BIOS 477/877
Bioinformatics and Molecular Evolution

Instructor: Etsuko Moriyama
(School of Biological Sciences)

Spring 2026 | Lecture 18
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Today's topics

> Pattern and profile (PSSM)
> Hidden Markov model and profile

HMM
> PSI-BLAST
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Sequence similarity and search sensitivity
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Sequence similarity and search sensitivity
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Z ol Tin Automatic alignment methods
Sequence reliable (e.g., BLAST)
parisons failto | i
detect any structural {: > } 20~30% ‘
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0
0 20 30 4 To find weakly similar sequences:
Percen Patterns, Profiles, and Profile
Vogt et al. (1995) HMMs can be used

.
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Similarity search

Query sequence Database Search result
R N (protein or NUCLEOTIDE)
(protein or nucleotide) high similarity
MVLSPA. .. e :equence; Sequence28
\‘ equence Sequence5
Similarity search: BLAST I Sequence3 Sequencell
(pairwise local alignment) | Sequence4 Sequencel
\‘ Sequence5 Sequence73
Sequence6
Sequence65
Sequence?7
Sequence33
low simila‘ri;y‘
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Finding remote similarity

Database

Query sequence (protein or nucleotide)

(protein or nucleotide)
Sequencel
Sequence2
Sequence3
Sequence4
Sequence5
Sequence6
Sequence7

Sequence5
Sequencell

Search result
high similarity
Sequence28

Sequencel

Sequence73
Sequence65
Sequence33

low similarity

Finding more remotely (weakly) similar sequences
helps:
= identify distant members of the protein family
(how proteins have evolved)
= identify functions (unknown or not very
obvious from the query sequence)
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How remote similarity search is done

Datab:
Query sequence (prn!eina:ram?csliu!ide) . S.ea.rcl.1 result
(protein or nucleotide) < = high similarity
equence
MVLSPA. .. § Segencez Sequence28
§ Sequence3 Sequenceb5
Similarity search: BLAST |} Sequence4 Sequencell
(pairwise local alignment) \ Sequence5 Soponecil
E & Sequence6 Sequence73
Sequence? Sequence65
e Sequence33
Construct low simila;it'y ’

* Pattern
* Profile

Multiple alignment

* Profile-HMM (proteins with known functions)

Query MVLSPAGLYAAKDIAVHDFVIEYIG
528 MNERGFGLVNREPIAVGDFVIEYVG
S5 SRIQGLGLYAAKDLEKHTMVIEYIG
S11 SRIQGLGLYAARDIEKHTMVIEYIG
S1 SRIQGLGLYAARDIEKHTMVIEYIG
$73 SATHGRGLFCKRNIDAGEMVIEYSG
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How remote similarity search is done

Database
(protein or nucleotide)

Profile-based s . high similarity
imilari equence
similarity search Segencez Sequence28

Sequence3 Sequence5
Sequence4 Sequencell
Sequence5 Sequencel
Sequence6 Sequence73
Sequence7 Sequence65

Used as the query ..

Construct
* Pattern

* Profile Multiple alignment

* Profile-HMM

Query MVLSPAGLYAAKDIAVHDFVIEYIG
528 MNERGFGLVNREPIAVGDFVIEYVG
S5 SRIQGLGLYAAKDLEKHTMVIEYIG
S11 SRIQGLGLYAARDIEKHTMVIEYIG
S1 SRIQGLGLYAARDIEKHTMVIEYIG
$73 SAIHGRGLFCKRNIDAGEMVIEYSG

(proteins with known functions)

Search result

Sequence33

v SequenceXX

further low ity 57
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How to identify conserved patterns

s28 MNERGFGLVNREPIAVGDFVIEYVGEVINHAEFQRRMEQKQRDRDEN
s5 SRIQGLGLYAAKDLEKHTMVIEYIGTIIRNEVANRREKIYEEQNRGI
sl1 SRIQGLGLYAARDIEKHTMVIEYIGTIIRNEVANRKEKLYESQNRGV
sl SRIQGLGLYAARDIEKHTMVIEYIGTIIRNEVANRKEKLYESQNRGV
s73 SATHGRGLFCKRNIDAGEMVIEYSGIVIRSVLTDKREKFYDGKGIGC
Consensus SRIQGLGLYAARDIEKHTMVIEYIGTIIRNEVANRREK-YE-QNRG-

Majority-rule consensus sequence
Residues probably not important for functions can be included
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How remote similarity search is done

oot patabasle o) Search result
) rotein or nucleotide)
Profile-based ps " high similarity
s equence
similarity search SeguenceZ Sequence28
Sequence3 :equencesl
Sequence4 equencel
Sequence5 Sequencel
Sequence6 Sequence73
Sequence’7 Sequence65
Used as the query .. Sequence33
Construct low similarity

* Pattern

Multiple alignment
(proteins with known functions)

* Profile
* Profile-HMM

Query MVLSPAGLYAAKDIAVHDFVIEYIG

$S28 MNERGFGLVNREPIAVGDFVIEYVG
S5 SRIQGLGLYAAKDLEKHTMVIEYIG
S11 SRIQGLGLYAARDIEKHTMVIEYIG

S1 SRIQGLGLYAARDIEKHTMVIEYIG
S73 SATHGRGLFCKRNIDAGEMVIEYSG
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Alignments — patterns — functions

s28 MNER&EVNREPIAVGDF
S5 SRI( LYAAKDLEKHTM!
S11 SRIC LIYAARDIEKHTM
S1 SRIC LYAARDIEKHTM
s73 SAII-E LFCKRNIDAGEM!

