Lecture outline

* Sequence alignment
— Why do we need to align sequences?
— Evolutionary relationships
» Gaps and scoring matrices
» Dynamic programming
— Global alignment (Needleman & Wunsch)
— Local alignment (Smith & Waterman)
» Database searches
— BLAST
— FASTA

21

Dot Plot
Put 1's where characters are identical.
A|lB|C|IN|Y[R|O|[C|L|JC|R]|P|M
a1l
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 S 15 FUN

Sme zewm

zem mD® mmozm
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Edit Distance

Levenshtein (1966) introduced edit distance
between two strings as the minimum number
of elementary operations (insertions, deletions,
and substitutions) to transform one string into
the other

d(v,w) = MIN number of elementary operations
to transform v > w
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Edit Distance: Example
TGCATAT > ATCCGAT in 5 steps

TGCATAT - (delete last T)
TGCATA > (delete last A)
TGCAT —> (insert A at front)
ATGCAT > (substitute C for 31 G)
ATCCAT - (insert G before last A)
ATCCGAT (Done)
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Edit Distance: Example
TGCATAT > ATCCGAT in 5 steps

TGCATAT - (delete last T)
TGCATA > (delete last A)
TGCAT —> (insert A at front)
ATGCAT > (substitute C for 3" G)
ATCCAT - (insert G before last A)
ATCCGAT (Done)

What is the edit distance? 5?
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Edit Distance: Example (contq)
TGCATAT > ATCCGAT in 4 steps

TGCATAT - (insert A at front)
ATGCATAT - (delete 6™ T)
ATGCATA - (substitute G for 5™ A)
ATGCGTA - (substitute C for 37 G)
ATCCGAT (Done)
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Edit Distance: Example (contq)
TGCATAT > ATCCGAT in 4 steps

TGCATAT - (insert A at front)
ATGCATA ' - (delete 6™ )
ATGCATA - (substitute G for 5™ A)
ATGCGTA - (substitute C for 37 G)
ATCCGAT (Done)

Can it be done in 3 steps???
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Types of alignment

* Global (Needleman & Wunsch)

— Strings of similar size
» Genes with a similar structure
« Larger regions with a preserved order (syntenic
regions)
* Local (Smith & Waterman)
— Finding similar regions among
* Dissimilar regions

 Sequences of different lengths
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Dynamic programming

* Instead of evaluating every possible alignment, we can create a
table of partial scores by breaking the alignment problem into
subproblems.

» Consider two sequences CACGA and CGA

— we have three possibilities for the first position of the
alignment

First position Score Remaining seqs.
C +1 ACGA
C GA
- -1 CACGA
C GA
C -1 ACGA
CGA
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Example

score(H,P) = -2, gap penalty=-8 (linear)

>

m > ®m oz
i

The DP recurrence relation

* s(a,b) = score of aligning a and b
* S(i,j) = optimal similarity of A(1:1) and B(1:j)
* Recurrence relation

- S(31,0) =X s(AK),-), 0 <=k <=1

= S(0,)) =Z s(-B(k)), 0 <=k <=}

—S(i,j) = max [S@i,j-1) +s(-B()),
S(i-1,j) + s(A(1),-),
S(i-1,j-1) + s(A(1),B()]

— Assume linear gap penalty
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Example contd.

score(E,P) = 0, score(E,A) = -1, score(H,A) = -2

H E A G A W G H E E
0 8 -16 24 32 40 48 -56 -64 72 -80

P 3 2 8

A -16 -10 3

w 24

H 32

E -40

A 48

E -56
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HEAGAWGHE - E

Optimal alignment:
- P--AW- HEAE

H E A G A W G H E E
0 +——8 v\-lb 24 -32 -40 48 56 64 72 80
P 8 2 B 16«24 33 -42 -49 57 -65 73
A 16 -10 -3 4 -12 ‘\»19 28 -36 44 -52 -60
w 24 -18 -1 -6 -7 -15 4 12 29 37
H 32 14 -18 -13 8 -9 -12 -6 2 -1 -19
E -40 2 8 16 -16 -9 12 14 -6 \4 5
A 48 -30 -16 3 -1 -1 12 12 14 - 2
E -56 38 24 -11 -6 -12 14 -15 -12 -8 2
The value in the final cell is the best score for the alignment
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More examples

» Sequence alignment applet at:

http://www.iro.umontreal.ca/~casagran/baba.html
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Semi-global alignment

* In Needleman&Wunsch DP algorithm the gap
penalty is assessed regardless of whether gaps are
located internally or at the terminal ends.

