CS 466

Introduction to Bioinformatics
Lecture /




Course Announcements

Instructor:
* Mohammed El-Kebir (melkebir)
* Office hours: Wednesdays, 3:15-4:15pm

TA:
e Sarah Christensen (sac2) — Mondays, 3-4pm
* Wesley Wei Qian (weigian3) — Fridays, 9-10am

Homework 1 due 9/17 by 11:59pm




Outline

* Multiple sequence alignment
* Carrillo-Lipman algorithm
* Progressive alignment

Reading:
* Jones and Pevzner. Chapter 6.10

* Material based on Chapter 14.6 in book “Algorithms on Strings, Trees and
Sequences” by Dan Gusfield

* Lecture notes



Multiple Sequence Alignment Problem w/ SP-Score

A multiple sequence alignment M between k strings vy, ...,V is a
k X q matrix, where ¢ = {max{|v;| : i € [k]}, ..., Xi—1 |V;|} such
that the i-th row contains the characters of v; in order with spaces
‘“’ interspersed and no column contains k spaces
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MSA@problem: Given strings vy, ..., Vi, and scoring function
5: C Uu{-}D x (& U{-}) - Rfind multiple sequence alighment
M* with maximum value of SP-score(M*) = Y15, Z?‘ziﬂ S5(vi,vj)

where §(v;, v;) is the score of the
induced pairwise alignment of (v;,v;) in M'™ using o
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SP-score(M) = le Z?=i+1 S(v;, Vj)




Inverse Problem: F(é)

Vi

\{)

rr}lPairwise to Multiple Alignment

3

ACGCTGG-|C| Vi ACI-|GCITGG-C V2AC-GCI-IGA|G

ACGC-|-|GA|G|] V3 |GCICIGICIA|-|GA|G| V3|GICICIGICAGA|IG

Question: Can we construct a multiple alignment that induces the
above three pairwise alignments?
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Inverse Problem: From Pairwise to Multiple Alignment

Vi AJA|A\T\T|\T|-|-|-| Vi|—=|-|—-|AAA|T|T|T| 2|T|\T|\T |GG G-

V2 i=|=|-|T|T|T|GG G| V3|GIGIGAAA|-|—-|—-| V3|—-|—|-|G|G|GAA

Question: Can we construct a multiple alignment that induces the
above three pairwise alignments?
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Compatibility

AAAATTTT

AAAATTTT--~ / \, AAAATTTT---

Compatible: Pairwise alighnments
can be combined into multiple S & e
alignment \

AAAA---GGGG
- TTTTGGGG

AAAATTTT

AAAATTTT-=~ / \| ===AAAATTTT
-==TTTTGGGG/ \GGGGAAAA~~~

Incompatible: Pairwise alignments
cannot be combined into multiple ____
alignment TTTTGGGG ==~




Compatibility

N\
\
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\ AAAATTTT-~~

AAAATTTT-~-~ / '
AAAA---GGGG

Compatible: Pairwise alignments
can be combined into multiple TS Sanerrres
alignment N\

AAAA---GGGG

-==TTTTGGGG
1 u - u
f (» \..-".nl-?. PaRrwise a ' o
Vv \" Vv Vv
1 f 1 f
W1 2 3 AAAATTTT

— Indicate incompatible pairwise alighment

Incompatible: Pairwise alignments
cannot be combined into multiple %
alignment

TTTTGGGG =~~~

npatibl pairwse albigrnm




From Compatible Pairwise to Multiple Alignment

Optimal multiple alignment

(Sub)optimal multiple alignment

Easy

(k\\JL""CQA 4

N
Challenging

Pairwise alignments between all
pairs of sequences, but they are
not necessarily optimal

Good (or optimal) compatible
pairwise alignments between all
sequences




Outline

~ Carrillo-Lipman algorithm M&j orec b A b A

* Progressive alignment \uﬁ«ffs“/‘
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Reading:
* Jones and Pevzner. Chapter 6.10

* Material based on Chapter 14.6 in book “Algorithms on Strings, Trees and
Sequences” by Dan Gusfield