—
Conserved

NHAEFQRRMEQKQRDRDEN
RNEVANRREKIYEEQNRGI
RNEVANRKEKLYESQNRGV
RNEVANRKEKLYESQNRGV
RSVLTDKREKFYDGKGIGC

Higher functional constraint # Functionally important

Once a sequence pattern - function correspondence is
established:

=> such relationships can be used to predict functions

based on sequences/patterns

BIOS477/877 L18 - 10

10

11

Conserved pattern

s28 MNER &E VNREPIAVGDEE :L!V ILIHAEFQRRMEQKQRDRDEN
S5 SRI! LIYAAKDLEKH' IEY[IGT ITRNEVANRREKIYEEQNRGI
si1 SRI LIYAARDIEKH:' IEY[IGI ITRNEVANRKEKLYESQNRGV
S1 SRI LYAARDIEKH' IEYI{ST ITRNEVANRKEKLYESQNRGV
s73 SAII-E GLFCKRNIDAGEMVIE' LVIRSVLTDKREKFYDGKGIGC
Pattern GXGLXXXXXXXXXXXVIEYXGXXT

(x:any amino acid)

Conserved pattern including only identical sites

= Very (too) strict
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Reguler expression pattern

s28 MNEEEEE NRLE.LAV(:D!T }v-lqﬂAEFQleIEQKQRDRDEN

S5 RIC LYAAKDLE] IEYIGT IYEEQNRGI
S11 RIC IYAARDIE! IEY|I[GT .YESQNRGV
S1 RIC IYAARDIE! IEY|TGT .YESQNRGV
S73 SAI}E LFCKRNIDAGEMVIE! LV[RSVLTDKREKFYDGKGIGC

G-[FLR]-G-L-X10-[FM]-V-1-E-Y-[VIS]-G-[ETI]-[Vi]-I

(10 any amino acids)

Regular expression
=» More flexible than strict conserved pattern
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PROSITE:

Database of protein domains, pr_C@L
families and functional sites
https://prosite.expasv.org/,
> PROSITE Documentation (entry)
=> Biological information about protein families, domains, etc.

PROSITE documentation PDOC00210
G-protein ipled receptors family 1 sig e and profile

> Two types of motif descriptors

= Patterns (regular expressions)
‘ G_PROTEIN_RECEP_F1_1, PS00237; G-protein coupled receptors family 1 signature (PATTERN) ‘

= Profiles (position-specific scoring matrix)
‘ G_PROTEIN_RECEP_F1_2, PS50262; G-protein coupled receptors family 1 profile (MATRIX) ‘
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PROSITE pattern

PROSITE: PS00237 (G-protein coupled receptors family 1 signature)
[GSTALIVMFYWC]-[GSTANCPDE]-{EDPKRH}-x(2)-[LIVMNQGA]|-x(2)- [LIVMFT]-
[GSTANC]-[LIVMFYWSTAC]-[DENH]-R-[FYWCSH]-x(2)- [LIVM]

ssIinFcarariiwar

ssIinfcarar wax

SH1A_ FUGRU/131-147
SH1A_ HUMAN/122-138 =
SH1A MOUSE/122-138 B
SH1A PANTR/122-138 SsIlh caIarn fltwax
SH1A _RAT/122-138

SH1B_CAVPO/134-150
SHin CRrcm/i3i_i49 Asimnicviarfiiax
SH1B DIDMA/134-150

SH1B FUGRU/119-13S
SH1B HUMAN/135-151
SH1B MOUSE/131-147
SH1B HUMAN/135-151
SH1B RABIT/135-151
SH1B RAT/131-147
SH1B_SPAEH/131-147 ASImhlcvI
SH1D_CANFA/124-140 ASIlhlcvI
SH1D _CAVPO/124-140
SH1D_FUGRU/122-138
SH1D_ HUMAN/124-140

SHip mMovSE,121-137
SH1D PIG/44-60

SH1ID RABIT/124-140
SH1D_ _RAT/121-1

SHIE nomAnsioaoiza SSiinfovrarfiax
Shiz ranTR,ios_ 124 CSrinfoviarmiax
Ssaiw Bresss—_7a PP e i - SNt

PROSITE pattern syntax: hitps:/prosite.cxpasv.org/prosusechtml=methl.  p510s477/877 L15 - 15

PROSITE pattern

PROSITE: PS00237 (G-protein coupled receptors family 1 signature)
[GSTALIVMFYWC]-[GSTANCPDE|-{EDPKRH}-x(2)-[LIVMNQGA]-x(2)- [LIVMFT]-
[GSTANC]-[LIVMFYWSTAC|-[DENH]-Q-[FY WCSH]-x(2)- [LIVM]

SH1A FUGRU/131-147 = SSIL1h)
SH1A HUMAN/122-138
SH1A MOUSE/122-138
SH1A PANTR/122-138 sSsxin!
SH1A RAT/122-138 ssxin
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PROSITE pattern

PROSITE: PS00237 (G-protein coupled receptors family 1 signature)
[GSTALIVMFYWC]-[GSTANCPDE|-{EDPKRH}-x(2)-[LIVMNQGA]-x(2)- [LIVMFT]-
IGSTANCI-[LIVMFYWSTAC-[DENH|-R-[FYWCSH]-x(2)- [LIVM]

