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« Dynamic Programming
o String Comparison
e Sequence Alignment

— Pairwise Alignment
 Needleman-Wunsch global alignment algorithm
 Smith-Waterman local alignment algorithm

— Multiple Alignment
 Popular tools
— FASTA, BLAST, Pattern Hunter
e More advanced tools
— PHI BLAST, ISS, PSI-BLAST, SAM, ...

Copyright 2006 © Limsoon Wong
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The Knapsack Problem

Source: http://mat.gsia.cmu.edu/classes/dynamic/node6.html

e The problem

— Each item that can go into the knapsack has a
size and a benefit. The knapsack has a certain
capacity. What should go into the knapsack so as
to maximize the total benefit?

« A dynamic programming solution

— Let w; and b; be weight and benefit for item J. Let
g(w) be max benefit that can be gained from a w
pound knapsack. Then g(w) relates to previously
calculated g values as follows:

o) = max{b; + g(w — w;)}

Copyright 2006 © Limsoon Wong
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An Example
Source: http://mat.gsia.cmu.edu/classes/dynamic/node6.html
e Suppose the items are  To illustrate:
Item () || Weight (w;) Benefit{b;) - 9(0)=0
1 2 65 — g(1) =30, item 3
2 3 80 — 9(2) = max{65 + g(0) =65, 30 + g(1)
3 1 30 = 60} = 65, item 1

— g(3) = max{65 + g(1) = 95, 80 + g(0)
= 80, 30 + g(2) = 95} = 95, item 1/3
— g(4) = max{65 + g(2) = 130, 80 +

e Recall that

1) = 110, 30 + g(3) = 125} = 130,
glw) = max{b; + glw—w;)}  J5 70T
: — g(5) = max{65 + g(3) = 160, 80 +
« Tofillaw pound g(2) = 145, 30 + g(4) = 160} = 160,
knapsack, we must end off item 1/3
by adding some item. If we  —, For knapsack of capacity 5,
add item J, we end up with max benefit is 160, which is
a knapsack of size w —w] gained by adding 2 of item 1
to fill ... and 1 of item 3

Copyright 2006 © Limsoon Wong
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Source: http://mat.gsia.cmu.edu/classes/dynamic/node4.html

The problem can be divided into stages with a

decision required at each stage  Exercise: What is a stage
In the Knapsack problem?

Each stage has a number of states associated

The decision at one stage transforrgxsercc)igee\%ate

. 0 th at IS a state
INtO a state In the next stage in the Knapsack problem?

Given current state, the optimal decision for
each remaining states does not depend on

previous states or decisions E.g., 9(2) doesnt
depends on g(3)

There is a recursive relationship that identifies
the optimal decision for stage |, given stage j+1
has already been solved

The final stage must be solvable by itself
E.g., 9(0)=0

Copyright 2006 © Limsoon Wong
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Motivations for Sequence Comparis®

« DNA is blue print for living organisms
— Evolution is related to changes in DNA

— By comparing DNA sequences we can infer
evolutionary relationships between the
sequences w/o knowledge of the evolutionary
events themselves

 Foundation for inferring function, active site, and
key mutations

Copyright 2006 © Limsoon Wong
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Earliest Research in Seq Comparissf “

Source: Ken Sung

 Doolittle et al. (Science, July 1983) searched for
platelet-derived growth factor (PDGF) in his own
DB. He found that PDGF is similar to v-sis
oncogene

PDGF-2 1 SLGSLTIAEPAMIAECKTREEVFCICRRL?DR?? 34
p28sis 61 LARGKRSLGSLSVAEPAMIAECKTRTEVFEISRRLIDRTN 100

Copyright 2006 © Limsoon Wong
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« Key aspect of seq
comparison is seq
alignment

JHLPACPIQ 1 mdg — mismatch

e
y ET JH\rj 13
Sequence V match

A seq alignment
maximizes the
number of
positions that are in
agreement in two
seguences

Copyright 2006 © Limsoon Wong
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Sequence Alignment: Poor Exampfe” ="

 Poor seq alighment shows few matched positions
— The two proteins are not likely to be homologous

Alignment by FASTA of the sequences of amicyanin and domain 1 of

ascorbate oxidase
60 70 80 90 100

Amicyanin MPHNVHFVAGVLGEAALKGPMMKKEQAYSLTFTEAGTYDYHCTPHPFMRGEVVVE

Ascorbate Oxidase ILQRGTPWADGTASISQCAINPGETFFYNFTVDNPGTFFYHGHLGMQRSAGLYGSLI
70 80 90 100 110 120

No obvious match between
Amicyanin and Ascorbate Oxidase

Copyright 2006 © Limsoon Wong
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Sequence Alignment: Good Examg