* Lecture notes



Multiple Sequence Alignment Problem w/ SP-Score

MSA-SP problem: Given strings vy, ..., vV}, and scoring function
§: C U{-}) x( u{-}) - R, find multiple sequence alignment
M ™ with maximum value of SP-score(M'*) = Y<_, Z?‘ziﬂ S(vi,vj)

where 5(v;, v;) is the score of the
induced pairwise alignment of (v;, v;) in M'™ using 6

Weighted SP-Edit Distance problem: Given strings v, ..., v, and and

casksegrrrg function § : (2 U {=}) x (T U{-}) - R, find multiple
sequence alignment M ™ with minimum value of

SP-score(M'*) = Y X, Z;‘ziﬂ 5(v;,vj) where S(v;, v;) is the score
of the induced pairwise alignment of (v;, v;) in M~ using 6
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Recall: Banded Alignment :

Alignment is a path from source ) uE=NE bzak
(0, 0) to target (m, n) in edit graph NN, .

,Q/&pfc7/f C . NI b

Constraint path to band of width k I AN AN
around diagonal , ot

r.
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Running time: O(nk)
=

, //7 \ k\

A

/Qfestion: Alternative ways of )

XM o

constraining search space? / NG

w Constrain traceback to band of DP matrix (penalize big gaps)
Figure source: http://jinome.stanford.edu/stat366/pdfs/stat366_win0607 lecture04.pdf 5



http://jinome.stanford.edu/stat366/pdfs/stat366_win0607_lecture04.pdf

Forward Dynamic Programming shocke b g

source

Banded alignment: constraint path to
polyhedron around diagonal

Alternatively: Stop computing when
remaining alignment will be suboptimal

sink




Forward Dynamic Programming ?3 S er

source

Banded alignment: constraint path to
polyhedron around diagonal

Alternatively: Stop computing when
remaining alignment will be suboptimal

sink

Forward dynarni&programming — think a:'Di'! kstra’s algorithm:
 Queue of umssited vertices

* Maintain(pli, j, k] shortest distance yet found from
@z (0,0,0) to (i, ], k).

| * For each directed edge (i, k) to (i’,j', k") with cost w,
) >I set pli’,j', k'] = mi {E[i',j', k'l wli,j, k] + w}
v N . ) \-’ —— =
"\ ‘
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Forward Dynamic Programming

source

Banded alignment: constraint path to
polyhedron around diagonal

Alternatively: Stop computing when
remaining alignment will be suboptimal

Forward dynamlc programmmg think of Dijkstra’s algo/rlthm

* Queue of unvisited vertices {Lg s 7

* Maintain pl[i, j, k] shortest distance yet found from
(0,0,0) to (i,], k).

| * For each directed edge (i,j, k) to (i’,j', k") with cost w,

h N set p[i’,j', k'] = min{pli’,j', k'], pli, ], k] + w}

Question: Can we remov vertices from considgeration based on alignment score of prefix?
W VIWYea (1)) Y:c/r 0 : Kol 7



Alignment

Projection and SP-score

L’\I),/ﬂl./>

Sequences V4, V,, V3 each of length n

* D(i,], k) is min SP-cost of aligning v;[1..1], v, [1..]], v3[1.. k]

(

@) dpq(l J) is cost of induced alignment of v, 11..1], vq[l..j] CAH1YD

min cost of aligning vp 1. @vq )

/

) qu(l J)is
—




Alignment Projection and SP-score

Sequences V4, V,, V3 each of length n

* D(i,j, k) is min SP-cost of aligning vy [1..i],v,[1..]], v3|1.. k]
. dzz g(i'j) is cost of induced alignment of v, [1..i], v,[1..]]
* D, ,(i,)) is min cost of aligning v, [1..i], v, [1../]

/P Qe
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Alignment Projection and SP-score (0,0,2) e (i5,0)

Sequences V4, V,, V3 each of length n

Qe Cx”

. D( i, j, k) is min SP-cost of aligning v, [1..i], v, [1..j], v5[1.. k]
d

* dpq(1,)) is cost of induced alignment of v, [1..i], v, [1..]]
* D, ,(i,)) is min cost of aligning v, [1..i], v, [1../]