—_—

—

Only short regions can be
represented in regular
expression patterns

22 ok

%2

[OPRD_HUMAN]
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Profile

> Position Specific Scoring Matrix (PSSM)
=> Constructed from multiple alignments
* Short conserved domains (BLOCKS, PRINTS)
* Protein families (PROSITE)
* Results of similarity search (PSI-BLAST)

> More flexible than simple patterns
=> PSSM lists amino acid frequencies for each
alignment position
» Profiles (PSSMs) can be used for database search
to identify remote similarities

BIOS477/877 L18 - 18
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https://prosite.expasy.org/
https://prosite.expasy.org/prosuser.html
https://prosite.expasy.org/prosuser.html
https://prosite.expasy.org/prosuser.html

How to build a profile:
(a simple method)

» EMBOSS “Protein Profile” tools EMBOSS website
= PROPHECY: creates profiles from multiple alignment
[option]
* Simple amino acid "frequency”

# Columns are amino acid counts A->Z Seql RCQAH
# Rows are alignment positions 1->n Seq2 HCEGH
e mymatrix Seqg3 RCEGN
Length
Maximum score 11
Thresh 75
Consensus RCEGH
=10 00,0 0 ooo .0 ({3
=20 ol3)Jo,0. 0000 ...0 .._00...
30 0 0 0jl2/0 0 0 O .0 1150
41 0 0 0 0 0 2 0 O .0 .00
50 0 0 0 0 0 0 2 0O .1 .00
A B CDETF G HTI - N - QR BIOS477/877 L18 - 19
B: Asx = Asn & Asp

How to build a profile:
(a simple method)

» EMBOSS “Protein Profile” tools EMBOSS website
= PROPHECY: creates profiles from multiple alignment
[option]
* Simple amino acid "frequency”

# Columns are amino acid counts A->Z Seql RCQAH
# Rows are alignment positions 1->n Seq2 HCEGH
Simple
Name mymatrix Seq3 RCEGN
Length
Maximum score 11
Thresh 75 Lots of Os!
Consensus RCEGH A
10 00 0 00 0 1 0 .0 .02 . Doe it cause
20 0 30 0 0 0 0 O .0 .00 . ?
30 0 0 0 2 0 0 0 O .0 .10 . any prObIem-
41 0 0 0 0 0 2 0 O .0 .00 .
50 0 0 0 0 0 0 2 0 .1 .00 .
A B CDETF G H I N QR .
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Over-fitting problem in profile

;\\ Position 1 has only Arg (R)

20
Over-fitting problem in profile
QPosition 1 has only Arg (R)
Seqgl RDA \ Position 2 has only Asp (D) & Glu (E)
Seq2 REA Position 3 has only Ala (A) & Gly (G)
Seq3 REG
Can we finc®A? No
TR
A simple profile How about R® flexibility!
(frequency)
Pos A R N D CQ E G H...KT ...
1 0 1.00 0 00 0 0 0==200 ...
2 0 0 00.3000.6 0 0...00 ...

3 0.6 0 00 00 0 0.30.—>»0 ...

0 should be avoided =» Use something else instead Bioss77i877L15-22

Seql RDA \ Position 2 has only Asp (D) & Glu (E)
Seq2 REA Position 3 has only Ala (A) & Gly (G)
Seq3 REG
= Can we fin(®A?
A simple profile
(frequency)
Pos A R N D CQ E G H...KT
1 0 100 0 00 0 0 O0==200
2 0 0 00.3000.6 0 O .00
3 0.6 0 0 0 00O O 0.30 00
Lots of Os! BIOS477/877 L18 - 21
21
Pseudocount methods
» Simplest method
= Add a small constant (C) to all the counts:
w(b) = {n(b) + C} /(N+O), Without peudocount:
S1 R where W(b): Frequency of amino acid b W(b) =n(b) /N
S2 H n(b): Number of amino acid b
S3 R N: Number of sequences

= Pseudocount (C): something small but not 0 (e.g., C = 0.1)

» Substitution matrix dependent
* Proportional to scores, Sj;

» Dirichlet mixtures (Sjolander et al. 1996)
= Mixture of different types of pseudocounts
= Representing various of protein
(e.g., loop region, hydrophobic region)
= Used in profile HMM

BIOS477/877 L18 -23
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Gribskov profile (PSSM)
Gribskov et al. (1987)
= Used in PROSITE profile
= Weighted scoring matrix for each position
=> Generated from:
o Multiple alignment
o Scoring matrix (e.g., PAM250)

o Scoring matrix is weighted with amino acid

frequencies at each position
20

M(p,a) = > W (p,b) *Y(a,b)

b=1
W(p,b): Frequency of amino acid b in position p
¥(a,b): Value in the scoring matrix for AA pair @ and b

BIOS477/877 L18 -24
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https://www.bioinformatics.nl/cgi-bin/emboss/
https://www.bioinformatics.nl/cgi-bin/emboss/

Building a Gribskov profile

» EMBOSS “Protein Profile” tools EMBOSS website
= PROPHECY: creates profiles from multiple alignment

[option] -
* Gribskov protein profile

# Gribskov Protein Profile Seql RCQAH
# Columns are amino acids A->Z Seq2 HCEGH
# Last column is indel penalty

# Rows are alignment positions 1->n Seq3 RCEGN

Consensus RCEGH
=>1 -2.33 0.00 -2,33 1.33 1.33 -3.67 -2.67 [8.33)...([L.67)
=2 3.00 0.00 -5.00 éﬁa_l 00 2.00 -1.00 ... -3.00

=»3 267 0.00 -6.00 8.67 -6.67 4.67 ... 1.33

=>4 o4oo 2.33 5.00 4.33 -5.67(12.00 =15 -3.00

=»5 0.00 0.00 -1.67 4.67 4.33 -2. 33 0. oo 3.67
A B C D E R

Pseudocounts are used =% No 0 count! BIOS477/877 LIS - 25
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Profile hidden Markov models

> Probabilistic models of multiple alignments
(Krogh et al., 1994; Krogh 1998)
=> Closely related to standard profiles (PSSMs)
introduced by Gribskov
= Used in protein domain/family databases
(e.g., PFAM, SMART, Superfamily, Panther)

What is a hidden Markov model?
What is hidden?