 Good alignment usually has clusters of extensive
matched positions

— The two proteins are likely to be homologous
r'}giI134?6?32lrefIHP 108301, 11

114027495 | db] IBABS3762 11
Length = 105

unknown proteln [Mesorhlzoblum lotl]
unknown proteln [Mesorhlzoblum lotl]

acore = 10% bits (262), Expect = le-22
[dentities = &17106 (57%), Posltiwes = 73106 (6B%), Gaps = 17106 (0%

Muery: 1 MEPORLASIATATIFIPMAVPAHAATIE ITMENLY I SFTEVEAKVGDT IRVWVNEDVFAHT Al

ME G L ++ M4 P4 AATIE+T+ LV wF WV AEVGDTI W DV AHT
MEAGAT, TRLEWLAAT AT MALPALALT IEVT IDELVF EPATVEARVGD T [EWWNNDVVAHT A0

good match between
Amicyanin and unknown M. loti protein

Shict: 1

Copyright 2006 © Limsoon Wong
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Alighment:

Simple-minded Probability & Score

Let p, g, r be respectively the probability of a match, a mismatch, and an indel.
Then the probability of an alignment A = (X,Y) is

prob(A) =p™ - q" -r"

where
m = |{i|z;=y; # -}
no= iz #y,,2 # -y # -}
h = [ilai=—wi#-Yu{i| i #—yi=-}

 Define score S(A) by simple log likelihood as
— S(A) = log(prob(A)) - [m log(s) + h log(s)], with
log(p/s) =1
e Then S(A) =#matches - u #mismatches - é #indels

Exercise: Derive uand 6

Copyright 2006 © Limsoon Wong
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e Given sequences U and V of lengths n and m,
then number of possible alignments is given by

— f(n, m) = f(n-1,m) + f(n-1,m-1) + f(n,m-1)

— f(n,n) ~ (1 + V2)2"*1 n-12 Exercise: Explain the
recurrence above

« The problem of finding a global pairwise
alignment is to find an alignment A so that S(A) is
max among exponential number of possible
alternatives

Copyright 2006 © Limsoon Wong
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Global Pairwise Alignment:

Dynamic Programming Solution

 Define an indel-similarity matrix s(.,.); e.g.,

— S(X,X) =2
— S(X,y) =-u, If X 2y
e Then

Let U and V be two sequences of length n and m. Then their global pairwise
alignment can be extracted from the dynamic programming computation of
Sn,m, where
55_1,_;5_1 + S(Hj,?;})
Si,j — Inax Si‘._l!j )
Sijo1—6

This is the basic idea of the
Needleman-Wunsch algorithm

Copyright 2006 © Limsoon Wong
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Needleman-Wunsch Algorithm (1) ==

Source: Ken Sung

 Consider two strings S[1..n] and T[1..m]

 Let V(i, ) be score of opt alignment betw S[1..1]
and T[1..]

 Basis:
~V(0,0)=0
—V(0,))=V(,j-1) -5
e Insert | times
~V(@i,0)=V(i-1,0)-8

e Delete i times

Copyright 2006 © Limsoon Wong
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Needleman-Wunsch Algorithm (II

Source: Ken Sung

 Recurrence: For i>0, >0

V(i-1, j—1)+s(S[i],T[j]) Match/mismatch
V (I, J) = max: V(i-1])-o Delete
V(i,j-D)-0 Insert

.

* In the alignment, the last pair must be either
match/mismatch, delete, insert

XXX... XX XXX... XX XXX X

I I I

XXX..YY yyy..y_ yyy..vVy
Match/mismatch Delete Insert

Copyright 2006 © Limsoon Wong
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Source: Ken Sung

BE &

ational
I}‘

G

C

-2

-3

O O 4| 2| >»| O >
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Example (1)

Source: Ken Sung

_|A |G| C|A|T|G]|C
|0 |-1|-2|-3|-4|-5|-6|-7
A |-1]| 2 1 O |-1|-2|-3|-4
C |-2]| 1 1 . .
A | -3
A | -4
T | =5
cC | -6 Exercise: Can you tell from these entries what
Are the values of s(A,G), s(A,C), s(AA), etc.?
N N N (N O B

Copyright 2006 © Limsoon Wong



FINUS
Example (l11)
Source: Ken Sung
| A|lG|]C|A|T|G]|C
B O\L—l —2 —3|—4 -5 | -6 -7
Al-1] 2110 |-1]-2]-3]-4
e |
C | -2 1 1 3 2 1 0) -1
A |-3]| 0 0 2 S 4 3 2
4
A|l-4|-1]-12|11] 4| 4. 3] 2
T |-5|1-2|-2] 0 3 6 S 4
C |-6|-3|-3] 0 2 5 5 7
\\
C|-7|-4|-4]|-1 1 4 4 7