— =
(L dpq(i)) 2 Dy, ])>

SQE St ol e
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Carrillo-Lipman Methoc

@0 ALvq («L)JT ‘Q,>

* D™ (i.j.k)is min SB-cost of ignment of suffi

. f0 &
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)5\\—\ «(Vam C\)))/L)

mcost of induced alignment of suffix v,,[i..n], v, [/ .nj

* DJ,(1,])is min cost of allgnment of suffix
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Carrillo-Lipman Method gl O ™)

sfEY IL /L A
D*(i,j, k) = di,(i,j) + dF-(i, k) + di=(j, k) = D, (i, ) + DF=(i, k) + D+ (j, k
> (i, ), k) = di,(i,j) + diz(i,k) +d33(, k) = Di5(i,j) + Di3(i, k) + Dy3(, k)
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Carrillo-Lipman Method

D*(i,j, k) = di,(i,j) + di3(i, k) + d33(, k) = D ,(i,j) + D 3(i, k) + D3 5(j, k)

D(i,j,k) + D*(i,j,k) = D(i,j, k) + Di(i.)) + Di3(i, k) + D35, )

Question: What if we have
an alignment with cost z?




Carrillo-Lipman Method

D*(i,j, k) = di,(i,j) + di3(i, k) + d33(, k) = D ,(i,j) + D 3(i, k) + D3 5(j, k)

D(i,j,k) + D*(i,j,k) = D(i,j, k) + Di(i.)) + Di3(i, k) + D35, )

D x

e

Question: What if we have
an alignment with cost z?

\
T~

fz < D(i,j, kY + Dy (i) + Di3(i, k) + DF3(. k)
then (i, j, k) not on optimal path => Prune!




Carrillo-Lipman Method

D*(i,j, k) = di,(i,j) + di3(i, k) + d33(, k) = D ,(i,j) + D 3(i, k) + D3 5(j, k)

D(i,j, k) + D*(i,j,k) = D(i,j, k) + D{,(i,j) + Di5(i, k) + D350, k)

Question: What if we have
an alignment with cost z?

Question: How to find this alignment?

Itz < D(i,j, k) + Di,(i,j) + D{5(i, k) + D3 5(J, k)
7~ then (i, j, k) not on optimal path => Prune!
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* Progressive alignment | \ms UL 32,0

Reading:
* Jones and Pevzner. Chapter 6.10

* Material based on Chapter 14.6 in book “Algorithms on Strings, Trees and
Sequences” by Dan Gusfield

* Lecture notes

26



Heuristic: Iterative/Progressive A\ignment‘

~ Iteratively add strings (or alignments) to existing alignment(s).

x GGGCACTGCAT =~
GGGCACTGCAT— x#j; _—y GGTTACGTC-- Alignment 1~
GGTTACGTC—— 2z GGGAACTGCAG
GGGAACTGCAG—

GGACGTACC—

GGACCT —— GGACGTACC—— Alignment 2 //////////
GGACCT-=-==

ssyes:  O- F{”w {, aj/(;l/\ séa - {2 4/&]"“%’]7

1. /How to merge alignments?

< = N KX

2.| What order to use in merging strings/alignments?

27



Heuristic Approach: Merge Pairwise Alignments

=

< =

GGGCACTGCAT
GGTTACGTC--
i?ﬁ;ﬁ;TGCAG
GGACGTACC--
GGACCT-=—--

Alignment 1

Alignment 2

Question:
QCan we aligh two
< alignments?