Eddy (2004) "What is a hidden Markov model?"
[DNA regulatory element example]

BIOS477/877 L18 -27
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Markov models:
Definitions

» Markov chain: a stochastic process from one state
to the next that exhibits the Markov property
(e.g., States for DNA: A, T, G, C)

[P: Transition probability]
NN AN AN
ONONONONO

= Markov property: The next state of the system depends
only on the present state of the system [No memory]

= Transition probabilities are independent of time
[Time homogeneous]

+ "Markov chain" if the state space is discrete
+ "Markov process" if the state space is continuous

BIOS477/877 L18 -29

PROSITE profile entry

ID  G_PROTEIN_RECEP_F1_2; MATRIX
AC  PS50262;

DT  DEC-2001 (CREATED); DEC-2001 (DATA UPDATE); FEB-2004 (INFO UPDATE)
DE  G-protein coupled receptors family 1 profile.

MA  /GENERAL_SPEC
MA  /DISJOINT: DEFINITION=PROTECT; N1=6; N2=254;

MA  /NORMALIZATION: MODE=1; FUNCTION=LINEAR; R1=1.9359; R2=0.02006056; TEXT='-LogE':
MA  /CUT_OFF: LEV SCORE=327; N_SCORE=8.5; MODE=1; TEXT=
MA  /CUT_OFF: LEV ; SCORE=227; N_SCORE=6.5; MODE=1; TEXT

QRSTVW‘IZ

i For each posmon the Ilkellhood of havmg each amino acu:l is listed
+ score: these amino acids are more likely to appear
- score: these amino acids are less likely to appear

-20,-19,-11,-2,-20,-11,1,-8,11,8,-14,-19,-8,-1,-14,-7,0,-18,-3,-10; D=-4;
23, Im=0; DMo-23;

: ﬁ Consensus sequence
for each position

BIOS477/877 L18 - 26
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Markov models:
Definitions

» Markov chain: a stochastic process from one state
to the next that exhibits the Markov property
(e.g., States for DNA: A, T, G, C)

—N —N ~—N —\

® ® ® ® ©

= Markov property: The next state of the system depends
only on the present state of the system [No memory]

BIOS477/877 L18 -28
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Markov models:
A simple example

= Coin tossing [2 states: Head and Tail]

—N —N _—N —X

© 0000

« P(Head) = 0.5, P(Tail) = 0.5
= P(HH) = P(H) x P(H) = 0.52
= P(HHT) = P(HH) x P(T) = P(H) x P(H) x P(T) = 0.53
- P(HHTH) = P(HHT) x P(H) = P(H) x P(H) x P(T) x P(H)
= 0.5
= P(HHTHT) = P(HHTH) x P(T) = 0.5°

BIOS477/877 L18 - 30
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https://www.bioinformatics.nl/cgi-bin/emboss/

Markov models:
A simple example (diagram)

= Coin tossing (fair coin)

[H-T]
0.5
7~
[H—>H] 0.5 ‘ @ @ ’ 0.5 [T>T]
0.5
[T—H]
At time t+1
* States: Head or Tail HoOoT
e - Hr0.5 0.
* Transition probability == 7[3,2 g;] Row sum =1
Attime t

BIOS477/877 L18 - 31

Markov models:
A simple example (diagram)

= Coin tossing (loaded coin: more Tail than Head)

[H->T]
0.6
7 N
[HoH] 0.4 C@ @D 0.6 [T-T]
0.4
[T->H]
At time t+1
* States: Head or Tail H T
* Transition probability == ? g: g:g] Row sum = 1
Attime t

BIOS477/877 L18 -32
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Markov models:
A simple example (diagram)

= Coin tossing (general model)
HoT]
a

N
[HoH] 1-a ‘ @ @ ’ 1-b [T-T]
—/

b

[T-H]
At time t+1
* States: Head or Tail H T

oas ops H1-
« Transition probability == ©'[*;¢ ;%] Rowsum=1
Attime t

BIOS477/877 L18 -33
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Markov models:
State paths

= Loaded coin tossing [states: H and T]

0.6
04 0.4x0.4=0.16 Prob(HH) <=
«CE (DD
H
04,
0.4

0.6 T 0.4x0.6=0.24 Prob(HT)
Start
H T 0.6 04 0.6x0.4=0.24 Prob(TH) 4=
H[0.4 0.6 T
Tlo.4 0.6 0.6 T 0.6x0.6=0.36 Prob(TT)
[15t Toss] [2" Toss]

P, =

Transition probability matrix

[ Prob( H @2nd Toss ) = 0.16+0.24 = 0.4 ]

BIOS477/877 L18 - 34
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Markov models:
State paths

= Loaded coin tossing [states: H and T]

0.6
C 04 5 H 0.4x0.4=0.16 Prob(HH) <=
“CH DO
H
F/ 0.4 0.6 T
0.4

0.4x0.6=0.24 Prob(HT)