Copyright 2006 © Limsoon Wong
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Pseudo Codes

Source: Ken Sung

Create the table V[0..n,0..m] and P[1..n,1..m];
V[O0,0] = O;
For j=1 to m, set V[O,]j]
For 1=1 to n, set V[1,0]
For j=1 to m {
For 1 = 1 ton {
set V[i,j1 = V[i,j - 1] -8 ;
set P[i,j] := (0, - 1);
if V[i,j] < V[i - 1,j] - & then
set V[1,1] VT - 1,31 -6 ;
set P[1,]] (-1, 0);
it (V[i,j] < V[i -1, J - 1] + s(S[1].T[JD)) then
set V[1,]] V[| -1, §J - 11 + s(S[il.TD;
set P[1,]}] (- - 1);

v[O,J - 1] - 6 ;
V[i - 1,0] - & :

by
+
Backtracking P[n,m] to P[O,0] to find optimal alignment;

Copyright 2006 © Limsoon Wong



Analysis

Source: Ken Sung

« We need to fill in all entries in the nxm matrix
« Each entries can be computed in O(1) time
= Time complexity = O(nm)

— Space complexity = O(nhm)

Copyright 2006 © Limsoon Wong
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Problem on Speed

Source: Ken Sung

 Aho, Hirschberg, Uliman « Masek and Paterson 1980
1976 — Based on Four-Russian’s
— If we can only compare paradigm, the string
whether two symbols are alignment problem can
equal or not, the string be solved in O(hm/log2
alignment problem can n) time

be solved in Q(nm) time
e Letd bethe total number

 Hirschberg 1978 of inserts and deletes.

— If symbols are ordered Thus 0<d<n+m.lfdis
and can be compared, smaller than n+m, can we
the string alignment get a better algorithm?
problem can be solved in B

Q(n log n) time

Copyright 2006 © Limsoon Wong



-
EBAINUS
National University

O(dn)-Time Algorithm

Source: Ken Sung

« The alignment should be inside the 2d+1 band
— No need to fill-in the lower and upper triangle
= Time complexity: O(dn)

Copyright 2006 © Limsoon Wong



95 NUS
Example
_|lAlecl|lc|lA|T|G|cC
B O\L-l 2. -3
o= Al|l-1] 21101
A CAATCC e
AcaTclCc 21|13 21
A|l-3|l0]| 0| 2] 543
4
A 11| 1| 4| 4] 3|2
T 2| 0| 3| 6«5 4
C 0| 2|5 |5 |7
\\
C 1| 4| 4| 7

Copyright 2006 © Limsoon Wong
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Global Pairwise Alignment: ”‘;. Aten
More Realistic Handling of Indels

* In Nature, indels of several adjacent letters are
not the sum of single indels, but the result of one

event
e So reformulate as follows:

Let g(k) be the indel weight for an indel of k letters. Typically, g(k) < k- g(1).
Let U and V' be two sequences of length n and m. Then their global pairwise
alignment can be extracted from the dynamic programming computation of
Sn.m, where

So0 =0, So;=-90), Sio= —g(i)
J-g-i—]_1j.—1 -+ S(H;,‘l*‘;)
Si‘j = Imax 1I1&K1<:L{J {S; =k g(ﬁ)}
max; <<i{Si-k,; — 9(k)}

Copyright 2006 © Limsoon Wong
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Source: Ken Sung

 g(g):N->%R is the penalty of a gap of length g
« Note g() is subadditive, i.e, g(p+q) < g(p) + g(q)

« If g(k) =a + Bk, the gap penalty is called affine

— A penalty (o) for initiating the gap
— A penalty (B) for the length of the gap

Copyright 2006 © Limsoon Wong
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N-W Algorithm w/ General Gap Pena (ﬁ

Source: Ken Sung

 Global alignment of S[1..n] and T[1..m]:

— Denote V(i, ) be the score for global alignment
between S[1..1] and T[1..]]

— Base cases:
« V(0,0)=0
* V(0,]))=490)
* V(i, 0) =g(i)

Copyright 2006 © Limsoon Wong
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N-W Algorithm w/ General Gap Penalty* mw

Source: Ken Sung

 Recurrence for i>0 and j>0,

V(-1 j-1D+06(S[i],T[j]) Match/mismatch
V(i, j) =maxs max{V (i,k)+g(j—k)} Insert T[k+1..j]

0<k<j-1

max{V(k, J)+g(i—k)} Delete S[k+1..i]

L0<k<i-1

Copyright 2006 © Limsoon Wong



Analysis

Source: Ken Sung

« We need to fill in all entries in the nxm table

« Each entry can be computed in O(max{n, m}) time
= Time complexity = O(hm max{n, m})

— Space complexity = O(nhm)

Copyright 2006 © Limsoon Wong
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Variations of Pairwise Alignment

« Fitting a“short” seqtoa * Find"local” alignment
“long’” seq

 Indels at beginning and e Findi,j, k, I, so that
end are not penalized — S(A) is maximized,
— Als alignment of u;...u;and
Vk--.Vl

Copyright 2006 © Limsoon Wong



Local Alignment

Source: Ken Sung

’
I

 Given two long DNAs, both of them contain the
same gene or closely related gene

— Can we identify the gene?

