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Starts with a Query Sequence in FASTA Format

Amino acid sequence:

>ribosomal protein L7/L12 [Thiomicrospira crunogena XCL-2]
MAITKDDILEAVANMSVM ELVEAMEEKFGVSAAAVAVAGPAGDAGAA
GEEQTEFDVVLTGAGDNKVAATKAVRGATGLGLKEAKSAVESAPFTLKEG
VSKEEAETLANELKEAGIEVEVK

Note the description line
Starts with “>”, ends with carriage return

Nucleotide sequence:
; Not read as sequence data

>gi|118139508:333094—333465 Thiomicrospira crunogena XCL-2

ATGGCAATTACAAAAGACGATATTTTAGAAGCAGTTGCTAACATGTCAGTAATGGAAG
TTGTTGAACTTGTTGAAGCAATGGAAGAGAAGTTTGGTGTTTCTGCAGCAGCAGTTGC
GGTTGCAGGTCCTGCAGGTGATGCTGGCGCTGCTGGTGAAGAACAAACAGAGTTTGAC
GTTGTCTTGACTGGTGCTGGTGACAACAAAGTTGCAGCAATCAAAGCCGTTCGTGGCG
CAACTGGTCTTGGGCTTAAAGAAGCGAAAAGTGCAGTTGAAAGTGCACCATTTACGCT
TAAAGAGGGTGTTTCTAAAGAAGAAGCAGAAACTCTTGCAAATGAGCTTAAAGAAGCA
GGTATTGAAGTCGAAGTTAAATAA

Kerfeld and Scott, PLoS Biology 2011




NCBI BLAST Interface
blastp: for protein-protein alignments

»NCBI BLAST/ blastp suite
blastn | blastp | blastx | thlastn | thlastx |
BLASTP programs search protein databases using a protein query. more... Reselpoce  Bookmark
Enter Query Sequence
Enter accession number, gi, or FASTA sequence & Clear  CQuerysubrange &

Fom[ ]

(Paste FASTA format
sequence here) |

Or, upload file |

Job Title [

Enter a descripiive fille for yaur BLAST search &

[ Align twe or more sequences ©

Choose Search Set

Database [ Non-redundant protein sequences () ¥ | &
Organism
Optional [ " ) sogested | O Exclude: (5
Enter organism cormmon name, binomial, ortax id. Only 20 top taxa will be shown.
Exclude Ol Models (avAXP) L] Unculturedferironmental sample sequences
Optional
Entrez Query I
Optional
Enter an Entrez guery o limitsearch
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NCBI BLAST Results Page:
.
Color key for alignment scores
40-50 B80-200
Query
I 1 1 1 1 1 1
1] 30 &0 90 120 150 130
Sequences producing i
Accession Description | Max score Total score Query coverage |
NP 440048.1 potential FMN-protein [Synechocystis sp. PCC 6803] =sp|P727 379 379 100%. 1e-103
YP 001864295.1 flavin reductase domain-containing protein [Mostoc punctiform 199 199 100% 2e-49
YP 3218881 flavin reductase-like, FMN-binding [Anabaena variabilis ATCC 198 198 98% 38-49
NP 4a8d8d .1 flavoprotein [Nostos sp. FCC 7120] =sp| QEYNW? 1|DFAA_ANE 197 197 58% be-49
CAOBISH2.1 dfa4 [Mierocystis aeruginesa PCC 7806] 184 134 100% Je-d8
ZP_01630850.1 flavaprotsin [Modularia spumigena CCY9414] =gh|EAWA4518. 193 193 100% 6e-48

gb AELAMZZE 11 [& f1avin redustase donain protein Pi-binding [Gyanothece sp. POC
Length=585

GEUE ID: 725773 Cygnigzs 1t | Clevin reductese donsin protein FHi-binding
[Cvanothece op. FCC 7425]

Score = 176 bits (445), Expect = le-42, Method: Compositional matrix adjust.
Tdentities - 95/138 (48], Positives = 135/136 (63%], Gaps - 16/136 (5%)