Start
A o 04_, H 0.6x0.4=0.24 Prob(TH) <=
H[0.4 0.6 T<
P, =
L T[0.4 0.6 06 *T 0.6x0.6=0.36 Prob(TT)

it d
Transition probability matrix [1*Toss] [2Toss]

Prob( H @2nd Toss ) = 0.16+0.24 = 0.4

H T 04 06 H2 /T2
0.4 o6lx[0? 0ol=[0.4 0.6l

P1 PL P2 BIOS477/877 L18 -35
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Markov models:
State paths

= Loaded coin tossing [states: H and T]

H  0.4x0.4=0.16 Prob(HH)

0.6

O DO,
- 04 06 0.40.6=0.24 Prob(HT) ==
0.4

Start

H T 0. 04_, H 0.6x0.4=0.24 Prob(TH)
P H[0.4 0.6 T
L= 71lo.4 0.6 06 0.6x0.6=0.36 Prob(TT) <=
st ne
Transition probability matrix [15Toss] [2'Toss

Prob( T @2nd Toss ) = 0.24+0.36 = 0.6

i T 0.4 0.6 H2 T2y
0.4 o6lx[ps 0o]=[0.4 0.6l

P1 PL P2 BIOS477/877 L18 -36
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Markov models:
State paths

= Loaded coin tossing [states: H and T]

C — D 04 , H 0.4x0.4=0.16 Prob(HH)
0.4 ® ® 0.6 <
- 04 =

0.6 T 0.4x0.6=0.24 Prob(HT)

04 Start
HooT 0. 04_,H 0.6x0.4=0.24 Prob(TH)
Hr0.4 0.6 .
PL= ' ’ Initial
L T[0.4 0.6]  probability 06 T 0.6x0.6=0.36 Prob(TT)
Transition probability matrix [1% Toss]
H T 04 06 H: T2
Py=Pyx P - o4 o6lx[gy =04 o6l
Po P Py

BIOS477/877 L18 -37
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What is hidden Markov model?

= Fair vs. loaded coin [states: H and T]

C@ D= «CEH D

H T H T
Ppo= [0.5 0.5] Pro= [0 06
- N5 05
H[0.5 0.5 H0.4 0.6
Pr= =
Fo1lo.s 0.5] Py T[0.4 0.6

BIOS477/877 L18 -39

39

Hidden Markov model
(observed states)

= Fair vs. loaded coin [states: H and T]

sCE® D «CE DDw

HoT HoT

Ppo= [0.5 0.5] Which coin | Pro= [0.5 0.5]
H oi.is oT.s do we have? H 0.H4 o.Ta

PF:T[O.S 0.5] PL:T[0.4 0.6

Observation: H, H, H

P(HHH| Fair coin) = P(HHH| Loaded coin) =

(Pro=P0 , SO We can ignore the initial probability) BIOS477/877 L18 -41
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Markov models:
State paths

= Loaded coin tossing [states: H and T]
0.6 o. H -
WCE (DO 2T
’ ’ H 04_, H-
\'0-4/ 04 0.6 T%T .

0. H -

Initial probability: 08N %: H%T .
04 , 4.

H T
Po= [0.4 o0.6] 06 T

Start

VAVAV AV AV AV AV AV Y

PYEL IS

15 T -
[1Toss] s [n-th Toss]

0. T «
Transition probability: [2™ Toss]

H T
H
Pi=rloy oe | | Pn=Pox (P

Pn: Probability of the state Hor T
after n times of tossing

BIOS477/877 L18 -38
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What is hidden Markov model?

= Fair vs. loaded coin [states: H and T]

C@ D= «CEH D

H HoOT

Pro= [0.5 0.5] Which coin Pr= [0.5 0.5]
H 0”5 oTs do we have? H 0”4 076

PF:T[().S 0.5] PL=T[0.4 0.6

Try tossing the coin several times.
Observe what happens!

BIOS477/877 L18 -40
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Hidden Markov model
(observed states)

= Fair vs. loaded coin [states: H and T]

0.5 0.6

~— ~—
~C® 0= «C@ O~

H T H T

Pro= [0.5 0.5] Which coin Prp= [0.5 0.5]
H or.'s oTs do we have? H o.H4 o.Te

PF:T[O.S 0A5] PL:T[0.4 0.6

Observation: H, H, H

P(HHH| Fair coin) > P(HHH| Loaded coin)

Based on the observed sequence: HHH =¥ Fair coin is more likely
BIOS477/877 L18 -44
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Hidden Markov model
(observed vs. hidden states)

= |If fair and loaded coins are mixed!
0.5 0.6
~— — ~—
~C® (20~ 2 ~C@ IO~

HoT L HoT
Pro= [0.5 0.5] We have to consider Pro= [0.5 0.5]
these probabilities,

H oHs 0T5 Gl H0H4 oTe
Pr=1los o Pr=1l0s ol

If the coin can be changed?
For observed sequence: H, H, H;

P(HgHgHg) or P(HH.H,) or P(HgHeH,) or P(HgHH,) or ... ?
BIOS477/877 L18 -45

45

Hidden Markov model
(hidden state sequence)

» State sequence is unknown (hidden): Fair or Loaded

Observation: H T H T T T
Hidden state: [ ? }

Can we guess the hidden state sequence?

