Chapter 5:
Advanced Database Searching



Learning objectives

define a position-specific scoring matrix (PSSM);

explain how position-specific iterated BLAST (PSI-
BLAST) and DELTA-BLAST greatly improve the
sensitivity of BLAST protein searches;

describe profile hidden Markov models (HMMs) and
explain their advantages over BLAST for database
searching;

explain how spaced seed strategies improve the
sensitivity of DNA searches; and

describe how millions of next-generation sequencing
reads are aligned to a reference genome.
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Three problems standard BLAST cannot solve

[I] Use human beta globin as a query against human RefSeq
proteins, and BLASTP does not “find” human myoglobin.
This is because the two proteins are too distantly

related. PSI-BLAST at NCBI as well as hidden Markov
models easily solve this problem.

[2] How can we search using 10,000 base pairs as a query,
or even millions of base pairs? Many BLAST-like tools for

genomic DNA are available such as PatternHunter,
Megablast, BLAT, and LASTZ.

[3] How can we align tens of millions of short reads to a
reference genome!
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Specialized BLAST-related algorithms

There are numerous specialized BLAST-related algorithms

BLAST of next-generation sequence (NGS) data



Sequence similarity searching tools at EBI

Category Tool Cruery Description
FASTA FASTA P. N, G, WG5S Fast, heuristic, local alignment searching
3oEARCH B N, G, WGs Optumal {not heuristic-oaseq) kocal alignment
search tool uses Smith—\Waterman)
FSI-SEARCH P Combines S5EARCH with PSI-BLAST profile

construction to cetect distant relationships

GGSEARCH PN Optimal global alignment using
Meecleman—Wunsch algonthm

GLSEARCH PN Optimal alignment using {glotal in the
guery, local in the gatabase sequence).

FASTM/SF F. M, Protecmes Analyzes short peptide queries
BLAST MCBI BLAST P N, Vectors Fast, heuristic, local alignment
WU-BLAST F N Higher-sensitivity alternative to NCEI BLAST
Fal-BLAST F Position-specific iterated BLAST to detect
distant relationships
EMA Segquence M Fast search of European Nucleotide Archive

Search

P, protein; N, nucleotide; G, genomes; WGS, whole-genome shotgun
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Position specific iterated BLAST:
PSI-BLAST

The purpose of PSI-BLAST is to look deeper into the
database for matches to your query protein
sequence by employing a scoring matrix that is
customized to your query.



PSI-BLAST is performed in five steps

[1] Select a query and search it against a protein database



PSI-BLAST is performed in five steps

[1] Select a query and search it against a protein database

[2] PSI-BLAST constructs a multiple sequence alignment
then creates a “profile” or specialized position-specific
scoring matrix (PSSM)



Inspect the BLASTP output to identify empirical “rules” regarding
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PSI-BLAST is performed in five steps

[1] Select a query and search it against a protein database
[2] PSI-BLAST constructs a multiple sequence alignment
then creates a “profile” or specialized position-specific

scoring matrix (PSSM)

[3] The PSSM is used as a query against the database



PSI-BLAST is performed in five steps

[1] Select a query and search it against a protein database
[2] PSI-BLAST constructs a multiple sequence alignment
then creates a “profile” or specialized position-specific
scoring matrix (PSSM)

[3] The PSSM is used as a query against the database

[4] PSI-BLAST estimates statistical significance (E values)
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PSI-BLAST is performed in five steps

[1] Select a query and search it against a protein database
[2] PSI-BLAST constructs a multiple sequence alignment
then creates a “profile” or specialized position-specific
scoring matrix (PSSM)

[3] The PSSM is used as a query against the database

[4] PSI-BLAST estimates statistical significance (E values)

[5] Repeat steps [3] and [4] iteratively, typically 5 times.
At each new search, a new profile is used as the query.



Position-specific scoring matrix (PSSM)

I pfam00042 : Globin.
Resources
- Change PSSM/Sequence Stacked Bar View Reset Download Matrix to File Tutorial | @
ducation Page
Draw | table showing only v those positions where the consensus v is Any v @
Amino Acid Explorer -
Hide Scores
PSSM Viewer Help Click on any score to compare the two rasidues.

Click on any column to sort the matrix by that column’s scores.
P - consensus sequence position C - consensus sequence residue
Q14504349 |ref|NP_000509.1| hemoglobin subunit beta [Homo sapiens]
PSSM Length = 108; Pct. Aligned = 100.00%; Bit Score = 107.412; E-value = 6.52911e-29 @
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PSI-BLAST: dramatic increase in number of hits

[teration Hits with E £ 0.005 Hits with E > 0.005
1 2 (hiole fungi) 54
2 182 22
3 20& 41
4 207 24

Given this query, a standard BLASTP search would produce about
9 hits with low expect values. This PSI-BLAST search produces
>200 hits after 3 or 4 iterations.




Note that PSI-BLAST E values
can improve dramatically!

After It iteration:
Expect = 4e-04
Alignment length = 87 amino acids

(a) PSI-BLAST iteration 1 match (human beta globin versus a C. albicans globin)

hypothetical protein Ca019 4459 [Candida albicans SC5314]
sequence ID: refi{P_711954.1| Length: 563 Number of Matches: 1
P> See 1 more title(s)

Range 1: 338 to 424 GenPept Graphics
Score 7Expeci F;!Veirhoa
43.5 bits(101) 4e-04 Composition-based stats.