-

Query 3GANFARQLRTHRRURTARQATTE TQADRTO AVGRTIGS TGV TTQTTGRE- - - sz
4GHFA+ L+ F+0R RO+ E (4DRTHQAVGRIIGS+ V4T +

Sbict 393 AGSDFADVLKKAKKURSPRHSILEVUSDRTEUAVBRIIGSLEVLTAKEUUTHPHPEVEEP a5z

Query 53 UCTLTSIVSASFTPPG INLAT PGEFDATOLAGONRAFYLHLIQEGREVRRNIDH 107
+L SUVSOASF PRGH +ht E & GL AFVLH+L4EG +EREF
Sbict 453 QLEVET: TIALAKE-RAEGLDHSGDAFVLNVLKEGHNLRREFSK 511
Query 108 QPL EHYSTQNGCLILAEALAYLECLYQSWSNIGDHVLVEATVQAGOTLY 167
+ L HNGC +L + LAVLEC 705 GDH L+FATV GHVLQ
sbict 512 SFAP——EEDRFAMMW ENGCPVLODCLAYLECT TYATVIIGKYL) 569
fuery 160 ENGITAIMIRRSGS(Y 160
G TA+HFESE
Shjct 570 PTETT 555

fon ref wp_nnzas2567.11 K8 e1avin requstase domain protein FN-binding [Cranstheoe sp. FOC

Kerfeld and Scott, PLoS Biology 2011




Overview of BLAST

Segment the query sequence into short “words”

Use the query sequence segments to scan the
database for matching sequences

Extend the matched segments in either
direction to find local alignments.

Create a list of hits & alignments, with best

> W b=

matches first

Kerfeld and Scott, PLoS Biology 2011

BLAST Phase 1: Segment the query sequence and
identify words that could form potential alignments

Query Sequence:

>gi|16329320 (residues 412 to 594)
SGANFARQLRTHKRQRIARQATTETQADRTQQAVGRI IGS IGVVTTQTTG
RHDGILTSWVSQASFTPPGIMLAT PGEFDAYGLAGQNKAFVLNLLOEGRS
VRRHFDHQPLPKDGDNPFSRLEHYSTQNGCLILAEALAYLECLVQSWSNT
GDHVLVYATVQAGQVLOPNGITATRHRKSGGQY

Fragmentation into words:
SWVSQASFTPPGIM SWV WV3 V5Q SQA QAS ASF SFT ...

Selection of words scoring above threshold (for word SWV)-
ubstitution Matrix* SWV (4+11+4 = 19)
1

S
RIG[I K F[5 [T v -
wls 0 lili=T1 1o 2 SWI (4+11+3=18)
G 64230 [2]2 3 TWV (1+11+4=16) | Synonyms above
:( L] -53 03 -02 } 3 32 GWV (0+11+4 = 15) R:‘fhesm‘dt"-- )
- -1 ]-3 |- ers Not show
F & 1212 1 ™ KWV (0+11+4=15)
_? 4 :_’ g 702 SWS (4+11-2=13)
- SEV (4+1+4=9 Synonyms below
W 11,-3 ( ) ] m¥eshg\d 1.
Y 4 SRV (4-3+4=3) (others not shown)

*A portion of the BLOSUM 62 matrix

Kerfeld and Scott, PLoS Biology 2011

— Segment the query
sequence into pieces
(“words”)

» Default word length: 3
amino acids or 11 nucleic
acids

— Create a list of synonyms
and their scores for
comparing query words to
target words

» Uses scoring matrix to
calculate scores for
synonyms that might be
found in the database

— Save the scores (and
synonyms) exceeding a
given threshold T




BLAST Phase 2: Using the query sequence word list,
scan the database for synonyms (hits)

— Scan the database for matches to the word list with
acceptable T values

— Require two matches (“hits”) within the target

sequence
— Set aside sequences with matches above T for further
analysis
Words
SWI PGI

wereineen« « SWITEASFSPPGIM.... . €— Possible match from the database

Kerfeld and Scott, PLoS Biology 2011

BLAST Phase 3: Extending the hits

— Search 5’ and 3’ of the word hit on both the query and
target sequence

— Add up the score for sequence identity or similarity
until value exceeds S

— Alignment is dropped from subsequent analyses if
value never exceeds S

RHQGIL QASFTPPGIMLAIPGEFDAYGLAGQNK
SRR e
. . TAMLVISWVSQASFNPPGLTIALAKE . RAEGLDHSGD

Word match Extension until score drop's
from Step 1

Kerfeld and Scott, PLoS Biology 2011




So, to summarize:

