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Ø Protein family/domain databases
(InterPro, SMART, etc.)

Ø Distance estimation
• Nucleotide substitutions

TODAY'S TOPICS
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https://www.ebi.ac.uk/interpro/
[Member databases]

[Other information]

Transmembrane, signal 
peptide, coils, disordered 
regions will be predictedDomains will be searched 

against all these databases
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https://www.ebi.ac.uk/interpro/
To browse each member database (Pfam, etc.)
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https://www.ebi.ac.uk/interpro/[Pfam database entries]
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https://www.ebi.ac.uk/interpro/

InterProScan
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https://www.ebi.ac.uk/interpro/
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InterPro integrates 
many domain and other 
protein functional 
information:
IPR: InterPro
PF: Pfam
SSF: SUPERFAMILY
PTHR: PANTHER
SM: SMART
PS: PROSITE

7https://www.ebi.ac.uk/interpro/
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Transmembrane 
region predictions
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InterPro/Pfam family/domain information
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InterPro/Pfam family/domain information

These are the 
proteins that 
have a given 

domain 
(PF12704) as 
well as other 

domains
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Profile HMM logo (signature)
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Stack height:
!
𝒊"𝟏

𝟐𝟎

𝒑𝒊 log𝟐 &𝒑𝒊 𝒒𝒊

Letter height ∝ 
letter frequency

For each column,
pi: Probability of AAi

qi: Background distribution of AAi

Orange ➜ more insertions
Blue ➜ more deletions

Occupancy
Insert Probability
Expected insert length
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IntperPro/Pfam family/domain information
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Profile HMM entry

Transition probability legend
(m: match, i: insertion, d: deletion)

Start

For each site:
1st line ® Emission probabilities (20 aa) for match state
2nd line ® Emission probabilities (20 aa) for insertion state
3rd line ® Transition probabilities
*Probability in –log(Prob); if Prob = 1 (fully conserved), -log(1) = 0 
 (smaller for more conserved)
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https://www.ebi.ac.uk/interpro/

InterProScan
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https://www.ebi.ac.uk/interpro/
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Find proteins that have
a particular set of domains

PF05033
PF00856
PF09379
PF00373
PF09380
PF00595
PF00102
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Find proteins that have a particular 
set of domains in the order specified
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Profile HMM search by HMMER
https://www.ecbi.ac.uk/Tools/hmmer/

= phmmer
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https://www.ecbi.ac.uk/Tools/hmmer/
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Profile HMM search by HMMER

Like PSI-blast➜

Like blastp➜
query database

phmmer protein sequence(s) proteins
hmmscan protein sequence(s) profile HMMs

hmmsearch profile HMM proteins
jackhmmer protein sequence(s) proteins

https://www.ecbi.ac.uk/Tools/hmmer/
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HMMER hmmscan result

Disorder, coiled-coil, transmembrane regions, 
and signal peptide predictions are also done

Active site
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HMMER hmmscan resultc

Advanced view

log𝟐
𝑷(𝒔𝒆𝒒|𝑯𝑴𝑴)
𝑷(𝒔𝒆𝒒|𝒏𝒖𝒍𝒍)

Clan: a collection of familiesDomain family

[Position in the query sequence]
[Position in the model]
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https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
NCBI Conserved Domains
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https://www.ecbi.ac.uk/Tools/hmmer/
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Intron locations are also shown
(colored based on the phase)
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Proteins with similar domain 
architecture (organization) or 

composition
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Domain 
architecture 

information can be 
downloaded and 

uploaded to iTOL 
(Interactive Tree 
of Life) website 
for phylogenetic 

presentation 
based on NCBI 

taxonomy
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Evidence for each 
association is color 
coded:

experimentally 
determined

from databases
etc.
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https://toolkit.tuebingen.mpg.de/

Zimmermann et al. (2018)

And more
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https://toolkit.tuebingen.mpg.de/
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https://toolkit.tuebingen.mpg.de/hhblits

① Convert the query sequence to a 
profile HMM by adding context-
specific pseudocounts

② HMM-HMM search against an 
HMM database (e.g., generated 
from clustered UniProt at 20% 
similarity; UniProt20)

③ Sequences from the accepted 
HMMs are iteratively added to the 
query sequences

Prefilter

①

②

③
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https://toolkit.tuebingen.mpg.de/hhblits

Query/DB
 MSA

MSA
+

pseudocounts

219 
profile 
codes

Each position of MSA is coded into single letter

Fast search comparing  
sequences coded 
into 219 letters
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Fa
st

er

More accurate
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ACTGTAGGAATCGC AATGAAAGAATCGC

Ancestral sequence ?