Iid’enitritiies Piosiit;ves VGriaps

24/87(28%) 42/87(48%) 3/87(3%)

Query 59 PKVKAHGKKVLGAFSDGLAHLDNLK---GTFATLSELHCDKLHVDPENFRLLGNVLVCVL 115
P +K +G S ++ L+NL AL+LH L+++ +F+L+G V
Sbjct 338 PSIKHQAANMAGILSLIISQLENLSILDEYLAKLGKLHASRVLNIEEAHFKIMGEAFVQIF 397

Query 116 AHHFGKEFTPPVQAAYQKVVAGVANAL 142
FG +FT ++ + K+ +AN L
Sbjct 398 QERFGSKFTKELENLWIKLYLYIANTL 424

(b) PSI-BLAST iteration 2 (human beta globin versus a C. albicans globin)

After 2" iteration:
Expect = le-36
Alignment length = | 10 amino acids

Range 1: 315 to 424 GenPept Graphics

‘Score " Expect Method " Identities Positives Gaps
136 bits(343) 1e-36 Composition-based stats. 27/110(25%) 48/110(43%) 6/110(5%)
Query 39 IQRFFESFG-DLSI-—PDAVMGNFKVKAHGKKVL AFSDGLAHLDNLK---GTFATLSEL 92

+ F +L + P P +K + G S ++ L+NL AL +L
Sbjct 315 SSLFCRQLYFNLLSKDPTLEKMFPSIKHQAANMAGILSLTISQLENLSILDEYLAKIGKL 374
Query 93 HCDKLHVDPENFRLLGNVLVCVLAHHFGKEFTPPVQARAYQOKVVAGVANAL 142

H L+++ +F+L+G v FG +FT ++ + K+ +AN L
Sbjct 375 HSRVILNIEEAHFKIMGEAFVQTFQERFGSKFTKELENLWIKLYLYIANTL 424

(c) PSI-BLAST iteration 3 (human beta globin versus a C. albicans globin)

After 3" iteration:
Expect = 2e-33
Alignment length = 146 amino acids

Range 1: 281 to 426 GenPept Graphics

Score Expect Method Identities Positives Gaps

128 bits(321) 2e-33 Composition-based stats. 28/146(19%) 50/146(34%) 6/146(4%)
Query S IPEEKSAVTALKGKVNV“EVeGEALaRLLVVYPWTQRFFESFGDLS—-—IP“AVYGNPKV 6l

+ RL + F P P+
Sbjct 281 SRRRIIKRYSSRNVN SGSTNTNTMTRLDSTTIASSLFCRQLYFNLLSKDPTLEKMFPSI 340
Query &2 KAHGKKVLGAFSDGLAHLDNLK---GTFATLSELHCDKLHVDPENFRLLGNVLVCVLAHH 118
K + G S ++ L+NL AL +LH L+++ +F+L+G v
Sbjct 341 KHQAANMAGILSLIISQLENLSILDEYLAKLGKLHSRVLNIEEAHFKIMGEAFVQTFQER 400

Query 119 FGKEFIPPVQAAYQKVVAGVANALRAH 144
FG +FT ++ + K+ +AN L

Sbjct 401 FGSKFTKELENLWIKLYLYIANTLLD 426
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Scoring matrices let you focus on the big (or small) picture
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Scoring matrices let you focus on the big (or small) picture




PSI-BLAST generates scoring matrices
more sensitive than PAM or BLOSUM
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PSI-BLAST algorithm increases the sensitivity of a database search by
detecting homologous matches with relatively low sequence identity

All globins
(four main groups: globins, bacterial-like globins, protoglobins, phycobilisomes)

nematode
globins

globins

extracellular
hemoglobins

Results of an initial iteration
of PSI-BLAST (or BLASTP
include beta globin and
some other globins.

Results of a later iteration
of PSI-BLAST include many
additional globins (such

as leghemoglobins) that
were not detected initially.
All bind heme and transport
ligands such as oxygen.



PSI-BLAST: the problem of corruption

In PSI-BLAST once a match is incorporated into a PSSM it will
never be removed, even if it is wrong (i.e. even if it is a false
positive that is not truly homologous to the query). Not only
will it stay, it may lead to the inclusion of many other related
false positive hits.

There are three main approaches to removing false positives:

(1) Filter biased amino acid regions. (This is an option in
BLAST.)

(2) Lower the expect value threshold to make the search more
stringent.

(3) Visually inspect the output from each PSI-BLAST iteration
and remove suspicious matches (by unchecking the
corresponding boxes).



Reverse position-specific BLAST (RPS-BLAST): search a query against
a collection of predefined position-specific scoring matrices

View full result | @

Conserved domains on [gi4504349/reffNP_000509]]

hemoglobin subunit beta [Homo sapiens]

Graphical summary show options » k4

1 25 se s 100 128 147
Query seq. heme-binding site 4 A &k F Y Ad W s
Specific hits
Superfanilies globin_like superfamily
Search for similar domain architectures | @ Refine search I @
List of domain hits *
B Description Pssmid Multi-dom E-value

1]
H 1238510 no  236e-36
Globins are heme proteins, which bind and transport oxygen. This family summarizes a diverse set of homologous protein domains, including: (1) tetrameric vertebrate hemoglobins,
which are the major protein component of erythrocytes and transport oxygen in the bloodstream, (2) microorganismal flavohemoglobins, which are linked to C-terminal FAD-dependend
reductase domains, (3) homodimeric bacterial hemoglobins, such as from Vitreoscilla, (4) plant leghemoglobins (symbiotic hemoglobins, involved in nitrogen metabolism in plant
rhizomes), (5) plant non-symbiotic hexacoordinate globins and hexacoordinate globins from bacteria and animals, such as neuroglobin, (6) invertebrate hemoglobins, which may occur

in tandem-repeat arrangements, and (7) monomeric myoglobins found in animal muscle tissue

Cd Length: 140 Bit Score: 123.65 E-value: 2 36e-36

LGAFSDGLAHLDN- 81

gi 4504349 S 1
RVLNALDEATKNLDD1 78

Cdd:cd01040

RPS-BLAST searches are incorporated into the
Conserved Domain Database (CDD) at NCBI




DELTA-BLAST: better than PSI-BLAST!

In 2012 NCBI introduced DELTA-BLAST (Domain
Enhanced Lookup Time Accelerated BLAST) to the
family of BLASTP tools.

DELTA-BLAST constructs a PSSM using the results of
a Conserved Domain Database (CDD) search, and
uses that to search a sequence database.

The results are typically superior to those of PSI-
BLAST.



DELTA-BLAST: better than PSI-BLAST!

Domain enhanced lookup time Accelerated BLAST (DELTA-
BLAST) is faster, more sensitive and accurate than PSI-BLAST.

PSI-BLAST creates multiple alighments and position-specific
scoring matrices (PSSMs).