« BLAST segments query sequence into “words” and
scores potential word matches

» Scans this list for alignments that meet a threshold

score T

— uses a scoring matrix to calculate this (e.g., BLOSUM62)

» Uses this list of ‘synonyms’ to scan the database
» Extends the alignments to see if they meet a cutoff

score S

— uses a scoring matrix to calculate this
» Reports the alignments that exceed S

Kerfeld and Scott, PLoS Biology 2011

PAM and BLOSUM Matrices

» Scoring matrices are
calibrated to capture different
degrees of sequence similarity

 In practice, this means
choosing a matrix appropriate
to the suspected degree of
sequence identity between the
query and its hits

« PAM: empirically derived for
close relatives

+ BLOSUM: empirically derived
for distant relatives

Kerfeld and Scott, PLoS Biology 2011

More divergent

BLOSUM45

BLOSUM®62

BLOSUMS80

BLOSUM90

A PAM240

PAM180

PAM120

v PAM30

Less divergent




Raw Scores (S values) from an Alignment

S = (2M;) = cO - dG,
where
M = score from a similarity matrix
for a particular pair of amino acids (ij)
¢ = number of gaps
O = penalty for the existence of a gap
d = total length of gaps

G = per-residue penalty for extending
the gap

Kerfeld and Scott, PLoS Biology 2011

Limitations of Raw Scores

» S values depend on the substitution
matrix, gap penalties

 Impossible to compare S values from hits
retrieved from BLAST searches when
different matrices and gap penalties are
used

Kerfeld and Scott, PLoS Biology 2011




Going from Raw Scores to Bit Scores

S’ = [AS-In(K)]/In(2)
where

S’ = bit score

A and K = normalizing parameters of the
specific matrices and search spaces

(asinOvs 1)

— Larger raw scores result in larger bit scores

— Allows user to compare scores obtained by
using different matrices and search spaces

Kerfeld and Scott, PLoS Biology 2011

Limitations of Bit Scores

» How high does a bit score have to be to
suggest common ancestry?

— Hard to evaluate hits as homologs or not,
based solely on bit scores

Kerfeld and Scott, PLoS Biology 2011




E-value

* Number of distinct alignments with scores
greater than or equal to a given value expected
to occur in a search against a database of
known size, based solely on chance, not
homology.

— Large E-values suggest that the query sequence and
retrieved sequence similarities are due to chance

— Small E-values suggest that the sequence similarities
are due to shared ancestry (or potentially convergent
evolution)

Kerfeld and Scott, PLoS Biology 2011

Calculating E-values

E=(nxm)/25
where
m = effective length of the query sequence
= length of query sequence — average length of alignments

(Controls for fewer alignments occurring at the ends
of the query sequence)

n = effective length of the database sequence
(total number of bases)

The value of E decreases exponentially with increasing S

Kerfeld and Scott, PLoS Biology 2011




BLAST Parameters

¥ Algorithm parameters
Gengral Parameters

Max target 100 (v
SEfUENcES Selectthe maximum number of aligned sequences o display &

Short queries ically adjust for short input @
° EXpeCt Expect threshold  [1g @
/ Word size 3 [w] @
. Word size

Scoring Parameters

el Matrix BLOSUME2 |v| &

]
<
Q
—
=.
x

Gap Costs Existence: 11 Extansion: 1 || &

Compositional Conditional composifional scare matrix adjusiment | +] &
adjustments

]
Q)
Q
©
(@]
O
w
—
(7]