Terminal gaps may not be biologically significant

AATCTATA
--TCT---

 Treat terminal gaps differently than internal gaps =
semi-global alignment

» What modifications should be made to the original
DP?
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Local sequence alignment

» Suppose, we have a long DNA sequence (e.g.,
4000 bp) and we want to compare it with the
complete yeast genome (12.5M bp).

* What if only a portion of our query, say 200 bp
length, has strong similarity to a gene in yeast.

— Can we find this 200 bp portion using (semi)
global alignment?
Probably not. Because, we are trying to align the complete
4000 bp sequence, thus a random alignment may get a better
score than the one that aligns 200 bp portion to the similar
gene in yeast.
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Local alignment

Acraa.... [N

local alignment

onn

__— may have higher
score than overall

I \\k - global alignment

e Total soove = 35 -
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Local sequence alignment
(Smith-Waterman)

* S(i,j) = optimal local similarity among suffixes of
A(1:1) and B(1:j)

* Recurrence relation
~83,0)=0
-S5(0,j)=0

- S(i,j) = max [0,
S(ij-1) + s(-B()),
S(i-1,j) + s(A(D).-),
S(i-1,j-1) + s(A(1),B()]

— Assume linear gap model
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Example
Linear gap model
Gap =-1
Q: EQLLKALEFKL Match = 4
PrKVLEFGY Mismatch = -2
- E Q L L K A L E F K L
“fojojofojOjO]O|JO][O]O]O]O
Klo
Vio
L|o
E|O
Fl o0
G| O
Y| O
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Example
Linear gap model
Gap =-1
Q:EQLLKALEFKL Match = 4
P: KVLEFGY Mismatch = -2
- E Q L L K A L E F K L
“fofloflojlo|lo|o|o|oO 0010
Klojojo|o|o|4|3]|2]1]0]4]3
Viojlo|lojo|o|3|2|1]0]|]O0]|3]|2
Llojo|o|4|4|3]|2]|6]|5]4]3]7
E|l0|4]3|3[3]2 1 51100 9] 8|7
F(o |3 ]|2]2]2 11014 |9 ]|14]13]12
Glo |2 |1 |11 0|0 |3]8]|13|12]11
Yo |t |o[o|Oo|O0O]|O0O|2]7]|12[11]10
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Example
Linear gap model
Gap =-1
Q: EQLLKALETFXKL Match = 4
PRRKVLEEGY Mismatch = -2
- E Q L L KA L EF K L
K
v
L
E
F
G
Y
40
Example
Linear gap model
Gap =-1
Q: EQLLKALEFKL Match = 4
P: KVLEFGY Mismatch = -2
- E Q L L K A L E F K
“fojofofloflofolo[o]Oo|o]|oO]|O
Klojojo|o|o|4|3]|2]|1|0]|4]|3
Viojlo|lojo|o|3|2]1]0|0]3]|2
Lio|o|o|4|4[3]2|6]5]|4]3]7
Elo|4 |33 |3[2]1|5]10]9]8]7
Flo|[3|2|2]2|1]0]4|9]14[13]12
Glo |2 |11 |1]o]o|3]8]|13]12]11
Ylo|t]ofo|o]o|o|2]7]12]{11]10
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Example
Alignment
Q: EQLLKALEFKL Q: KA-LETF
P: KVLEFGY P K-VLEF
- E Q L L K A L E F K L
“fofloflojlofjo|lo|lo|lo|lo|o|O]|oO
Klojo|jo|o|o|[4|3|2]1]|0]4]3
Viojlo|lojo|o|3|2[1]0|0]3]|2
Llo|o|o|4|4|3]|2]|6|5]|4]|3]7
Elo|4 |33 |3 [2]1|5]10]9]8]7
Flo|[3|2|2]2|1]0]4|9]14[13]12
Glo|2|t1 |1 |1|o]o]|3]|8]|13]|12]11
Yo |t |o[o|lo[o]|0|2]7]|12[11]10
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Example