 Local alignment problem: Given two strings
S[1..n] and T[1..m], among all substrings of S and
T, find substrings A of S and B of T whose global

alignment has the highest score

Copyright 2006 © Limsoon Wong
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Brute-Force Solution

Source: Ken Sung

e Algorithm:

— For every substring A of S, for every substring B of
T, compute the global alignment of A and B

— Return the pair (A, B) with the highest score

e Time:
— There are n? choices of A and m? choices of B
— Global alignment computable in O(nm) time
— In total, time complexity = O(n3m?)

e Can we do better?

Copyright 2006 © Limsoon Wong
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Some Background

Source: Ken Sung

o Xis asuffix of S[1..n] if X=5[k..n] for some k>1
o Xis aprefix of S[1..n] if X=5[1..k] for some k<n

e E.Q.
— Consider S[1..7] = ACCGATT
— ACC is a prefix of S, GATT is a suffix of S
— Empty string is both prefix and suffix of S

Copyright 2006 © Limsoon Wong



Dynamic Programming for
Local Alignment Problem

Source: Ken Sung

of Singapore

e Define V(i, ) be max score of global alignment of
A and B over

— all suffixes A of S[1..i] and
— all suffixes B of T[1..]]

« Then, score of local alignment is
— max;; V(i ,))

Copyright 2006 © Limsoon Wong



Smith-Waterman Algorithm

Source: Ken Sung

e Basis:
V(i,0)=V(0,j)=0

 Recursion for i>0 and j>0:

0 Align empty strings
V(i-1, j—1)+s(S[i], T[] -

V (i, j) = maxy (i J _ )+( [11.T[J]) match/mismatch

V(i-1))-o Delete

V(i,j-1)-6

Insert

Copyright 2006 © Limsoon Wong
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Score for insert, delete, National Uriversity
mismatch = -1 Example (I) e

Source: Ken Sung

C T C A T G C

0 0 0 0 0 0 0

Q| O A | 2| O >
o| ol ol o] o] o| o ©

Copyright 2006 © Limsoon Wong
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Score for insert, delete, Mational University

mismatch = -1 Exam ple (I I) of Singapare

Source: Ken Sung

lc|T|lc|lA|T|G]|C
!0} o0} 0L 0} 0] 0} O0]O0
Al O] O} O] 0} 2 1|1 O01]@PO0
c|o}| 2|12 |11} 0| 2
A | OO 1 1| 4| 3| 2|1
Al O} O} O] 0| 3| 3| 2|1
AR LI

C

G

Copyright 2006 © Limsoon Wong
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C/ATCG Example (1)
Source: Ken Sun
C AT G 9
o lc T C
. 0 0 o) 0 o) 0 0) 0
A 0) 0 0) 0 2 1 0) 0
~_ |
0) 2 1 2 | 1 1 0) 2
4
0) 0 1 1 4 3 2 1
0 0 0) 0 3 3 2 1
0) 0 2 1 2 5 4 3
4
0 | 2 | 1 | 4«1 3 | 4| 4 | 6
0 1 1 3 3 3 6 )

Copyright 2006 © Limsoon Wong



Analysis

Source: Ken Sung

 Need to fill in all entries in the nxm matrix

« Each entries can be computed in O(1) time
 Finally, finding the entry with the max value
= Time complexity = ??

— Space complexity = O(hm)

Exercise: What is the time complexity?

Copyright 2006 © Limsoon Wong
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Multiple Alignment: An Exampleﬂ*‘ﬂ'ﬂw

e Multiple seq alignment maximizes number of
positions in agreement across several seqgs

 seqgs belonging to same “family” usually have
more conserved positions in a multiple seq