Filters and Wasking

° F|Iter > Filter [ Low complexity regions &
N— Mask [ Mask for lookup table only @
« Mask e s
_ BLAST Search database nr using Blastp (protein-protein BLAST)
[ Show resutts in a new window
- Expand the “Algorithm parameters” tab on
Kerfeld and Scott, PLoS Biology 2011 the BLASTP submission page to get this menu
E value Threshold
A“gnments W|I| be reported ¥ Algorithm parameters

Gengral Parameters

with E-values less than or
equal to the expect values
threshold — |
— Setting a larger E ' =
threshold will result in
more reported hits

Max target 100 (v
SEfUENcES Selectthe maximum number of aligned sequences o display &

[

g

Word size 3 |w] @

Scoring Parameters

. Matrix BLOSUME2 |v| &
— Setting a smaller E Gap Costs Evgtencer 1 Bxenson 1 [x] §
threshold will result in Compositional [ Ganciional corpesiionsl score et adjustment %] &

adjustments

feWer reported hItS Filters and Masking
Filter [ Low complexity regions @

Mask [ Mask for lookup table only @
[ Mask lower case letters €

BIAST ) | Search database nr using Blastp (protein-protein BLAST)
[ show resutts in anew window

- Expand the “Algorithm parameters” tab on
Kerfeld and Scott, PLoS Biology 2011 the BLASTP submission page to get this menu




Filter and Mask

« Filter: Low complexity
— Replaces the following g | [

) . sequences Selectthe maximum number of signed sequences fa display &

Wlth N (n UCleO“deS) Short queries [ Automatically adjust parameters for short input sequences &
. . Expect threshold  [1g ™

or X (amino acids) ’

* Dinucleotide repeats

Word size 3 [v@

Scoring Parameters

« Amino acid repeats —
Gap Costs Existence: 11 Extension: 1 wl@
. Leader Sequences 53;::2:?::;:“ Condiional campositianal score matr acjustment |v] &
. StretCheS Of hydI'OphObIC resldues Filters and Masking
w—p Filter [ Low complexity regions &

» Mask: Lower case —

[ Mask lower case letters &
— Replaces lowercase letters in
sequence with N or X

using Blastp (protein-protein BLAST)

» Lowercase letters typically indicate
base or amino acid not known with
certainty
- Expand the “Algorithm parameters” tab on
Kerfeld and Scott, PLoS Biology 2011 the BLASTP submission page to get this menu

Parameter summary is found at the very top
of the output (labeled “Search Summary”)

Search Parameters |

Program blastp
Word size 3
Expect value 10
Hitlist size: 100
Gapcosts 11,1
Matriz BLOSUMEZ
Filter string F
Genetic Code 1
Window Size 40
Threshold 11
Compaosition-based stats 2

Database
Posted date Sep &, 2010 4:42 AM
Mumnber of letters 4,014,994,744
Nurnber of sequences 11,756 663
Entrez query none

Karlin-altschul statistics

Lamnbda 0.319424 0.267
3 0.13352 0,041
H 0.397413 0,14

Results Statistics

Length adjustrment 129

Effective length of query Set

Effective length of database 2495359417

Effective search space 134911408518
Kerfeld and SCOtt, PLoS Bi0|Ogy 2011 Effective search space used 1349114085158




Evaluating BLAST Results

Color key for alignment scores
<4 40-50 B80-200

Sequences producing
Accession Description | Maxscore | ZTotalscore | Query coverage |_ E value

WP 440048.1 potential FMH-protein [Synechocystis sp, PCC 6803] »sp|P727 329 79 100%
¥P_001864295.1  flavin reductase domain-containing protein [Nostoc punctiform 199 199 100%
YR 5218651 flavin reductase-like, FMN-binding [Anabasna varisbilis ATCC 188 135 5%
WP 438484.1  flavoprotsin [N0stos 5p. PCC 7120] »5p| QBYNW? 1|DFA4_ANF 197 197 98%
CA0B9562.1 dfad [Microcystis acruginosa PCC 7806] 194 194 100%
ZP 016308501  flsvoprotein [Nodularis spumigens CEYS41d] >gb|EAWA4S1S, 103 133 100%

g}: AEL44226 11 [& f1avin reductase dousin protein PO-binding [Gyamothece sp. FOC
Length=585