Alignment
Q: EQLLKALEFKL 0: K-ALEF
P: KVLEFGY P. KV-LEF
- E Q L L KA L E F K L
“lojojo]joflojo|lo|o|o][O0]|O]O
Klojojo|o|o|4 |3 |2]|1|0]4]|3
Viojojofo|of3][2]1]0|0]|3]2
Llo|o|o|4|4[3]|2]|6]|5]|4]3]7
Elo|4 |3 (3|3 |2]1|5]10]9]|8]7
Flo|3|2]2|2]1]0]4]|9|14|13]|12
Glo |2 |1 |11 |lo]o|3]8]|13|12]11
Ylo|t1|o[of|o|o|o|2]7]|12[11]10
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Another Example
Find the local alignment between: Linear gap model
Q: GCTGGAAGGCAT Gap =-4
P: GCAGAGCACG Match = +5
Mismatch = -4
Q
6 ¢ t & & a a & & c a
- 0 0 0 [ 0 0 [ 0 0
(] 0
c | o
Al o
(] 0
A 0
(] 0
c | o
Al o
c 0
G 0
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Local vs. Global alignment
SEnalanty Seore
IR Eniry (K ocal
Fad No End
Penalty | Penaky |
HEMm ve  HEHL nan 128 725 TS
HANHL w - bunan 4 3o 322
MY (] 164 [
GPYL R = 45
LACH 1n? I i2
NRHOY Horvine 124 16 t}
«om ©  Human 164 n 0
ACHL v MOHU [inl ] Tl |
TPHLCS 193 430 418
PVPR2 7 i s
oo (55 ) 104
AQIFNY i 1 %
BLSWN = i 52
ORHULD  ws EGMSMG Epidernial gn sa) 475 (311
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Example
Alignment
Q: EQLLKALEFKL Q: KALEF
P: KVLEFGY P: KVLEF
- E Q L L KA L E F K L
-10 0 0 0 0 0 0 0 0 0 0 0
Klojo|jo|lo|o|[4|3|2]1]|0]4]3
Viofololofof[3]2]t][o]o]3]2
L|o 0 0| 4 4 3 2 6 4 3 7
E|l 0 4 3 3 3 2 1 5110] 9 8 7
Fl o0 3 2 2 2 1 0 4 9 | 14|13 |12
G| O 2 1 1 1 0 0 3 8§ |13 1211
Y| O 1 0 0 0 0 0 2 7 12|11 ] 10
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Another Example
Q’s subsequence: GAAG-GCA
P’s subsequence: GCAGA GCA
Q
~ s ¢ 1 s & A a s s c a =
- 0 0 0 [ 0 0 [
G 0 1 0 5 1 0 1 0 0
c [ 1 ] 6 2 1 ™~ 1 Ny 0 1 10 6 2
Al o ) 2 s 6 2 o s 15 om
G 0 2 2 11 2 \lg 3 11 11
G 0 1 0 5 3 \12 8 4 a
c [ 10 6 2 7 3 9 8 17 13 9
c 0 E 2 2 8 8 4 18 18 18
o | o : ) ) 3w ou o
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Complexity
e O(mn) time
* O(mn) space
— O(max(m,n)) if only distance value is needed
* More complicated “divide-and-conquer”
algorithm that doubles time complexity and
uses O(min(m,n)) space [Hirschberg, JACM
1977]
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Time and space bottlenecks

» Comparing two one-megabase genomes.

* Space:
An entry: 4 bytes;
Table: 4 * 10° * 10°= 4 T bytes memory.
* Time:
1000 MHz CPU: 1M entries/second;
102 entries: 1M seconds = 10 days.
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Affine Gap Penalties

-d for gap opening
-e for gap
extension

H(i,j) for gaps in
horizontal seq.
V(i,j) for gaps in
vertical seq.

S@E-1Lj-D+s(x,,5)),
S, j)=maxs H(i-1,j-1),

V(i-1,j-1).
F(i-1,j)-d,
HGi-1j)—e.
F(i,j-1)-d,
Vi,j-1)—e.

H(@,j)= max{

V(i,j)= max{
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