alignment
gi| 126467 FHFTEWPDFGWVEPF TP IGHMLEF LEEVELACHP —— QY AGA TV HC S AGV GRTGTFVWVIDANLD
gi| 2492753 FHFTGWPDHGVPYHATGLLSF IRRVELSNP--P3AGP IV LGRTCYIVIDINLD
gi|462550] THYTOWPDMGVPEYALPVLTFVERESAARN-—-PETGPVIVHC S AGVGRTGTYIVIDSIMLO
gi| 2499751 FHFTEWPDHGVPDTTDLLINFRYLVRDYHEQSPPESPILVHCSAGVGRTGTF IATDRLIY
gi| 1709206 FOF TAWPDHGVPEHPTPFLAFLERRVETCHNP——-PDAGPMWHCS AGVGRTGCF IVIDAMLE
gi| 126471 LEFTEWPDFGVPFTPIGHMLEF LEEVETLNP-—VHAGP IWVHCSAGYVGRTGTF IVIDAMMA
gi| 548626 FHFTGUWPDHGVPYHATGLLEF IRRVELSNP—-P3AGP IWWHCS AGAGRTGCYIVIDIMNLD
gi| 131570 FHFTGUWPDHGVPYHATGLLGFVREOVESESP——-PNAGPL LGRTGCFIVIDINLD
gi| 2144715 FHFTEWPDHGVPDTTDLLINFRYLVRDYMEQIFPPEZPT VGRTGTFIATIDRLIY
Ol R i w

JEEEwRYE OwEEwW O OwW

Conserved sites
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Multiple Alignment:
Nailve Approach

 Let S(A) be the score of a multiple alignment A.
The optimal multiple alignment A of sequences

U, ..., U, can be extracted from the following
dynamic programming computation of S, ,,...,
S« — max Sm1 —€1,. Tﬂ.r—fr+
B mr €1€{0,1},...,e,€{0,1} (Fl ulm s €p “’r mp)

where

o oa ife; =1
T - ife=0
 This requires O(2") steps

Exercise for the Brave:
Propose a practical approximation

Copyright 2006 © Limsoon Wong



Popular Tools for Sequence Comparison:
FASTA, BLAST, Pattern Hunter
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Scalablility of Software

. 30 billion nt
e In year 2005
S 6-

25
24
fa
s 21
=1
0 ‘ ‘ ‘
1980 1985 1990 1995 2000

Years

* Increasing number of sequenced genomes:
yeast, human, rice, mouse, fly,

« S/w must be “linearly” scalable to large datasets

Copyright 2006 © Limsoon Wong




Need Heuristics for NUS
Sequence Comparison
« Time complexity for  Heuristic techniques:
optimal alignment is O(n?), — BLAST
where n is sequence _ EASTA
length
— Pattern Hunter
. . — MUMmer, ...
= Given current size of
sequence databases, use
of optimal algorithms is * Speed up:
not practical for database — 20 min (optimal
search alignment)

— 2 min (FASTA)
— 20 sec (BLAST)

Exercise: Describe MUMer

Copyright 2006 © Limsoon Wong
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Basic Idea: Indexing & Filtering

« Good alignment includes short identical, or
similar fragments

— Break entire string into substrings, index the
substrings

— Search for matching short substrings and use as
seed for further analysis

= Extend to entire string find the most significant
local alignment segment

Copyright 2006 © Limsoon Wong
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Altschul et al, IMB 215:403-410, 1990

of Singapore

e Similarity matching of « MSP: Highest scoring pair
words (3 aa’s, 11 bases) of segments of identical
— No need identical words length. A segment pair is

locally maximal if it cannot
be improved by extending
or shortening the
segments

Find alignments w/ optimal
max segment pair (MSP)
score

« Gaps not allowed

« Homologous seqgs will
contain a MSP w/ a high
score; others will be
filtered out

Copyright 2006 © Limsoon Wong

e |f no words are similar,
then no alignment

— Won't find matches for
very short sequences
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BLAST in 3 Steps %) e
Altschul et al, IMB 215:403-410, 1990
Step 1
 For the query, find the list of high scoring words
of length w

Ciery Sequence of length L

____________ bdazdmurn of L-w+ 1 words [bypically w = 3 for proteins)

For each ward fram the query sequence
find the list of words that will score ab least
T when scared using a pait-scare makhx
[e.g. PAkd 250].

Image credit: Barton

Copyright 2006 © Limsoon Wong
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Altschul et al, IMB 215:403-410, 1990

Step 2
« Compare word list to db & find exact matches

_________————_"'_ﬁ_ Data base

SeqUences

—— e

Exact matches of words
frorn word [ist

Image credit: Barton

Copyright 2006 © Limsoon Wong
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Altschul et al, IMB 215:403-410, 1990

Step 3

« For each word match, extend alignment in both
directions to find alignment that score greater
than a threshold s

= —=—rmm

—_—

Maximal Sgg‘nﬂi Pairs [HSPH] Image credit: Barton

Copyright 2006 © Limsoon Wong
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Spaced Seeds

e 111010010100110111 is an example of a spaced seed model
with
— 11 required matches (weight=11)
— 7 “don’t care” positions

GAGTACT

oe
I

GAATACTC//C
0

TG CAATGGAAAAT..