Distance estimation

BIOS477/877 L19 - 

S1 S2
Amount of evolution

Distance

S1 ACTGTAGGAATCGC
   :X::X:X:::::::
S2 AATGAAAGAATCGC

(No. of differences = 3)

34
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Ø The simplest method (p-distance)
 ➜ Number of substitutions per site (p) or degree of divergence
 

 nd: Number of differences between the two sequences
 L: Number of nucleotides (or amino acids) compared
 V(p), s(p): Variance or standard error of the mean (p) for binomial distribution

  ➜ Can be used for both nucleotide and amino acid substitutions

ACTGTAGGAATCGC
:X::X:X:::::::
AATGAAAGAATCGC

nd = 3, L = 14
p = 3/14 = 0.214
sp = Ö{0.214x(1-0.214)/14} = 0.110
p = 0.214 ± 0.110

Distance estimation

p = nd
L

V p( ) =
p 1− p( )
L

 or  σ p( ) =
p 1− p( )
L
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ACTGTAGGAATCGC AATGAAAGAATCGC

Ancestral sequence ?

Distance estimation

BIOS477/877 L19 - 

S1 ACTGTAGGAATCGC
   :X::X:X:::::::
S2 AATGAAAGAATCGC

(No. of differences = 3)

Were there only three changes during the evolution?

36

https://toolkit.tuebingen.mpg.de/hhblits
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37

ACTGTAGGAATCGC AATGAAAGAATCGC

AATGTAGGAATCGC [Ancestral]
A®C
Single

substitution

Distance estimation
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ACTGTAGGAATCGC
:X::X:X:::::::
AATGAAAGAATCGC
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ACTGTAGGAATCGC AATGAAAGAATCGC

A®C
Single

substitution

AATGTAGGAATCGC [Ancestral]
G®A
Single

substitution

3 substitutions: All substitutions found

Distance estimation

T®A
Single

substitution

ACTGTAGGAATCGC
:X::X:X:::::::
AATGAAAGAATCGC
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ACTGTAGGAATCGC
:X::X:X:::::::
AATGAAAGAATCGC

39

ACTGTAGGAATCGC AATGAAAGAATCGC

AATGTAGGAATCGC [Ancestral]

Distance estimation

Reality?

Observed number of differences = 3

BIOS477/877 L19 - 
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ACTGTAGGAATCGC
:X::X:X:::::::
AATGAAAGAATCGC

40

ACTGTAGGAATCGC AATGAAAGAATCGC

AATGTAGGAATCGC [Ancestral]

Observed number of differences = 3

Distance estimation

A®G + G®C
2 substitutions

? G Reality? C
T®C + C®T

2 substitutions
?

Each site has only a limited number of possibilities (4 nucleotides or 20 amino acids)
More hidden substitutions can happen with longer evolution

<

Actual number of substitutions = 6
[3 hidden substitutions]
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Effect of multiple substitutions
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Saturation plot

Observed divergence

Actual >> Observed

Observed number of substitutions 
reaches a plateau after a certain time
® Saturation of substitutions

(Some substitutions are hidden,
cannot be observed)

Actual = Observed
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Effect of multiple substitutions
Ø When the degree of divergence between two sequences is small,
 ➜ the chance of having more than one substitution at any site is 

negligible
 ➜ Observed divergence ≈ actual divergence
Ø When the degree of divergence becomes larger,
 ➜ more than one substitution could happen at any site
  [multiple substitutions or multiple hits]
 ➜ Observed divergence << actual divergence [Saturation effect]
Ø Effect of multiple hits is larger for nucleotide substitutions
Ø Methods to uncover the number of hidden substitutions need to be 

used [Multiple hit correction]
 ➜ Actual divergence level is estimated based on the observed 

degree of divergence BIOS477/877 L19 - 

42
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Distance estimation for nucleotide substitutions

A C G T
A - a a a
C a - a a
G a a - a
T a a a -

k: Expected number of nucleotide 
substitutions per site or Distance

p: Proportion of nucleotide 
 differences (observed)

Ø Jukes-Cantor (one-parameter) method
Jukes and Cantor (1969)