0.5 0.5

0.1
(o) 2 ()
0.1

F L
What we know Fl0.9 0. 1]

« Transition probabilities: L10.1 0.9
« Initial probabilities: (0.5, 0.5)
. H[0.5 H[0.4
* Emission probabilities: Fair: T[O. 5] Loaded: T[O.6]
BIOS477/877 L18 -47

Hidden Markov model
(observed vs. hidden states)

= Mixed coins: fair and loaded

(Initial probability)
0.9

0.9
05 m.s
5 0.1 H
" — 3
0.1
. P F oL
States: Fair and Loaded F10.9 0.1
* Transition probability matrix - Llo.1 0.9]

* Each state emits symbols Hand T
with certain emission probabilities

BIOS477/877 L18 - 46
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Hidden Markov model
(hidden state sequence)

> State sequence is unknown (hidden): Fair or Loaded
Observation: H T H T T T

(emission) 0.5 0.5 0.5 0.5 0.5 0.5
Fair: Fu Fr Fy Fr Fr Fr
Prob=0.0046
(]
- .y .
g start [ Probability of this path?]
0.5 0.9 0.9 0.9 0.9 0.9
Prob=0.0046
Loaded: Ly Ly Ly Ly Ly Ly
(emission) 0.4 0.6 0.4 0.6 0.6 0.6

[Prob(path)
= [initial prob. X emission prob. X transition prob.]

Prob = 0.5x0.4x0.9x0.6x0.9x0.4x0.9x0.6x0.9x0.6x0.9x0.6
= 0.5%(0.4)*x(0.6)*x(0.9)° = 0.0061

BIOS477/877 L18 -49

49

46

Hidden Markov model
(hidden state sequence)

» State sequence is unknown (hidden): Fair or Loaded
Observation: H T H T T T

(emission) 0.5 0.5 0.5 0.5 0.5 0.5
Fair: Fn F F F F F
Prob=0.0046
Q 0.5 0.9 0.9 0.9 0.9 0.9
=
g start [ Probability of this path?]

Loaded: LH I-T LH LT LT LT

[Prob(path)
= [initial prob. X emission prob. X transition prob.]

Prob = 0.5x0.5x0.9x0.5x0.9x0.5x0.9x0.5x0.9x0.5x0.9x0.5
=(0.5)"x(0.9)° = 0.0046
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Hidden Markov model
(hidden state sequence)

> State sequence is unknown (hidden): Fair or Loaded
Observation: H T H T T T

(emission) 0.5 0.5 0.5
Fair: Fu Fr Fu Fr Fr Er
2 0.5 0.9
g start 0.1 0.1 0.1
82 Prob=0.000007
Loaded: Ly Ly Ly Ly Ly Ly
(emission) 0.4 0.6 0.6
s o [Pr.ol.:(.path) o -
- 0.5 0.5 d = [initial prob. X emission prob. X transition prob.]

Prob = 0.5x0.5x0.9x0.5x0.1x0.4x0.9x0.6x0.1x0.5x0.1x0.6
= (0.5)x(0.9)(0.1)?x0.4x(0.6)? = 0.000007
BIOS477/877 L18 -50
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Hidden Markov model
(hidden state sequence)

> State sequence is unknown (hidden): Fair or Loaded
Observation: H T H T T T

Hidden Markov model
(hidden state sequence)

> State sequence is unknown (hidden): Fair or Loaded
Observation: H T H T T T

Fair: @ j@ Fu w Fr

start[FFLFFL]

Loaded: / Ly Ly é Ly Ly ®

Hidden state sequence! If this is the path with Max(Prob)

[ Path with the maximum probability shows ]

State

the most likely hidden state sequence

BIOS477/877 L18 -52

(emission) 0.5 0.5 O 5}
Fair: Fu Fr Fy Fr
[
= /
8 start \
wv
Prob=0.000007
Loaded: Ly LH Ly
(emission) 0-
The path with the maximum probability
= the most likely path
BIOS477/877 L18 - 51
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Profile hidden Markov models

> Probabilistic models of multiple alignments
(Krogh et al., 1994; Krogh 1998)

=> Closely related to standard profiles (PSSMs)

introduced by Gribskov
= Used in protein domain/family databases
(e.g., PFAM, SMART, Superfamily, Panther)

« States: Insertion, Deletion, and Match
* Transition probabilities: between states
* Emission probabilities:

for 20 amino acids or 4 nucleotides

BIOS477/877 L18 - 53
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Basic architecture of a profile HMM

Deletion states

Match states

® Any sequence can be represented by a path through the model
e Multiple paths are possible to model a sequence

BIOS477/877 L18 - 55
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Basic architecture of a profile HMM

‘ Deletion states (d1, d2,...): model deletion (a gap) in an alignment ‘

03
Start
Insertion states (|0 i1,...): !j j
0015 Z E m3

model insertions of
residues between two Transition

alignment positions “ = Am probabilities
C= oot C- 05 ca between states
Dt DI
D1
Match states (m1, m2,...): *;l' Ex Ex
Fr
model the distribution |:> Gr G o Emlsslon
of residues in the ar He un | Probabilities
corresponding o bl 1s | forthestate
column of an alignment
b e ¥ v og ) BIOS477/877 L18 - 54
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Basic architecture of a profile HMM

Deletion states

Y
—
G0] 0.97 0 0.97 0] Match states
Observed sequence: ACCY

P(sequence | path): the product of emission and transition probabilities
P(—) = 0.4x0.3x0.46x0.01x0.97x0.5x0.97x0.01x0.7
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Basic architecture of a profile HMM

Deletion states

A
0008 | T | 05
097 097

Match states

Observed sequence: ACCY

P(sequence | path): the product of emission and transition probabilities

P(—) = 0.3x0.008x0.015x0.5x0.46x0.5x0.015x0.73x0.01x1.0
BIOS477/877 L18 - 57

Insertion states

Observed sequence:

Basic architecture of a profile HMM

Deletion states

Match states

ACCY
P(sequence | pHMM) = Sum of probabilities of all possible paths
=P( | path1) + P( | path2) +...