C/ACA
111 I 1
C/ACACT /A CCCAGCAGAAAAT..
00100110

o

e 11111111111 isthe BLAST seed model for comparing DNA
seqgs

Copyright 2006 © Limsoon Wong
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Observations on Spaced Seeds

« Seed models w/ different shapes can detect
different homologies

— the 3rd base in a codon “wobbles” so a seed like
110110110... should be more sensitive when
matching coding regions

— Some models detect more homologies
— More sensitive homology search
— PatternHunter |

= Use >1 seed models to hit more homologies
— Approaching 100% sensitive homology search

— PatternHunter I Exercise: Why does
the 3" base wobbles?

Copyright 2006 © Limsoon Wong



PatternHunter |
Bioinformatics 18:440-445, 2002

Ma et al.,

e BLAST's seed usually
uses more than one hits to
detect one homology

— Wasteful

TTGACCTCACC?
[THHTTHTTTT?
TTGACCTCACC?
11111111111
11111111111

1/4 chances to have 2nd hit
next to the 1st hit

EBAINUS

of Singapore

« Spaced seeds uses fewer
hits to detect one
homology

— Efficient

PR AL
27?2 2 7272 1?2 ?
2.9?2.2097 7 .7

111010010100110111
11 000 0 001 011

1/45 chances to have 2nd hit
next to the 1st hit

Copyright 2006 © Limsoon Wong
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PatternHunter |
Ma et al., Bioinformatics 18:440-445, 2002

Proposition. The expected number of hits of a
weight-W length-M model within a length-L region of

similarity pis (L—-M + 1) * pW

Proof.

For any fixed position, the prob of a hit is pW.
There are L — M + 1 candidate positions.

The proposition follows.

Copyright 2006 © Limsoon Wong



PatternHunter |
Ma et al., Bioinformatics 18:440-445, 2002

+ BLAST's seed usually
uses more than one hits

+ Spaced seeds uses
fewer hits to detect one

to detect one homology homology
= Wasteful = Efficient
TTGACCTCACC? CAAPAPPATC??TA?TGG?
RN R Rk Iitzlzzlz1220 121117
TTGACCTCACC? CAATPA?PAPC??TA?PTGG?
11111111111 111010010100110111
11111111111 111010010100110111

1/4* chances o have 2nd hit
next o the Ist hit

Copyright © 2004 by Limsoon Wang

PatternHunter |
Ma et al., Bioinformatics 18:440-445, 2002

Proposition. The expected number of hits of a
weight-W length-M model within a length-L
region of similarity pis (L— M+ 1) * p¥

Proof. For any fixed position, the prob of a hit is p¥. There are L- M
+ 1 positions. The proposition follows

Copyright © 2004 by Limsom Wong

Implication

e ForL =1017

2

B8 &

US

Matiginal University
of S@lgapore

BLAST seed expects
(1017 - 11 + 1) * pii=
1007 * ptthits

But ~1/4 of these overlap
each other. So likely to

have only ~750 * p! ' '

distinct hits

Our example spaced seed
expects (1017 -18+ 1) *
ptl=1000 * pl! hits

But only 1/4°% of these
overlap each other. So
likely to have ~1000 * pt!
distinct hits

Copyright 2006 © Limsoon Wong
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Sensitivity of PatternHunter |

i T T T

11d1ad1

a3
ua
ur
g
s
g4 r y
g3 /

uz -

prabaHiiy af o l=as=i 1 Hi

G Image credit: Li

a I 1 1 1 1 1
a2 . a4 0.5 a5 urs a4 a.4 1
=mlladty awverl=ngh 54

Copyright 2006 © Limsoon Wong



B8 &

%

e Mouse Genome

NUS

Mational University
of Singapore

Speed of PatternHunter |

a Human 20 b Human 17 c Human 2
190 - Y Consortium used
1804 1 T \‘ Mouse

%EWO_ 110 1001 Chri ® Pa'[tel’n Huntel‘ to
£l . A // ééo compare mouse
2815 20, o o LT & genome & human

140 70 ] 2 \ - Chr 18

- D genome

010203040506070 0 20 40 60 80 0

50 100 150 200 250

Pasition on human
chromosome (Mb)

Mouse 2 A

e Mouse 11 A

Position on human
chromosome (Mb)

T A

Position on human
chromosome (Mb)

d Mouse 12
200 250 160 § .
180 / - 140 Human @ Pattern HU nter d|d the
52 140 1 - sue S
ik w| N ol |+ st Jobina20 CPU-days ---
5 g 100 * b 80 8E:$UI i
2 - ” &l it would have taken
35 % Y AIREIP ol ¢viz®  BLAST 20 CPU-years!
20\/ / 20 \\ ~| Chr22
0 . . O 0 e
0 50 100 \‘Tﬁ’o 200 0 20 40 60 80100120140 0 EU) 40 60 80 100120

Position on mouse
chromosome (Mb)

Position on mouse Position on mouse
chromosome (Mb) chromosome (Mb)

Nature, 420:520-522, 2002
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How to Increase Sensitivity?