GEUE [D: 7287783 Cygn7d2s 1559 | Clavin reductese domain protein Fl-binding
[Cysnothece sp. PCC 7425]

Gcore = 176 bits (448), Expect = le-d2, Method: Compositional matrix adjust.
Tdenticies < 95/196 (48%), Positives = 1557196 (63%), Gaps o 16/16 5%)

-

Muery SGANFARQLRTHERORTARQATTETQADRTQQAVGRTIGSTGVVTTQTT 52
+GHFA+ I+ K+0R RO+ E (4DRTHOAVGRIIGS+ V4T +

sbict 393 AGSDFADVLKKAKKURSPRHSILEVUSDRTEUAVERIIESLEVLTAKEUUTHPHPEVEEP 452

tuery 53 - USILTY S TP LG IMLATPGEFDATCLAGUEA FLNLLQERSTRRAIDE 107
L SUVSQASF PRCH i+ E A GL AFYLIHLHEG +HRREF
sbjcr 453 QLEVPTAMLYSWYZ(ASFNPPGLTIALAKE-EAEGLDHSGDAFVLNVIKEGMNLERHFSK 511

faery 100 QFLEKDODNFFSRLEHVITQOCLILAEALAYLECLYGSUSNIGDIVLUZATUOACOVLY 167
SHGC 4L + LAVLEC V45 GDH L+TATV G+VLQ
Sbict 512 SFAP——DEDRFAGLNIHUAENDEPVLHDELAYLEETVDSFMEEGDHWLIYATV]I‘NDKVLU 569

Query 168 PNGITATRHRESGEQY 183
P G TAHHRESG 0F
Sbict 570 PTGIT 585

fon ref wp_nnzas2567.11 K8 e1avin requstase domain protein FN-binding [Cranstheoe sp. FOC

21
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Examine the BLAST Alignment

=L ref |¥P_O002482557.1 E flavin reductase domain protein FMHN-binding [Cyanothece sp. PCC
7425]

21 E flavin reductase domain protein FMN-binding [Cyanothece sp. PCC

Length=585 Does it cover the whole length of both the query and subject sequences?

ID: 72877583 Cyan7425 1859 | flawin reductase domain protein FME-binding
[Cyanothece sp. PCC 7425]

Socore = 176 bits (446), Expect = le-42, Method: Compositional matrix adjust.
Identities = 95/196 (48%), Positiwes = 125/196 (63%), Gaps = 16/196 (&%)

Query 1 GGANFAROLETHERIRIARJATTETADRTOQAVGRI IGSTGWVT IDTTGRH ———————— 52
+6+Fit+ L+ E+QR R0+ E HDETHQAVGRIIGIH+ V+T +
Sbjeot 393 AGSDFAQVLERAFKORIPROGILEVQIDRETE QAVGRIIGSLCVLTAKQQQTHPHPEV’EEP 452

Query 53  ----—- QGILTSWYEQASFTPPGINLATIPGEFDAYGLAGONEAFVLNLLOEGRSVEFHFDH 107
+L SWVIQASF PPG+ +&+ E A4 GL AFVLN+L+EG ++FFHF
Shict 453 QLEVPTAMLVATVIQARFNPPGLTIALAFE-RAEGLDHIGDAFVLNVLEEGMNIERHFIE 511

Query 108 QPLPEDGDNPFERLEHYSTONGCLILAEALAVLECLVOSWSNIGDHVLVVATVIAGOVLO] 167
POGH F+ L HNGC +L + LAYLEC VO3 GDH L+TATV G+VLO
Sbjct 512 SFAP--GEDRFAGLNIQUWAENGCPVLODCLAYLECTVQSEMECGDHWLITATVHNGEYL] 569

Query 165 PHGITAIRHREIGGOY 183
P G TAHHFESG 07
Zbjct 570 PTGTTAVQHRESGNOQY 555

22
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High E-value: Discovery of a
Distant Homolog or Garbage?

» Take another look at the target (subject)
sequence(s) that have high E-values
— Similar length?
— Recurring motifs?
— Similar biological functions?