=> Probability of the sequence given the model

BIOS477/877 L18 - 58
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PSI-BLAST: Position-Specific lterated BLAST

Standard Protein BLAST

biastn  JECTETRN  blesx | twiastn | tblasx

Enter Query Sequence
Enter accession number(s). gi(s). or

BIOS477/877 L19 -59
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PSI-BLAST: Position-Specific Iterated BLAST

> PSI-BLAST https:/blast.nchi.nim.nih.gov/Blast.coi
=> 1st iteration: a regular BLASTP search
® Uses a scoring matrix (e.g., BLOSUM62)
=> 2nd iteration
© Multiple alignment is constructed from the highly

similar hits
o Positive-specific scoring matrix (PSSM) is constructed
o Similarity search using the PSSM instead of the single

query sequence

=» 3rd, ..., iterations
e Stop when no more new hit (or anytime)

BIOS477/877 L19 - 61
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58
PSI-BLAST: Position-Specific Iterated BLAST
https://www.ncbi.nlm.nih.gov/BLAST/tutorial/Altschul-2.html
(PSI-BLAST introduction)
https://www.ncbi.nlm.nih.gov/BLAST/tutorial/Altschul-3.html
(PSI-BLAST statistics)
BI0S477/877 L19 - 60
60
PSI-BLAST
pre— Er
1st iteration =
= aregular BLASTP
BIOS477/877 L19 -62
62
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PSI-BLAST

> Two different E-value thresholds

General Parameters
rgot

ma =
sequences ect the maximum number of aligned sequences to display @
Short queries_ adjust | - -
([Expoctthrosnola [ Go0s 1@) Threshold E-value for reporting matches
Wora (s~ @
Max matohes ina | [o e
Query range
Scoring Parameters
Matrix [ BLOSUME2 ~ | @
Gap Costs [ Existonce: 11 Extension: 1 v | @

Sompositional [ Gondilional compositional score mairix adiusiment < | @
Filters and Masking

Filtor () Low complexity regions @

b (5 M tower sovenera @ PSI-BLAST threshold:

E-value threshold for sequences

to be included to create the

PSSM for the next iteration

PSUPHUDELTA BLAST

BIOS477/877 L19 - 63
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PSI-BLAST

Sequences producing significant alignments Downlosd ©  Select columna © Show | 500~ | ©

.
3 uncharactorzes sroten LOG 123877660 (Marsca ursns) Manios rtna 520 s20 7w ooz 2ssow
[ —— STR004040 Laceshas stistss] Lactuhaxsistan 516 516 70% ooz 22e4%
(3 uncharacterzed roten LOG113498740 scform X2 (Trichopisia o J— e sie s oo zesse

E-value < 0.005
(PSI-BLAST threshold) |

— srunsy marton
0.05 > E-value > 0.005 somgrene | | I 5 e 0T N
T e D
S i o s

(B uncharacterzas potein LG 12064360 (Pararoe segers) [—_—

i £YU34 018238 st ryosital [y—

son 2 wacraarzans [

E-value < 0.05 (reporting threshold) BIOS477/877 L19 - 65
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PSI-BLAST

Sequences producing significant alignments Download ~  Selectcolumns ~ Show 00~ | ©
749 sequences seiected Senpent  Graphics  Distance wree of results  Multiple alignment MSA Viewar
3 coloctan PSI-BLAST toration 1

Checked sequences are used to construct PSSM -
and used for the next search

(3 uncharactonized roton LOG113498740 sfonm X2 (rchoptsia 1 o—— 516 516 swe oo 2esw 206 x ozerassses

ogoe

More sequences can be included. But very careful!

.MM w.:r oI he S 0D e

e
o If unrelated sequences are included, generated PSSM
loses the specificity
E e - @ Errors can be amplified quickly with iterations
a.
a o WY =» Profile corruption problem

BIOS477/877 L19 - 67

PSI-BLAST

‘Sequences producing significant alignments Download ¥ Select columns Show °

149 sequences selected

[ Scauences with e-value BETTER than threshold

& selectall 138 sequences selected

. PSI-BLAST threshold (0.005)

E P A
value  1gant

blst PSS

st 1 Drosophia melanogaste) Duosopnia merogaster 638 €38 100% 00 10000% 208 NP 6408181
624 64 100% 00 9740% 308 xP 0021022291 (B
50 50 % 00 952tk 38 e osssero
[P e —— DoscoMasmda S S3 S% 00 S5k %8 P ootarecser
s s s 00 ssak o xp oozt

S8 513 o 00 Ssss 39 xpovsiest
S0 508 o Bes S48 P oosEriet
x 1 00 se7y BTee% 309 KaMEMAES:
@ w6 0% deiTt seE% 3N X otEEMDDY
s
8 T8 0% Seten soTI% 2 X CTAOTIOA
¥ B T8 O tetE7 7oA 305 KAHENGIECD
g
5 475 00K tetes BTN 306 X 072101
oozt 4 T o 20165 B0AT% 308 KaHEZ0867E
65 45 00N Seted 7S 304 X ON7IAOA]
4B 0K Tet1 BN 3 Xe or7i0esst
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PSI-BLAST