DELTA-BLAST searches a query against a library of pre-
computed PSSMs. One reason DELTA-BLAST outperforms
PSI-BLAST is that it results in larger, more complete PSSMs
than PSI-BLAST.

Most queries do match a PSSM; if not the search proceeds in
a PSI-BLAST-like manner.

One iteration of DELTA-BLAST is recommended.



Search HBB (NP_000509) against RefSeq plants...

BLAST DELTA-BLAST

Color key for alignment Scores Color KE]F for alignment SCores
=40 40-50 80-200 *=200 =40 40-50 80-200 *>=200
Query Query
| | | | | | 1 | | | | | | | |
1 20 40 &0 80 100 120 140 1 20 40 &0 a0 100 120 140




DELTA-BLAST is better than
PSI-BLAST because it takes
advantage of longer PSSMs

If your query does not match

any PSSM, DELTA-BLAST
simply returns a BLASTP-like
result

DELTA-BLAST

Color key for alignment scores

40-50

|
40

|
60

50-80

|
@0

80-200

|
100

>=200

140




DELTA-BLAST and PSI-BLAST: assessing performance

To assess the performance of BLASTP, PSI-BLAST, DELTA-
BLAST or other programs it is necessary to have a “truth”

dataset to distinguish true positives, false positives, true
negatives, and false negatives.

An approach is to perform searches against databases that
incorporate structural information to define homology.

Evaluate PSI-BLAST or other programs’ results using a
database in which protein structures have been solved and
all proteins in a group share < 40% amino acid identity.




Outline

Introduction
Specialized BLAST sites
Organism-specific BLAST sites; specialized algorithms
Finding distantly related proteins: PSI-BLAST) and DELTA-BLAST
Reverse Position-Specific BLAST
Domain enhanced lookup time Accelerated BLAST (DELTA-
BLAST) Assessing performance of PSI-BLAST and DELTA-BLAST

Pattern-hit initiated BLAST (PHI-BLAST)

Profile searches: Hidden Markov Models and HMMER
BLAST-like alignment tools to search genomic DNA
Benchmarking to assess genomic alignment performance
PatternHunter, BLASTZ, Enredo/Pecan, MegaBLAST, BLAT,
LAGAN, SSAHA2
Aligning NGS reads to a reference genome
Alignment based on hash tables; Burrows—Wheeler transform
Perspective




PHI-BLAST: Pattern hit initiated BLAST

Program Selection
Algorithm blastp (protein-protein BLAST
PSI-BLAST (Position-Specific terated BLAST)
® PHI-BLAST (Pattern Hit Initiated BLAST
NFDX(5)GXWI[YF]

-/ DELTA-BLAST (Domain Enhanced Lookup Time Accelerated BLAST

Sometimes you have a protein query that has a known
pattern.You can use PHI-BLAST to include that pattern,
which can be user-selected or obtained from a database of
such patterns such as PROSITE.

All resulting database matches must include that pattern
(which is indicated with asterisks *** in the output).

PHI-BLAST is specialized, and is not commonly used but can
be very useful.



Choosing a pattern and performing a PHI-BLAST search

(a) Multiple aligment of human RBP4 and three bacterial homologs

MUSCLE {(3.8) multiple sequence alignment

NP_006735.2

WP_010388720.1
WP_008992866.1
YP _003021245.1

* N L

-~-MKWVWALLLLAALGSGRAERDCRVSSFRVK - -ENFDKARFSGTWYRMAKK
---MKLAFKTALFITAMFLLSACTSAPEGITPVKNFDLEKYQGKWYEIARL
MKAKNKILIAACAIGLGALLNSCASIPKNAKAVKNFDIDRYLGTWYEIARF
-MKKLSLLLSLLFTG----~--~ CVGIPENVKPVDNFDVHRYLGKWY[EIARL

LA :k

(b) PHI pattern

Program Selection

Algorithm _ blastp (protein-protein BLAST)

NFDX (5) GXW [YF]

PSI-BLAST (Position-Specific terated BLAST)
® PHI-BLAST (Pattern Hit Initiated BLAST)

NFDX(5)GXW[YF]

Enter a PHI pattermn &

-/ DELTA-BLAST (Domain Enhanced Lookup Time Accelerated BLAST)

(¢) Example of a PHI-BLAST result (asterisks match PHI pattern)

outer membrane lipoprotein (lipocalin) [Pseudoalteromonas sp. SM9913]
""" Length: 177 Number of Matches: 1

> See 1 more title(s

Range 1: 31 to 109 GenPept Graphics

Score Expect Identities Positives Gaps

21.4 bits(63) 8e-05 21/80(26%) 40/80(50%) 1/80(1%)

Fat‘:e:" R R AR AR R -

Query 31 ENFDEKARFSGIWYAMARKDPEGLFLQDNIVAEFSVDETGQMSATAXGRVRLLNNWDVCAD
+NFD +4 G WY +A+ D + + A +5+44+ G + KG + WD A+

Sbijct 31 KNFDLEKYQCGKWYEIARLDHSFEQGMEQVIATYSINDDGTIVKVLNKGFISKEQKWDE-AE

Query 91 MVGTFIDIEDPAK

FRKMKYWG 110

w

o
18]

Inspect an
alignment,
choose a
pattern
(manually).

Follow the
rules for
the syntax
of your
pattern.

The output
includes
asterisks
indicating
the position
of your
pattern.
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Multiple sequence alignment to profile HMMs

* In the 1990’s people began to see that aligning
sequences to profiles gave much more information
than pairwise alignment alone.

