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The Problem

= How to search a sequence database (DB) for
local alignments of a query sequence?
e E.g., Search a promoter sequence in a DB of 10° sequences

ATAAGAATATACGAATCCACGA
TCGATACGTTAGCAATACTAG...
CGAAATATAGGTTAGCAATAC..

ACGACATCGAAGAATAAATAT..

acACGAATaTACGAATCCACGA-T. .
_ tACGRAAT-TACGAAT-tACGAAT

q=TACGAAT..

® Dynamic Programming is prohibitively complex

mNeed techniques that are:
e Fast: focus search on likely solutions (trade speed for completeness)
e Tunable: retrieve meaningful alignments (ones with sufficiently high score)

s FASTA & BLAST

Tutorial: W.R. Pearson "Protein sequence comparison and Protein evolution Tutorial - ISMB2000" (October, 2001)
http://www.people.virginia.edu/%7Ewrp/papers/ismb2000.pdf
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Reconsider DP Geometry

= Diagonal matching segments provide the basis for alignments

= Alignment may be viewed as connecting matching diagonals
e Using mismatched diagonals or horizontal/vertical gapped segments

® Scoring is additive contributions of matching diagonal and connectors
e Mismatched diagonals or vertical/horizontal gapped segments may reduce the score
e |tis best to focus on high scoring diagonals and use connectors with positive score
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Dot Matrix Heuristics

Rule 1: Find high-scoring diagonals "\ e
e Search small diagonal segments
e Extend to max diagonal matches
e Connect diagonals to max score X x] X
E3
. . RF
Rule 2: Focus on meaningful alignments N
e Filter low-scoring diagnonals j‘\"\ A \‘
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Tradeoff: Time vs. Optimality
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Smith-Waterman FASTA Blast
10 min 2 min 20 sec
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FASTA

mKey idea (Pearson & Lipman 88): @ (o)

¢ Find short diagonals by indexing the DB .

NUoU NUL .
e Extend these to high scoring diagonals !. YO | YO

e Use DP to connect them RN N RN <
N N N RN
s A 4 steps process N N

Find runs of identities Re-score using PAM matrs
Keep lop scoring ssgments.

(d)
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Step (a): Find Diagonal Matches by Indexing

m Key idea: create an index of k-tuples of the DB

= Example:

Database d:

Position:

Query g:

Position:

1. Extract index

TAT
ATC
TCG
CGA
GAT

Ktup=3

Scan database to index k-tuples [k=1..5]
Scan query to index k-tuples

Find all diagonal matches of length k by comparing the hash tables
Merge these short diagonals into maximal diagonal matches

TATCGATCGA

12345678910
«

GATEG

/12345

0,-4
0,-4
1 -4
q Offset=g-d

2. Find matches

GATCG

-— Sequence A
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3. Merge diagonal matches
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FASTA Steps (b-d): Optimize Score
b) Filter low-score diagonals @ (b)
RN N | D RN
. A e A
c) Extend diagonals to max H N [N \\‘
score; keep high-scoring Vo o o oY
Seg me nts Find runs of id \ Re-score using PAM matrix \
(e) (d)
d) Use DP for a narrow band e e >
around the high scoring [N |
segments AN
& AN §
| N
N

Agply “oining threshold
to eliminate ssgments that

are unlikely 1o be part of the alignmant
thatincludes highsst seoring sagmant.
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Uss dynamiic programming
1o optinTse the aligament in 2
narmow band that sncompasses
the top scoring segments.




Example

YOUREMML | SEARCHTITLE | RESULTS | PROGRAM DATABASES
| [Sequance interactive =| [Protein =]
fosted
fosty3 =] | [UniRefio0
UniParc |
GAP FENALTIES | SCORES & KIUF/ | DNASTRAND MATRI

ALIGNMENTS HISTOGRAM

OPEN  [-12 x| | SCORES[10 x| | KTUP|2 = none IBLOSUMSCI 'I

rEsIUE[2 =] |Auen [80 =] |HST [ro =

EXPECTATION EXPECTATION | SEQUENCE DATABASE | MOLECULE
UPFERVALUE | LOWER VALUE RANGE RANGE TYPE
[1oo =] |defuutt =] | [START-END |[START-END | Protein =]

EnterorPaste a | PROTEIN =] Sequence in any format Hely

>MuUs mUsCUlus proteln sequence

meailkimos Lkldkenvld raeqaessdk gaeerakagle
Gelavmgkkl  kgredeldky sealkdagek lelaekkaad
[aeaevaSInr riglvessld rager latal grlesaskas
deserguiosi encalkdeek melgeiqlke

akhiaesadr kysevarklv iieghlerte ecaslasske
=elesslkny tnnlksleaq askysqeedk yeseikiled
kikeastrae faersvakle ktiddledsl yagklkykai
ade ldhalnd moai

v -

Upload & file:] Browse.. | Run Fasta3 | Resst
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BLAST: Basic Local Alignment Search

m Altschul & Karlin [1990]; a family of algorithms

m |dea: find matches with significant score statistics
e Find maximal segment pairs (MSP): segments with significant score
e Based on extensive statistical theory (summarized soon)

= Base Algorithm:
e Step 1: index DB for words of size W (W-mers);
index query sequence for W-mers with score >Threshold
o W= 3 for protein, 11 for nucleotides
e Step 2: search for matches with high score (HSP=high scoring pairs)
e Step 3: extend hits to maximal score segments

e Step 4: report matches with score above S
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BLAST Step 1-3: Finding Short High-Scoring Pairs (HSP)

= Create an Index of W-mers for database & query
e For proteins W=3 means a dictionary of 203=8000 words

= Match W-mers that score above a threshold T
e FASTA searches for exact matches of ktuples
e BLAST, in contrast, searches for high scoring pairs (HSP)

e Key idea: exploit the fast part of the search to max the score
rather than push the maximization for later, slower, phases

Query:  GSVEDTTGSQSLAALLNKCKTPOQUOQRLVNQWIKQPLMDKNRIEERLNLVEAFVEDAELRQTLQEDL

POG 18
PEG 15
PRG 14
hoad words PKG 14
PNG 13
PDG 13
PHG 13
PMG 13
PsQ 13 I hood score threshold
PQA 12 (T=13)
PON 12

etc...