Need a way to summarize
an alignment and score
merged alignments

28



Profile Representation gf Multiple Alignment

- A G G C TATOCA AT CTCT G Z
m/O/L'ﬁ\“MJ(— T A G - C T A C C A - - = G ﬂc 4
A G - C T AOCC A - - - G ?z éﬁ
AG - CTATTCA ATC - G G ol s
YZ jgzx G - ¢ T A T C GO C - G G XS
(A 1 1 8
fQJ\ < 1 4 1 6 .2
V‘f"f\ G 1 .2 .2 401
T .2 1 .6 .2
é\)&ﬁ .2 .8 4 .8 .4

A profile P = [p; ;]isa (|Z] + 1) X [ matrix,
where p; ; is the frequency of i-th letter in j-th position of alignment

29



Profile Representation of Multiple Alignment

\/\— A G G C T A T C A C L%

We know how to align T A G - CTACCA - - - G

. <i2n Cc A G - C T AT COCA A - - - G

sequence agalnst sequence Cc A G - ¢C T A T C A C - G G

T —— —— ¢ A G - C T A T C G C - G G

Cy:oﬂqv\ ¢eq wswﬂ\vA . . .
C .6 1 4 1 6 .2

\M“HW\‘Q‘ aQ»’} NV e 1 .2 2 4 1
- l — 7 .2 1 .6 2
\/é - .2 8 4 .8 .4

—

—
LQuestion: Can we align

sequence against profile? |

Question: Can we align profile
against profile?

30



Aligning String to Profile = Lot 4

A profile P = [p; ;] is a (|Z| + 1) X n matrix,
where p; ; is the frequency of i-th letter in j-th position of alignment

Y on A P

Given: SequencepVv = vy, ..., U, and profile P with n columns

—

C
(Ve df
* (s optimal alignment of Vy, ..y Uj and first j columns of P
° i5 score for aligning charactersxandy  ¥,9 e% S U{~
* 7(x,]) is score for aligning character x and cqumnGof

€ZU‘5°-‘(3 ~————



A\ignirkg String to Profile & - (2 O {-9) ¥[3 vi-9)
_ %J%ww“ s >
T(x,7) & o o(x,
\; éj EZU?_} T@-

0, if =0 and 5 =0,
o s|i — 1,j] + 5(2}2', —), if 2 > 0, Insert space in profile
s[t, j] =max ¢ oo o
— T S|ty ] — 1] I T(_,]), if ] > 0, Insert space in string
\S:i—l,j—l]—l—T(%i,%), if 2 >0 and 5 > 0.

* s|i,j]|is optimal alignment of v4, ..., v; and first j columns of P
* O0(x,y) is score for aligning characters x and y
* T(x,j) is score for aligning character x and column j of P

32



Progressive Multiple Alignment: Greedy Algorithm

Choose most similar pair among k input strings, combine into a
profile. This reduces the original problem to alignment of k-1
sequences to a profile. Repeat.

\
( u= ACGTACGTACGT... —» W= ACZITACZTACE/cT...

u, = TTAATTAATTAA ... u, = TTAATTAATTAA...

k { uy=ACTACTACTACT..

S~ k-1

u, = CCGGCCGGCCGG..._

L

N .ij /L .33

LUy = (CGGCCGGCCAG \




Example

Score of +1 for matches, -1 otherwise.

sZ2 GTCTGA sl GATTCA--
s4 GTCAGC (score = 2) s4 G-T-CAGC(score

sl
s2

sl1
s3

GAT-TCA sZ G-TCTGA
G-TCTGA (score = 1) s3 GATAT-T (score

GAT-TCA s3 GAT-ATT
GATAT-T (score = 1) s4 G-TCAGC (score
S, <y

0)

-1

-1)

34




Example

Score of +1 for matches, -1 otherwise.

sZ2 GTCTGA
s4 GTCAGC (score = 2)

sl GAT-TCA
sZ2 G-TCTGA (score = 1)

sl GAT-TCA
s3 GATAT-T (score

1)

Question: Any theoretical
guarantees on optimality?

s1
s4

s2
s3

s3
s4

GATTCA--
G-T-CAGC(score = 0)
G-TCTGA
GATAT-T (score = -1)
GAT-ATT
G-TCAGC (score = -1)

No guarantees!

35




Outline

* Multiple sequence alignment
e Carrillo-Li oot

* Progressive alignment

Reading:
* Jones and Pevzner. Chapter 6.10

* Material based on Chaptn book “Algorithms on Strings, Trees and

Sequences” by Dan Gusfield

* Lecture notes