* Hidden Markov models (HMMs) are “states”
that describe the probability of having a
particular amino acid residue at arranged

in a column of a multiple sequence alignment

* HMMs are probabilistic models (unlike DELTA-
BLAST and PSI-BLAST)



Simple Markov Model

Markov condition = no dependency
on anything but nearest previous state
(“memoryless”)

Rain = dog may not want to go outside

Sun = dog will probably go outside

0.85

@

0.15

0.8

0.2

o~
\/

courtesy of
Sarah Wheelan

7




A hidden Markov model describes the transition probabilities
for the alignment of nucleotides (shown here) or amino acids

M V H L T P E E K S A V

(@)

Query: hbb (human) ATGGTGCATICTGACTCCTGAGGAGAAGTCTGCCGTT

LECEEETH et e T ey 1

Sbjct: hbb (mouse) ATGGTGCACCTGACTGATGCTGAGAAGGCTGCTGTC

M vV H L T D A E K A A V

(b) transversion

transition p. _
(purines) el | ki

pu(j

transition
(pyrimidines)

transversion

A C G i
A Pa Pac Pic P
C p CA p cC p G p cT
G p(l\ pL( pGG pGT
T plA pll, pIG pH




Consider five globin protein
segments (each consisting of five
amino acids)

1DBU HAMSWV
10J6A HIREV
Z2hhbB HGEREWV
1FSL HAERL
Z2MM1 HGATV

We can describe the
probability of occurrence of
an amino acid at each
position

Probability
p(H)

position

2

3

p(A)
p(l)
p(G)

04
0.2
0.4

p(M)
p(R)
p(K)
p(E)
p(A)

0.2
0.2
0.2
0.2
0.2

p(5)
p(K)
p(T)

0.2
06
0.2

p(V)
p(L)

0.8
0.2



We can further describe the probability of occurrence of a protein
sequence we have not encountered (e.g. HARTV)

p(HARTV) =(1.0)(0.4)(0.2)(0.2)(0.8) = 0.0128
Log odds score =In(1.0) + In(0.4) + In(0.2) + In{0.2) + In(0.8) =

A0.4 M2 5:0.2 V0.8
G:04 £0.2 T:0.2 e




We can further describe the probability of occurrence of a protein

sequence we have not encountered (e.g. HARTV)

(@)

1D8U
10J6A
2hhbB
1FSL
2MM1

HAMSV
HIRKV
HGKKV
HAEKL
HGATV

(b)

position
Probability | 1 2 |3 |4 |5
p(H) 1.0
p(A) 04
p(l) 0.2
p(G) 04
p(M) 0.2
p(R) 0.2
p(K) 0.2
p(E) 0.2
p(A) 0.2
p(S) 0.2
p(K) 0.6
p(T) 0.2
p(V) 0.8
p(L) 0.2

p(HARTV) = (1.0)(0.4)(0.2)(0.2)(0.8) = 0.0128

Log odds score =In(1.0) + In(0.4) + In(0.2) + In(0.2) + In(0.8) = -4.357

H:1.0 p—»

A:04
[:0.2
G:04

=z
e
N

PIMAD
bpbo. .
SLSINT N

bk
o0
N oW\




d1 d2 d3 d4 ds
i0 i1 i2 i3 i4
begin m1 m2 m3 > m4 > m5 end
emissions v v v v v
H A M S Vv
H | R K \"
e M G K K v
H A E K L
H G A T Vv
(b)
begin _98 end
g 1-28 CP(xi, ;)




A hidden Markov model (HMM) includes beginning and end states,
insertion and deletion states, and probabilities that explain the
observed sequences

d1 d2 d3 d4 d5
i0 il i2 i3 i4
begin——» m1 m2 —» m3 +—» m4d —»= m5 ——» end
emissions
Y Y Y Y Y

observed
sequences

I I IT T T
- Rl
M XD =
== =AW
= T = = =



A pairwise HMM describes how two sequences are aligned

begin 1-26 CP{KT 11"]:' end




HMMER software: build profiles, complement BLAST

Build a profile HMM (input is a multiple sequence alignment)

5 ./hmmbuild -h # provides brief help documentation
5 ./hmmbuild glebins4 .hmm ../tuteorial/globinsd.sto

Download a database to search (e.g. human RefSeq proteins)

5 waget ftp://ftp.ncbi.nlm.nih.gov/refseq/H sapiens/mRNA Prot/human.protein
.faa.gz

5 gunzip human.protein.faa.gz

5 w¢ -1 human.protein.faa

302761 human.protein.faa

Search an HMM against a database

5 ./hmmsearch globinsd4.hmm human.protein.faa » globinsd4.out



Use HMMER to build a profile HMM then search a database

# hmmsearch search profile(s) against a sequence database
# HMMER 3.1bl (May 2013); http://hmmer.org/
# Copyright (C) 2013 Howard Hughes Medical Institute.
# Freely distributed under the GNU General Public License (GPLvV3).
T
# query HMM file: globins4 . hmm
# target sequence database: /mnt /reference/human.protein. faa
L e
Query: globins4 [M=149]
Scores for complete sequences (score includes all domains) :
--- full sequence ---
E-value score bias Sequence Description
3.3e-64 216.6 0.0 ref |[NP_000509.1| hemoglobin subunit beta [Homo sa
7e-61 205.8 0.0 ref |[NP_000510.1| hemoglobin subunit delta [Homo s
2.3e-60 204.2 1.3 ref [NP_000508.1| hemoglobin subunit alpha [Homo s
2.3e-60 204.2 1.3 ref |[NP_000549.1| hemoglobin subunit alpha [Homo s
6.2e-60 202.8 0.3 ref |[NP_976311.1| myoglobin [Homo sapiens]
6.2e-60 202.8 03 ref |[NP_976312.1| myoglobin [Homo sapiens]
6.2e-60 202.8 Q.3 ref |[NP_005359.1| myoglobin [Homo sapiens]
4.8e-55 186.9 0.0 ref |[NP_000175.1| hemoglobin subunit gamma-2 [Homo
1.4e-54 185.4 0.4 ref |[NP_005321.1| hemoglobin subunit epsilon [Homo
2.le-54 184.8 Qi ref |[NP_000550.2| hemoglobin subunit gamma-1 [Homo
4.9e-48 164.2 0.2 ref |[NP_005323.1| hemoglobin subunit zeta [Homo sa
1.7e-40 139.7 0.1 ref [NP_005322.1| hemoglobin subunit theta-1 [Homo
1.8e-39 136.4 0.2 ref |[NP_599030.1| cytoglobin [Homo sapiens]
S5e-35 121.9 0.3 ref |[NP_001003938.1| hemoglobin subunit mu [Homo sapi
3e-08 35.0 0.0 ref |[NP_067080.1| neuroglobin [Homo sapiens]
—————— inclusion threshold ------
0.14 13.4 0.0 ref |[NP_001371.1] dedicator of cytokinesis protein
0,25 12 6 0 8 ref |[NP_006737.2| sex comb on midleg-like protein
0.28 12.4 0.8 ref [NP_001032629.1| sex comb on midleg-like protein