From A. Baxevanis: “Nucleotide and Protein Sequence Analysis I”
via Kellis & Indyk, MIT, “BLAST & Database Search, Lecture 2”

COMS4761-- 2007

Blast Steps 3-4: Extending Short HSPs

m The short HSPs are extended to increase the score

Query:

Shjet:

325 SLAALLNKCKTPOQGQRLVNQWIKQPLMDKNRIEERLNLVEA 365
+LA++L+ TP G R++ +W+ P+ D + ER + A

290 TLASVLDCTYV] F’.{'IG‘SRMLKRWLHMPVRDTRVLLERQQTIGA 330

Score %\/ ’J\r\\/\ P

Max score extension

= Report above threshold HSPs and their scores
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Example

[ brset Rosuit - notscapo EEINIRNNINE NN R A (5]
_ Elle Eon View Go Bookmarks Tools Window Help
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S EMal NG SN S uNa L Ot 1 (D Enews st ey jdoc Jcode isb )

BLAST 2 SEQUENCES RESULTS VERSION BLASTP 2.2.5
[Nov-16-2002]

UniProt

the universal proteia knowl

Home  Abotuneot  Gen
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Statistics Background

= How do we distinguish “meaningful” alignment from a random one?

e E.g., suppose an alignment of a query q with a sequence d scores s, is it “meaningful”?

e |f s is much higher than the average score of a random alignment, the answer is positive
m Key idea: use statistics of alignment scores to distinguish “meaningful”
® Basic probability:

e Given a sample space (e.g., possible alignments)

e Arandom variable is a real-valued function of samples (e.g., alignment score)

e The statistics of a random variable is described by a distribution function:
F(x)=P[S <x ] with a density function f(x)=dF/dx.... f(X)Ax~p[x-Ax=S=x +AXx]

1 Standard deviation, o=V|E(S?)-E(S)?]

F(x)
Mean, u=E(S)=/sf(x)dx

f(x)
X (Score)
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Distinguishing Meaningful From Random

m “meaningful” ~ score is at the tail of the distribution

m Z-Score: Z(s)=(s-u)/o [z(s) >7 = d is meaningful]
m P-Score: p=p[S>s]=1-F(s)  [p<0.02 =»d is meaningful]

F(s) /

OO 1)

u E T§

Z=(s-u)/o Meaningful ~ tail score
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How Significant is An Alignment?

m Key idea: Consider the highest matching score S as a random variable
and use Z-score to determine whether an alignment is meaningful

= Strategy:

¢ Define the highest matching score S as a random variable
o Let g be a query and d a sequence from a database D
o Define S(q,d)=Max{ s(¢q,q )| where s(¢,q ") is the score of an alignment of ¢ and a subsequence ¢’ of d}

o S is a random variable defined over the space of local alignments {(q,d)}
e Suppose S has mean p and standard deviation o
® Use Z-score, Z(s)=(s-p)/o to determine significance of a local alignment scoring s
e For protein sequences Z(s) >7 is considered significant

mKey challenge: how do we determine the distribution of S ?

Karlin, S., and Altschul, S. F. (1990) "*Method for assessing the statistical significance of molecular sequence
features by using general scoring schemes," Proceedings of the National Academy of Science, USA 87, 2264-2268.
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What Is The Distribution of S ?

= Consider the scores S’(q,q’) for N random sequences q’

® The score S’(q,q’)=2k s(9,,9',) is the sum of independent random variables
N

e For sufficiently long sequences S’(q,q’) is normally distributed

ot (z—p)
f(r.y,a)—g\/%exp( Y )

® BLAST maximizes the score: $(q,d)=Max{S’(q,q’): q is sub of d}
e S has extreme order distribution: F(x)=P[S<x]=P[S’(q,q’)<x for all g’ sub of d]
e Extreme order theory: F(x) is exponentially distributed

= Karlin-Altschul Statistics: F(x)=P[S(q,d)<x] ~1-exp[-(Kmn)exp(-Ax)]
e Here m=|q| n=|d|, A and K may be computed from the scoring statistics
* A good approximation for aligning sequences of length m,n is: A ~ log(mn) , o~1
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Application Example

= Consider local alignment of protein sequences (q,d)

e Suppose the best local alignment is:
X'=FWLEVEGNSMTAPTG
Y’=FWLDVQGDSMTAPAG

= Compute the score of this local alignment:
e Using PAM250, the score is s=73; normalized to log2 scale this gives s'=log(s)=24.3

m Compute the parameters of a random scoring normal distribution:

® Suppose |q|=|d|=256
® The normal distribution for random scoring: u=log(mn)=log(256*256)=16, o=1;

= Compute
e 7(s')=(24.3-16)/1= 8.3 bits > 7 =» alignment is significant
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Conclusions

® |[ndexing the sequence DB can accelerate alignment
e FASTA: accelerate search for diagonal matches, then optimize alignment
e BLAST: accelerate both, search for matches and optimizing the alignment

mFASTA innovations:

e Exploit the geometry of diagonals
® Grow alignments from seeds

mBLAST innovation: recast alignment as a pure search
e Use scoring statistics as a mere guideline for the search
e Contrast with DP use of (inexact) scoring to solve an exact optimization problem
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