» Use target sequences as query sequences for
another BLAST search
— Does the original query sequence come up in report?

23
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MMSeqs2 = speeding up BLAST-style
database searches by >200X

N sequences
Double
% match
on
diagonal?
"4 :
Consecutive
k-mer matches
4l on same diagonal 4

Query x Query x Query x
Fast k-mer match stage (b) Vectorized ungapped alignment Vectorized gapped alignment

N 1107 sequences N 7107 sequences

Score of
best
diagonal >
threshold?

=>

Uses a combination of parallelization and clever pre-filtering:

“MMseqs2 searching is composed of three stages: a short word (‘k-mer’) match stage,
vectorized ungapped alignment, and gapped (Smith—Waterman) alignment. The first stage is
crucial for the improved performance. For a given query sequence, it finds all target sequences
that have two consecutive similar-k-mer matches on the same diagonal.”

Steinegger & Soding, Nature Biotech 35:1026—-1028 (2017)




How might you perform fast 3D
structure-structure matching instead of
sequence-sequence matching?

The current best algorithm to compare a protein’s 3D structure to a
database of 3D structures operates like BLAST/MMSeqs2

a Query Target
ﬁE \
Cu ‘ht
® .C"n\ . -
Cyr @ d S (1) Discretize structure to
® Cy ® sequence (b) and prefilter

Query

S,
-K-mer Double || . Ungapped
match on alignment
& diagonal
4 b
>
4
&

Targets
(2) Structural Alignment

. Gapped
alignment

N\

[

FoldSeek 15t converts 3D ,\.\; -
structures to sequences of =
characters representing 3D . .
neighborhoods then finds matching k-mers
in database targets & builds
> 20 “3Di” states instead of 20 alignments around those

amino acids

https://www.nature.com/articles/s41587-023-01773-0




FoldSeek is orders of magnitude faster at finding similar
full-length 3D protein structures in large databases

e CE 158,222x

1week - 4 TM-align 34,822«
1 day Dali 19,989x

Time to search
100 proteins
against the full
200M structure
AlphaFold
database

1 hour

® Foldseek-TM A7%

1T min

©
()
]

@ Foldseek 1x

https://www.nature.com/articles/s41587-023-01773-0

You can try it out at https://search.foldseek.com
& search >800M protein structures

Foldseek Search % GITHUB  SODING LAB  STEINEGGER LAB
Queries ® Search Settings

HEADER  PROTEIN BINDING 13-APR-21  707Q A Databases

TITLE (H-ALPHA2M)4 TRYPSIN-ACTIVATED STATE AlphaFold/UniProt50 v4

GOMPND.  MOL-IB: 13 AlphaFold/Swiss-Prot v4

COMPND 2 MOLECULE: ALPHA-2-MACROGLOBULIN; AlphaFold/Proteome v4

COMPND 3 CHAIN: A, B, C, D;

COMPND 4 SYNONYM: ALPHA-2-M,C3 AND PZP-LIKE ALPHA-2-MACROGLOBULIN DOMAIN- MGnity-LoM30
COMPND 5 CONTAINING PROTEIN 5 PDB100 2201222
SOURCE MOL_ID: 1; GMGCL 2204
SOURCE 2 ORGANTISM_SCIENTIFIC: HOMO SAPTENS;

SOURCE 3 ORGANISM_COMMON: HUMAN; Mode

SOURCE 4 ORGANISM_TAXID: 9606 @ z0AA

KEVWDS ~ ALPHA2-MACROGLOBULIN, PROTEINASE, SERUM PROTEOSTASIS, HYDROLASE QO TM-align

KEVWDS 2 INHIBITOR, PROTEIN BINDING

EXPDTA ELECTRON MICROSCOPY % Taxonomic filter -
AUTHOR  D.LUQUE,T.GOULAS,C.P.MATA,S. R.MENDES, F.X.GOMIS-RUTH, J .R. CASTON y

CURL COMMAND LOAD ACCESSION UPLOAD PDB Q SEARCH

(courtesy of the Steinegger lab @ steineggerlab.com,
who also make great illustrations for all their programs)