HMMER output includes scores, E values




HMMER is available online

(a) HMMER web output
Sequence Features o
Plam @caem
v disorder ¥ coiled-coil v tm & signal peptide @
Show hit details
Distribution of Significant Hits @

more
sigrificant
-

® Bactaris # Eukaryors @ Archaea B Viuses ® Unclassifed Saquences® OtharSaquencas

Page 1 of 6 Next» Last»

Target Description Species E e
30178147467 PREDICTED: hypothetical protein LOC100482027 Ailuropoda melanoleuca® 1.1e-154
450434017 hemoglobin subunit beta Homo sapiens 7 3.7e-97
55635219@ PREDICTED: hemoglobin subunit beta isoform 2 Pan troglodytes@ 3.7e-97
397496509% PREDICTED: hemoglobin subunit beta-like Pan paniscus® 3.7e-97
2976894784 PREDICTED: hemoglobin subunit beta-like Pongo abeln& 3.5e-95

(b) HMMER phylogenetic output

Allj4g9) Bacteria(8) Proteobacteria{1) -~ Gammaproteobacteria(1) 1

Wl :

Bactercidetes(2) - Flavobacteriia(2) 2

Cyanobacteria(3) Chroococcales(1)
i EOsclnon.Iesu) 1
1

Pleurccapsales(1)

Eukaryota(483) - Metazoa(483) Cnidaria(1) _1
[ - [ =

Arthropods(7) 5

Echincdermata(3) 1

Chordata(448) 42
[ -

Hemichordata(2) K

Placozoa(1) 1



PFAM is a database of HMMs
and an essential resource for protein families
http://pfam.sanger.ac.uk/

wellcome trust

sanger HOME | SEARCH | BROWSE | FTP | HELP | ABOUT
]

institute

Pfam 26.0 (November 2011, 13672 families)

The Pfam database is a large collection of protein families, each represented by multiple sequence

P‘o m alignments and hidden Markov models (HMMs). More...

[keyword search @)

QUICK LINKS ¥OU CAN FIND DATA IN PFAM IN VARIOUS WAYS...
SEQUENCE SEARCH Analyze your protein sequence for Pfam matches
VIEW A PFAM FAMILY  View Pfam family annotation and alignments
VIEW A CLAN See groups of related families
VIEW A SEQUENCE Look at the domain organisation of a protein sequence
VIEW A STRUCTURE Find the domains on a PDE structure
KEYWORD SEARCH Query Pfam by keywords

JUMP TO |Lantﬂ'anram&;innnrl[] @

Enter any type of accession or ID to jump to the page for a Pfam family or
clan, UniProt sequence, PDBE structure, etc.




HMM logos graphically depict the likelihood of observed amino acids

B Available at PFAM

PDAVMCNDEKVEK HGKK%L%AFSDGLAHLDHLKGTFﬁTLgELHCDKLva
Lei] [ ]

e —
| | I | | 1]

T H T H GH

. JEENER . . |

H T T H



Outline

Introduction
Specialized BLAST sites
Organism-specific BLAST sites; specialized algorithms
Finding distantly related proteins: PSI-BLAST) and DELTA-BLAST
Reverse Position-Specific BLAST
Domain enhanced lookup time Accelerated BLAST (DELTA-
BLAST) Assessing performance of PSI-BLAST and DELTA-BLAST
Pattern-hit initiated BLAST (PHI-BLAST)
Profile searches: Hidden Markov Models and HMMER

BLAST-like alignment tools to search genomic DNA

Benchmarking to assess genomic alignment performance
PatternHunter, BLASTZ, Enredo/Pecan, MegaBLAST, BLAT,
LAGAN, SSAHA2
Aligning NGS reads to a reference genome
Alignment based on hash tables; Burrows—Wheeler transform
Perspective




BLAST-related tools for genomic DNA

The analysis of genomic DNA presents special challenges:

* There are exons (protein-coding sequence) and
introns (intervening sequences).

* There may be sequencing errors or polymorphisms

* The comparison may between be related species
(e.g. human and mouse)



BLAST-related tools for genomic DNA

Recently developed tools include:
* MegaBLAST at NCBI.

* BLAT (BLAST-like alignment tool). BLAT parses an entire
genomic DNA database into words (| Imers), then
searches them against a query. Thus it is a mirror image
of the BLAST strategy. See http://genome.ucsc.edu

* SSAHA at Ensembl uses a similar strategy as BLAT.
See http://www.ensembl.org



BLASTZ alignments at UCSC

UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly

move <<< x| < | > | > >>> | zoomin| 15x || 3x | 10x | base |zoomout| 15x | 3x | 10x

chr11:5,245,001-5,295,000 50,000 bp.

enter position, gene symbol or search terms ’ go

I chrii (p1S.4>

Scale 20 kb} | hg19
I chrit: 5,250, 008| 5,255, 098 5,260, 098] 5,265, 008| 5,270, 008| 5,275, 998| 5,286, 008| 5,285, 008| 5,290, 990|
Chromosome Bands Localized by FISH Mapping Clones
J Chromosome Band 11015, 4
RefSeq Genes
HEB +—H
HED i
HBEF1 -——
HEG1 -8
HBG2 [ 1
i HBE1
MUITIiZ Alignments of 46 Vertebrates
Rhesus =
e T T TR T e TN YT TN 1T 11} W
009 — NN A . e L e [N e [l | =
Elephant — NN n e
opossum =il NN L] %Nt
Chicken : 11 i
X_tropicalis | [ ¥ i
) zebraf ish ——il-3-Rl ——11} i =
Chicken (May 2006 (WUGSC 2.1/2a1Gal3)) Chained Alignments y
i | — . 3 $
i
{
)
n_l 1) s
Lg% 1 b
BE chri - 199444K b—m—m—--—-—1 chrl - 199440kl
i a¢
C [ | chri -
chri - 1 | | chri - 199448k |
chri - | chri - - K |
chri - chri - k
chri - k
chri — 1994 i]
I = | B Gt BB A B VORI it Lo b R B o i SO 0 L N 0 0 1148 ! [ 18 0 Y
e Chicken (May 2666 (WUGSC 2,1/2a1Gal3)) Alignment Net
eve
Leve] 2 X 2 ) Ly
Leve] 3 | = 3 11 1
Level 4 } |
Level S
Level &
Opossum (OCt, 2006 (Broad/monDomS)) Alignment Net
Level 1 8- + et n BB
Level 2 BRI Bl =l L BN | [ -
Level 3 BB
Level 4 1
Level S
J Level &
bles 50 kilob t the beta globin | displayed
o llobases at the beta globin locus are displayeq,
Fig. 5.14
includi BLASTZ ali
Page 190 including BLASTZ alignments.