Sequences producing significant alignments Downlond ~  Selectcolumna ~ Show | 500 ~ | ©
seloct all PSI-BLAST iteration 1
o e wsa om0 ceoow 08 e essian

Checked sequences are used to construct PSSM ==
2 o and used for the next search

Start the 2nd iteration of search

71 sequances selected PSI-BLAST toration 1

w7 ear 7w ocon mum zm e oz |
oo st LOGT24174025 st sisosns] [S—— 403 s0s 7ze 0w 2070w a0

1700 prctin LOC 120824260 Paracos segeria p——— 405 4es 7ex  ooms s 29 xe oasreoetar [

e e
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PSI-BLAST

‘Sequences producing significant alignments Download ¥ Selectcolumns ~ Show [ 500 v | ©

GenPept Graphics Distance tree of results  Multple alignment MSA Viewer

Sequences with E-value BETTER t \an threshold

selectall 500 sequences selocted  Skipkp the first new sequence PSI-BLAST iteration 2
Seloct Used
bast_ PSS

uncharcerzed seoein 08587669 Dosophiapor Ouscpniage. 42 42 100 Sowt T500% 40 xo oeescess1 @ [(©

uncharaciezas xotein LOC108154648 orosostia ol Duscpniamc.. 417 417 100 Selsé TSN 304 XP 0iTIACAER1 °

uncharctrtzd rotein LOCA201508 [Drosophis e Dusopace.. @21 421 100% Setds TASHS 420 XP 0013500205 )

uncharacierzod rtein LOCST26071 (Dosophia s Ouecpniasi. 48 A8 % dol0 SI26% 08 X0 00210z °

uncharcienzes eoten LOC122621875 [Drsophia s Ousopniatel.. 407 407 4% Se0 $521% 08 X° OsGSSEr1 °

it 1 Drosohia mlanogase] Dscpniame.. 400 405 4% 30139 10000 %08 NP 64seins °

een

Iypoietca prfen VU3 018236 Putela xostls] Puelascst. W W W% 1e38 213% 200 KAGTATZNLY )

Iypobetial rofin DOYE 001298 Sarcosheoa bl Secoacen.. W1 W1 40K 2037 619% 6 Tawsezs °

Momscdsca.. WA 4 6% 303 242% 22 X0 ETIAI °

Ousopniamo.. 199 199 45 Se37 6650% 135 XP 025896081 °

Iypoietcalgrofein 8505 EDANODSZ09 Eghamers dancal Eoemems. W2 2 W% 2035 2500% 279 KAFASG0S1 2]

ypototia profin LSTR LSTRODMBA6 Laodepha srstolu] Loodoptaxst.. 19 190 7%  ded5 2140% 278 RZFX9SLT °

Homsadsca.. 17 13 8% 234 209% 200 X0 eseriLs °

ymobetial roin RR49 04877 Papio machace) Paplomacnaon 12 192 G% fed 2% 196 kP )

BIOS477/877 11968
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PSI-BLAST

First iteration (BLASTP search)

4 4 a9% 0001 254 P 054738861
pustsossn 520 520 me_oorNzseon zs xp ovoorooss
‘ncharactorized proein LOCH3498740 isoform X1 Trichopisia ] ‘ XP 037967634.1: 0.001 t Xp_oa6734681.1
- 68 XP_045780333.1
it s sis % 0oz 2 RzEsess1

uncharactrizod protin LOGI13498740 fclom X2 [Tichopiusia ] Tochopisian 516 516 e 0008 X0 0267346981
Pusianjosia 504 504 7% ooms 20 ovoerenz

XP_037967632.1: 0.004

Second iteration

Plgolaxyjost 151 151 84% 6ed0 23 XP 0379676341 o
o) Pluslaxiost 149199 _o% ses0 o 2 xp osrostenat )

[ —— ‘ XP_037967632.1: 4e-39 | »1% 2o racraurzeis )
Iypothesicalproein DOY8!. or.19% fie Tnws3szs1 ©

- 1st iteration has the real E-values for the query
- After the 2nd iteration, E-values are for the PSSM L

NN NN N N<N<J<]

; T
(3 ool oten 4304877 (P machaon Palomachan 12 12 6% tem Frow w6 kepwmi @ ]
el e R84 0425 i ] Palomins 192 12 o% 23 /7o 106 kpmests e
Hemoniaaxy. 130 130 _62% 9e32 2451% 276 XP 0454738861 )
XP_045473886.1: 9e-32 | BIOS477/877 L19 - 69

First iteration (BLASTP search)

Descrigion

PSI-BLAST

Scientic Name

Solect Used
or o Newy
PSI buld added
bast PSSM.

[<H<N<N<N<N<]

st £0 6 0% 00 wooow We ey @
o e ox o 8 e azioznes @

0 S0 w00 2 0 s @

Doupsessa S 83 W% 00 8 30 001970091

2 20 wx 00 sz 0 ot

. sosin % 00 ssssw \fe o cosstess

E-values can become lower or higher with more iterations
depending on the sequences included to build PSSM!!

nharcrzed oo CS6704 rosophia st

69

Drosophia e

uncharacterized protein LOCA801909 [Drosophia pseudoobscura] Drosophllaps... 421 421 100% 9e-144 l{% 420 XP 0013589285
Dosoviasi. 08 48 sin denio A% 8 30 onprozes
Y
osiis 1 Drosophlame 406 406 94% 3e-139 100.00% 308 NP 6436181

[<H<N<N<N<}
o000

“ | 1e-139 ~ 9e-144 | ¢ miorsel
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