 Ways to increase sensitivity:

— “Optimal” seed

— Reduce weight by 1

— Increase number of spaced seeds by 1
 Intuitively, for DNA seq,

— Reducing weight by 1 will increase number of
matches 4 folds

— Doubling number of seeds will increase number of
matches 2 folds

e |sthisreally so?

Copyright 2006 © Limsoon Wong
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How to Increase Sensitivity?

« Ways to increase e ForL=1017 & p =50%
sensitivity: — 1 weight-11 length-18
— “Optimal” seed model expects 1000/21*
— Reduce weight by 1 hits
— Increase number of — 2 weight-12 length-18
spaced seeds by 1 models expect 2 *
1000/212 = 1000/2** hits
. -\ .
Proposition. The expected number of hits of a = When comparing
weight-W length-M model within a length-L regions w/ >50%

. . - . : _ * Y . . . - .
region of similarity pis(L-M+1)*p similarity, using 2 weight-

Proof. For any fixed position, the prob of a hitis pW. Thereare L — M 12 Spaced SeedS
+ 1 positions. The proposition follows.

together is more

sensitive than using 1
weight-11 spaced seed!
Exercise: Proof this claim

Copyright 2006 © Limsoon Wong
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Li et al, GIW, 164-175, 2003
 Idea e Algorithm to select
— Select a group of spaced multiple spaced seeds
seed models — Let A be an empty set
— For each hit of each — Let s be the seed such
model, conduct extension that A U {s} has the
to find a homology highest hit probability
— A=A U {s}
» Selecting optimal multiple — Repeat until [A] = K

seeds is NP-hard

« Computing hit probability
of multiple seeds is NP-
hard

Copyright 2006 © Limsoon Wong
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Sensitivity of PatternHunter ||

17 mage credi: Ma e Solid curves: Multiple (1, 2,
I | 4, 8,16) weight-12 spaced
osf seeds
,@,_6_:_ Dashed curves: Optimal
:§ I spaced seeds with weight
5L =11,10, 9, 8
AT
I “Doubling the seed
0.27 number” gains better
sensitivity than
S “decreasing the weight by

1”
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Expts on Real Data

« 30k mouse ESTs (25Mb) vs 4k human ESTs (3Mb)
— downloaded from NCBI genbank
— “low complexity” regions filtered out

o SSearch (Smith-Waterman method) finds “all”
pairs of ESTs with significant local alignments

« Check how many percent of these pairs can be
“found” by BLAST and different configurations of
PatternHunter Il

Copyright 2006 © Limsoon Wong
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Results

0.9-

0.8-
- PH & seeds: 996 Se0
sensitivity PH 4 seeds: 575 seq
PH 2 seeds: 357 sec

07 | PH1 seed: 214 sec

) BLAST: 575 sec

{SSearch: 20 days)

Image credit: Ma

Uljm:.::Bh::.:dh:..:ﬁj:.::é)..:t?h..::gh:..:p:ﬂ
alignment score
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Farewell to the Supercomputer Age NUS

of Sequence Comparison!

Time required to compare Arabidopsis
Compunter: Plll FOOMhz Redhat 7.1, 1 G main memaoary chromosomes 2 and 4
Sequence Length Blastn PatternHunter Megablast
816K vs 580K 47 sec 4 zec
PattemHunter
4639k vs 1830K 716 sec 44 sec
20Mvs 18M out Dfmemnw 12 min 0 S000 10000 15000 20000 Seconds
10000 ————rr ————rr
. FatternHunter —
) ) ) . Blastn ——
Memory required to compare Arabidopsis ‘v\ MegaBlast ——
chromosomes 2 and 4 -
g 1000
.
tegablast -+
H
:
il
PattemHunter 'f'; 1o
a 200 400 GO0 8OO 1000 MB
Image credit: Bioinformatics Solutions Inc 0 o i o v

alignment rank

Copyright 2006 © Limsoon Wong




More Advanced
Sequence Comparison Methods




PHI-BLAS 95 N>
(Pattern-Hit Initiated BLAST)
e Input e |mpact
— protein sequence and — able to detect statistically
— pattern of interest that it significant similarity
contains between homologous

proteins that are not
recognizably related

2 OIS using traditional one-
— protein sequences pass methods
containing the pattern

and have good alignment
surrounding the pattern

Copyright 2006 © Limsoon Wong
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PHI-BLAST: How it works