MegaBLAST: extremely fast searches with large seeds

Color key for alignment score

<40 40-50  50-80 80-200 >=200
Query I T e T e
| | |

1 100I00 20(l)00 30(500 40000 50000
. ————————
--very fast

--uses very large word sizes (e.g. w=28, up to w=256)
--use it to align long, closely related sequences
--Choose discontiguous megablast for cross-species
comparisons (tolerates mismatches)




MegaBLAST output

Color Key for alighment scores

<40 40-50
auen | | | | | | |
1 10000 20000 30000 40000 50000 60000 | ¢0) b of the human

beta globin locus
versus itself!

Plot of Icl|60019 vs 60021 &

40 kK

20 kK

Il E00z1

Dot matrix view

GO K
|

I||||I||||I||||I||||I||||I||||I||||I||||I|||'h|'“||I||||I||||I||||I
[cl|g6a013 10K 15k 20k 25k 30K 35K 40k 45k 50K 60 k.



40-50

MegaBLAST output

Color Key for alighment scores

| | |
20000 30000 40000

B0-200 *=200
| |

Plot of Icl|60019 vs 60021 &

60 kb of the human

beta globin locus
versus itself!

GO K
|

40 kK

20 kK

Il E00z1

o,
Lo v v e v e brre e rrre e brre e e v e e e e
1 1 1 1 1 1 1 1 1 1 1 1

main diagonal
reflects exact

T g atches

off diagonal reflects

20k 25k 30k 35K 40K

Flipped, off diagonal
reflects inversions




MegaBLAST output

Color Key for alignment scores

<40 40-50 80-200 =200
auen | | | | | | |
1 10000 20000 30000 40000 50000 60000
- - —ib " — — e — —
Plot of Icl[27029 vs 27031 &
= z
(]
ua
i ™~ 3 -
= - -
=T
"
[
(] -~ -
il
[ £
- F -
=
=
— -
ol
S - -
Icl27029 10 kK 15 K 20 K 2o k. a0 kK 35 kK 40 kK 45 kK 51,380

60 kb of the human
beta globin locus
versus 60 kb of the
mouse beta globin
locus




BLAT indexes a whole genomic database rather than a query

“BLAT on DNA is designed to quickly find sequences of 95% and
greater similarity of length 40 bases or more. It may miss more
divergent or shorter sequence alignments. It will find perfect
sequence matches of 33 bases, and sometimes find them down to
20 bases. BLAT on proteins finds sequences of 80% and greater
similarity of length 20 amino acids or more. In practice DNA BLAT

works well on primates, and protein blat on land vertebrates.”
--BLAT website




BLAT indexes a whole genomic database rather than a query

Paste DNA or protein sequence
here in the FASTA format

(a) BLAT query (protein or DNA)

BLAT Search Genome

Genome: Assembly: Query type: Sort output:.  Output type:
Human v || Feb. 2009 (GRCh37/h v||BLAT's guess |v||query.score v |hyperlink v
>gi| 4504349 |ref|NP_000509.1]| hemogldWin subunit beta [Homo sapiens]
MV L T PR AV T ALWGEVNVDEY CCE AL GRL LYV Y W T QR FE SEGDL ST PDAVMGNPEVKAHGERVLG
AFSDGLARLDNLECTFATLSELHCDELEVDPENFRLLCNVLVCVLAHHECREFTPEVORAYORVVAGVAN
ALAHKYH

(b) BLAT result (zoomed to 50 kilobases)
UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly

move | <<< < || < | > [ > >>> Zzoomin 15x | 3x | 10x | base | Zzoomout| 15x | 3x | 10x

chr11:5,245,001-5,295,000 50,000 bp. | chr115.245,001-5.295.000 ‘ go

'cmu p15.4) [N TS 1]

Scale 2 wp——-+—+——+—+"—-——————————— hst9
chrit: 5,250, 000| 5,255, 08| 5,260, 800 5,265, 000| 5,270, 800 5,275, 088| 5,250, 008| 5,285, 000| 5,290, 008

HBE1

NF_0880569, 1 -
NF_00808563,1
NP_888569, 1
NP_000500.1
NF_000563, 1
NF_000509.1

Chromosome Bands Localized by FISH Mapping Clones
11p1S. 4

RefSeq Genes

L o

8

o 1]

ddn
Your Sequence from Blat Search
H
]

[

1

MUIt iz Alignments of 46 Vertebrates

X_tropicalis | =

2ebraf ish —— - E———8




BLAT output includes browser and other formats

Home - Genomes - Gene Sorter - Blat - Tables - FAGQ - Help

Human BLAT Results

BLAT Search Results

ACTIONS QUERT SCORE START END QSIZE IDENTITY CHRO 3TRAND 3TART END 3P AT
browser details NN 006744.2 202 1 213 913 99.5% 10 = 95016158 95025554 9337
browser details NN 006744.2 21 gg 2039 913 G56.4% =] = TTeI5017  TVE93035 22

