Te Ts GIF x'1 G | -
"2 26 | 36 -1 (3/Fx

O O

Score:




A T  C G
3. | 4. | 5 7.
2. em-1_qm-2. qm-3. | -4

O O

Score:




A T C G
3. | 4. | 5 7.
2. em-1_qm-2. qm-3. | -4

O O

Score:




A T C G
3. | 4. | 5 7.
2. em-1_qm-2. qm-3. | -4

O O

Score:




Results:

T C G

G C
G C

...Is our optimal alignment with score +1!