K Y find sequences with
N good flanking
aIigrﬁNY

5 C o
find from database _

all seg containing
given pattern

allla
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PHI-BLAST: IMPACT

Conserved domain or motif Pattern” GenBank (30) Top non-trivial relevant Top non-trivial relevant
under investigation accession no.  hit found by PHI-BLAST  hit found by BLAST

of query Accession no.  E-value  Accession no.  E-value
A. P-loop ATPase domain in [GA]xxxxGK[ST] 231729 2213598 0.038 2961373 4.7

apoptosis regulators and plant
stress response proteins

B. ATPase domain in mismatch  hxhxDxGxG 127552 488200 0.017 2495364 1.8
repair protein MutL, type II

topoisomerases, histidine kinases,

and HS90 molecular chaperones

C. Nucleotidyltransferase DhDhhh 2826366 2650333 0.061 2650333 8.6
domain in archaeal tRNA
nucleotidyltransferases

D. Motif VI of superfamily II QxxGRx[GA]R 2128723 2499099 0.54
helicases in archaeal homologs
of bacterial DNA primases

Copyright 2006 © Limsoon Wong



ISS 95 N>
(Intermediate Sequence Search)

« Two homologous seqs, which have diverged
beyond the point where their homology can be
recognized by a simple direct comparison, can be
related through a third sequence that is suitably
Intermediate between the two

« High score betw A & C, and betw B & C, imply A &
B are related even though their own match score
IS low

Copyright 2006 © Limsoon Wong
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|ISS: Search Procedure

Results
H1, H2, ...

Matched segs '

M, M,, ...

: ]

T

Matched regions
R, R, ...
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1ISS: IMPACT

(a)
Alignment by FASTA of the sequences of amicyanin and domain 1 of
ascorbate oxidase
60 70 80 90 100
Amicyanin MPHNVHFVAGVLGEAALKGPMMKKEQAYSLTFTEAGTYDYHCTPHPFMRGKVVVE

Ascorbate Oxidase ILQRGTPWADGTASISQCAINPGETFFYNFTVDNPGTFFYHGHLGMQRSAGLYGSLI
70 B8O 90 100 110 120

No obvious match between
Amicyanin and Ascorbate Oxidase

Copyright 2006 © Limsoon Wong
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ISS: IMPACT

Alighment by FASTA of the sequences of amicyanin and domain 1 of ascorbat
oxidase with the intermediate plastocyanin sequence

10 20 30 40
Amicyanin DKHTIPSESPFHAEE?ADGAIUHDIEKMKYETPELHVKUGDTVTN-IN
PLASTOCYANIN SLFAVHAVLCVGSFFLSHAPHSAQTUHI KMGADNGMLAFEP STIE IQAGDT‘.FQN-UN
Ascorbate oxidase SQIRHYKWE?EYMFWAPNCNENIU-——MGI-NGQ——FPGFTIRANAGDSUUUELT

30 60 70 80 90 110
REAMPHNVHEFVA--—-=-—- GVLG———-EAHLKGPMMKKEQHYSLTFT—— ; ~PH~-PFMRGKVVVE
NELAPHNV-VVE-=====-= QP————ELSHKDLAFSPGETFEATFS— EPGTYTYYCE-r-PHRGAGMVGKIVVQ

ttttt

ooooooooooooooooooooooooo

NKLHTEG? VIHWHGILQRG—TPWRDGTASISQCHINFGETFFYNFTVD“PGTFFYHGH GMQRSAGLYGSLIVD

Previously only
this part was
matched

Copyright 2006 © Limsoon Wong

Convincing homology
via Plastocyanin



PSI-BLAS 95 N>
(Position-Specific Iterated BLAST)

« Given a query seq, initial  Matrix is used to search db
set of homologs is for new homologs
collected from db using
GAP-BLAST

* New homologs with good
score are used to

« Weighted multiple construct new position-
alignment is made from specific score matrix
guery seq and homologs
scoring better than
threshold

o lterate the search until no
new homologs found, or
until specified limit is

 Position-specific score reached
matrix is constructed from
this alignment

Copyright 2006 © Limsoon Wong



SAM-T98 HMM Method

e Similar to PSI-BLAST

e But use HMM instead of position-specific score
matrix

Copyright 2006 © Limsoon Wong



PDP40D-J sequence database
1000 ¢ I .

Comparisons swrss 1

T

i "'_f‘-'_-.--__---
- /._..ff__ PSLEEE'{;
. Hf J_'__,-—F"'_'F‘
Iterated seq. 2 ol S
- 8 :'/ ~
comparisons vs 3 | s
. . @ 600 r,/ e .
pairwise seq. 1 Jj; P
comparison e ™l
% 400 J FASTA
g |
g 300 .if,‘(_.#—*—'—'"""_""--- _ GAP-BLAST
=
200
100 |
n_. 1 —l l 1 el

0 10 20 30 40 50 60 70 80 90 100

Number of non-homologues detected
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