TLOgyroacya actgacocac Tacaccasac agatgygsac ttagaccsas 95017085
}{Hgmunent atcazattga ttttgaagot toaccottoa aaattaastg taggoocage 95017035
of aagyattcoa CocacAadCady goaccygtagy aagoagatta tgoacattgt 95016985
acagatgaga aasacagaggc tgacsatgay gaagsaagtt gooctaastc 95016935
IJR{—006744'2 tLtaatagyt agotgagtty gatgosasce tagagtttty tgactotgas 95016385
ghoocttgty coacaccate tggtgacaca tgacstgaga catagaagoa 95016835
WM 006744 2 ctttatasaa cocatcaccay tgtgtoccay gtoaggotge cttggotcoc 95016785
Human chr10 acttooTgaa AUTOAJUNT gOSCTOCgAS ACTTLURSAt gUaataagge 95016735 UCSC Genome Browser on Human July 2003 Assembly
blockl agacttaaga gasatcasay gaagooctgt toatcoagoa agtostatto 95016685 el cel <l 3]s 3 5 | 2 [ | eem e E T
ET_EE toctocaccos cattacgbos agagaaastt cagbgggttt cagasacago 95016635 tneve | | | | | |z°onlm | | | |Zo°n1°Ut | | |
Dlogiee cttgaaggty tttatgastt acagccacct gtatcogtaa gggbtgoasat 95016585
DEEEE CLOUCOULOar JoatCLgRat Taagaageart LLgastgsay coagototas 95016535 posmonlchﬂ035ﬂ1&133g5ﬂ25534 size @ 397bp.hnagevﬁdm hggg Jumpl
blockd ggooatoaty atgttoatta tctacatsas aactgggtoc actttotgtoc 95016485 .
blocks gttaatgyoct togttttgta ttttoocagsT TACTGOGATS GCASATCAGL 95016435 o1 [ TIEIRIE] H EoE
block6 ALGRRACCTT TTGTAGCAAT ATCAAGAATC TAGTTTCATC TGAGRACTTC 95016385
e TGATTAGCTC TCAGTCTTCA GCTCTATTTL TCTTAGGAGT TTAATTTGCC 95016335 Base Fosition 95617068 EEEZEELD EZETE D 5621 paa] S5 B220 8| EEEEEEED a5624680] EESTE
toggthgr Chromosomne Bands Loca FISH Mapping Clones
CTTCTCTCCC CATCTTCCCT CAGTTCCCAT LAAACCTTCA TTACACATAL OS5S016285

AGATACACGT GGGGGTCAGT GAATCTGCTT GUCTTTCCTS ALAAGTTTCTS SS5016E35
GGGCTTAAGL TTCCAGACTC TGATTCATTL ALCTATAGTC ACCCGTCorec 95016185
tgtgatttta gttttoattt gohgtittatgt ctgtbgotgoa gacgoatogogg 95016135
LUYyLOCys tLotbtatac cagygadcacy LOYChotbtc tgaccth

oooooool
FEEIEERD
950255584

00000051
FEEIEERD
Q5025534

Side by Side Alignment

o2t A (e Aafutededte (i utudoteds (e Tute futudet fo et (s o fude (e fuded Ve fo [kl e )
FEETEEEEEE et ee et ee e et er et ter e el
cyotogootooo togot oAt gy yot Cygact CyoyyoC Aot Ly

goegtggttococctocoggt 00000070
FEEPTEETEETETEETET ] esasaass
gegoggttecectesegytyg 95025515

0000005 ||

LA
9502553

00000071
FrErFEEE
95025390

ooooo121
FrErrErE
95025340

0o0001es
FrErrErE
95025290

gyeggattoctggyoaayatyaagtguytgtyygogeiottgotgttyge
FEETETEETE e e e et be e et e e et b e et e e el
ggcggattocctggyoaagatyaagtgyytgtgggoyc ot tgo byt tgge

gyoy. LOYCageguec. ... . gagogeyactyoogagtgageagettoo
(AR RN ERRARENE FEEEEEEEEEr e e e rererrend
ggCcgotgggcagoggocgogeggagcgrgactgocyagtgagoagot Lo

gagtoaagyagaacttogacaaggetege 00000193
FECTEREETEEEETEETEEET TR e
gagroasgyagaacttogacaaggotege 95025262

ooooo1z
RSt e-ad
9502534

ooo001e
Rt
9502529

3TS Harkers I

TS Markers on Genetic ¢biued an

adiat ion Hubrid chlack) Maps

Clones Flaced on Cutogenstic Map Using FISH
Gap Locations

Gap
Your Sequence from BLAT Search
n_ges7aq .2 I - -
known Cenes Based on SWISE-FROT, TrEMEL, mEMA, and Refieq
D SRS -
Refzeq Genes
RefSeq Cerecmmmj— -
Ensemk1 Gehe Fredictions
Ensenbl Cenecmmmp— sy -

Aceliew Gene Models With A1t-Splicing

ACEND 1Y BEhSs

NT_B3R8S9. 251

- =i -
Twinscan Gene Fredictions Using MousesHuman Homalogy
chr18.96.882.5 |y -
Gensoan Bene Fredictions
- -
Human WRNAS from GenBank
017250 I
H80129 - - -
BCO2OEEE — N
AF119865 | .
Hunan ESTs That Hawve Been Spliced
spliced ESTs NN | | | H E .

conservat ion
chimg
mouse
rat Il
chicken
Fugu Blst 1

Chicken Net T

o
Human /Chimp fMouse /Rat /Chicken MUTTiz Alignments & PhuloHMM Cons

Takifugu rubripes (Au2, 2082/Frl) Translated Blat Alisnments

Chicken (Feb, 2884/2a1Ga12) Alinment Het

SINE [ ]
LINE
LTR
DMA
Simple
Low Comp lexity
zatellite
TRMA
Other

Repesting Elements by RepeatMasker




BLAT output includes browser and other formats

UCSC Genome Browser on Human May 2004 Assembly

mMove {{{l <X | < | }l »» | >¥> |zc:--::-min 1.5:-:| 3:-:| 1EI:-:| hase |zcn::vm-::ut 1.5:-:| 3:-:| 1EI:-:|

pc:-sitimnfsearchln:hﬂ1:5,EIIID,I]EI1-E,EEIII,III[I[I jurnp | clear |size 50,000 bp.  configure

chril cplS.40 | PO BN BB ISR | [P PR | i1 HEE =

chri1: Sziaoaa| Szzanaa| SoSaQEa| So4E0G6GE|
Chromosome Bands Localized bd FIEH Mapping Clones
11p1s. 4
Your Zedqguence from Blat Search
MF_B@a5e3, 1 FH
MF_&@a5ag, 1 3]
MF_B@a5sag, 1 I
MF_B@8a5e9, 1 |
MF_&@a5ag, 1 F-1
MF_@@a5a9, 1 K
FEefzeq Genes
HEE +H
HED [
HEG1 h
HEGZ =h
HEE 1 [

This example shows a BLAT query of beta globin
resulting in a series of matches to homologous,
neighboring globins.




LAGAN (Limited Area Global Alignment of Nucleotides)

local
alignment

(a)

N .
N\
join locally

aligned segments

in chains

(b)

\ N\
O\
\ NN
N~
N
&
2
9

compute optimal
alignment in
boxed areas

identify
anchors



SSAHA

+ I&sE

COVE Qe

>hg17_dra 0bp 10,00 Kb 20.00 Kb 20.00 Kb 4000 Kb

SSAHA converts a DNA database (with a reference
sequence such as the human genome) into a hash table
with user-selected fixed word lengths (k-mers). Reads are
searched against this hash table for matches by pairwise
alignment.
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Next-generation sequencing (NGS)

In NGS, many millions of short reads (~150 base pairs)
must be aligned to a long reference (~3 billion base
pairs).

BLAST would be unacceptably slow.

Current aligners use BLAST-related strategies such as
hash tables, gapped and ungapped alighment, and long
seeds.



Sequence alighment for next-generation sequencing

Applications include:

* DNA sequencing (e.g. re-sequencing a human genome)
* RNAseq (measuring RNA transcript levels)

* ChlP-seq (finding protein binding sites)

* Methylation studies (genome-wide)



Two approaches to sequence alignment for NGS

[1] Hash Tables

--BLAST seed and extension approach uses

hash table indexing

--spaced seed aligners index the reads or the genome
--programs vary the number of spaced seeds, the read
length, memory usage, and sensitivity requirements
--some require multiple seed matches

--some allow gaps

[2] Suffix trees

--Step 1: identify exact matches

--Step 2: build alignments supported by exact matches
--Example: MUMmer (maximal unique matches)
--Example: Bowtie and BWA



(a) Spaced seeds

Reference genome
(> 3 gigabases)
Chr |
Chr2 N——
Chr3E23
Chr4 —

'

| Position N

Position 2

Position 1
ACTG CCGT AAAC TAAT

ACTG **%%x ANNC #***
AR COGT &+ # 2 PART

******** AAAC TAAT|

ACTG CCGT ***k *kx*
*%%% CCGT AAAC ***%

CTGC CGTA AACT AATA

Short read

ACTGCCGTARACTAAT

Extract seeds

Six seed
pairs per
read/
fragment

|
(1) acTG AAAC

—2) CCGT TAAT
(3) AcTG TAAT
(4) AAAC TAAT
(5) acTG ccar

(6) CCGT AAAC

Seed index Look up each pair
(tens of gigabytes) of seeds in index
ACTG *#*%% ARNC *#** Hits identify positions
. in genome where
C spaced seed pair is found
L
.
L
[ x+*_ccar TAAT )
R O A raar| | Confirm hits
CCGT AAAC ** by checking
"% % x " positions
[ —

Report alignment to user

Spaced seed strategy for
alignment of many short reads
to a large reference genome

Maq uses spaced seed indexing

* Cut the reference genome
into “seeds”

* Store seeds in look-up table

* Cut each read into seeds

* Allow up to 2 mismatches in
seed pairing reads to the
reference

PMID: 19430453



(b) Burrows-Wheeler

Reference genome Short read
(> 3 gigabases)
Chr ) ACTGCCGTAAACTAAT
Chr2 N——
Chr3E=2
Chr4aC—

Concatenate
into single string
||

Burrows-Wheeler
transform and indexing

Bowtie index I

(~2 gigabytes) Y

ACTGCCGTAAACTAAT

Look up
“suffixes”
of read

o
BACTGCCGTAARCTAAT

Hits identify
positions in
genome where
read is found

&

Convert each

hit back to
genome location
0 — ) E—

Report alignment to user

Burrows-Wheeler strategy for
alignment of many short reads
to a large reference genome

Bowtie uses the Burrows-VWheeler
transform (BWT)

* Create a memory-efficient
representation of the reference
genome (need <2 GB memory;
Maq may require >50 GB)

* Align a read one base at a time to
a BWT transformed genome

* Progressively solve the alignhment
of | character, then 2, then 3, etc.

* 30-fold faster than Maq



Burrows-Wheeler Transform (BWT): a string (e.g. a reference
genome) is compressed then decompressed to facilitate alignment

String S of N characters:

Calculate column F of
matrix M by sorting
the characters of L

Begin with string| S[0) - SIN-1]

(abraca’) S='abraca’

of length N N=6

alphabet X={'a;p’'c), 'r'}
¢ Index /=1
row i M
0 abraca aabrac
1 ol N re\;ersiblc? abraca ’ d ‘
5 caabra | transformation | j.55pr | compression  decompression
3 acaabr _> bracaa ) )
4 racaab caabra
5 bracaa racaab
————

reconstruct string S
of length N (using only
strings F and L and index /)

Create conceptual
N x N matrix. Rows
are the rotations
(cyclic shifts) of S
(first character of S
isa)

String L is the last column of M
with characters L[0], ..., L[N-1].
Here [ ='caraab’

matrix M is sorted by rows in
lexigraphic order (a, a, a,b, ¢, r).

Define first column as F
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Perspective

For database searching there continue to be many
innovative approaches to improve sensitivity and
specificity.

We discussed DELTA-BLAST which is usually the
best algorithm for any protein search.

For DNA searches innovative spaced seed
approaches have greatly increased search speed.

For next-generation sequence data, many algorithms
have been introduced to align a vast number of
reads (e.g. | billion short reads) to a large reference
genome (e.g. the ~3 billion base pair human
reference genome).