All substitutions occur with 
equal probability

[Jukes-Cantor model of nucleotide 
substitutions]

k = − 3
4
ln(1− 4

3
p)

σ k( ) = 3
(3− 4p)

p(1− p)
L

(Derivation of the JC equation: a note on Canvas)  

𝑉 𝑘 =
9𝑝(1−𝑝) 
(3−4𝑝)&𝐿

L: number of 
nucleotide 
positions 
compared
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• Without multiple-hit correction (p-distance):
 
 nd: number of differences, L: number of nucleotides compared
 p = 3/14 = 0.214

• With multiple-hit correction by Jukes-Cantor method:
 
 p: (Observed) proportion of nucleotide differences = 0.214
 k = -3/4ln(1 - 4x0.214/3)= 0.252

Distance estimation for nucleotide substitutions

ACTGTAGGAATCGC
:X::X:X:::::::
AATGCAAGAATCGC

Number of differences = 3
Sequence length = 14

p = nd
L

k = − 3
4
ln(1− 4

3
p)

BIOS477/877 L19 - 
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p (uncorrected nucleotide difference)

k 
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(k = p)
p = 0.75

Distance estimation for nucleotide substitutions

If p ≥ 0.75,
JC distance cannot be estimated
due to arithmetic violation

Observed

Ex
pe

ct
ed

k = − 3
4
ln(1− 4

3
p)
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V k( ) = 1
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Distance estimation for nucleotide substitutions

A C G T
A - b a b
C b - b a
G a b - b
T b a b -

P: Proportion of transitional (Ts) 
 differences
Q: Proportion of transversional (Tv) 

differences

Ø Kimura two-parameter method Kimura (1980)

Difference in Ts and Tv 
substitutions (usually Ts > Tv) can 

be considered
[Kimura 2-parameter model of 

nucleotide substitutions]

k = 1
2
ln 1
(1− 2P −Q)
"

#
$

%

&
'+
1
4
ln 1
(1− 2Q)
"

#
$

%

&
'

L: number of nucleotide 
positions compared BIOS477/877 L19 - 
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• Without multiple-hit correction (p-distance):

  p = 0.214 ± 0.110
• Jukes-Cantor distance:

k = -3/4ln(1 - 4x0.214/3)
 = 0.252 ± 0.154

• Kimura 2-parameter distance: 
  P = 2/14, Q = 1/14 
  k = 1/2ln[1/(1-4/14-1/14)]+1/4ln[1/(1-2/14)]
   = 0.259 ± 0.143

k = 1
2
ln 1
(1− 2P −Q)
"

#
$

%

&
'+
1
4
ln 1
(1− 2Q)
"

#
$

%

&
'

k = − 3
4
ln(1− 4

3
p)
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Distance estimation for nucleotide substitutions
ACTGTAGGAATCGC
:X::X:X:::::::
AATGCAAGAATCGC

Number of differences = 3
Ts = 2, Tv = 1
Alignment length = 14

V p( ) =
p 1− p( )
L

 p = nd
L

V k( ) = 1
L
P 1
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𝑉 𝑘 =
9𝑝(1−𝑝) 
(3−4𝑝)&𝐿
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Sequence evolution as Markov process

A G G A
[Time] T1 T2 T3 T4

P1 P2 P3

Markov Chain: a discrete-time stochastic process
In more general continuous-time scale,
➜ Markov Process

Transition probability

BIOS477/877 L19 - 
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P(t) =

rt st st st
st rt st st
st st rt st
st st st rt

!
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Sequence evolution as Markov process

A G G A
[Time] T1 T2 T3 T4

P1 P2 P3

Transition probability

A C G T

A - a a a

C a - a a

G a a - a

T a a a -

Jukes-Cantor model
(a: substitution rate)

Transition probability matrix

where rt + 3st = 1 (row sum)
thus rt = 1 - 3st

rt: Prob. of no change
st: Prob. of changes

BIOS477/877 L19 - 
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Transition probability matrix

P(t) =

rt st st st
st rt st st
st st rt st
st st st rt

!

"

#
#
#
#
#

$

%

&
&
&
&
&

, where 
rt =

1
4
+

3
4
e−4αt

st =
1
4
−

1
4
e−4αt

(

)
**

+
*
*
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Jukes-Cantor model of sequence evolution

A C G T

A - a a a

C a - a a

G a a - a

T a a a - 0.0

0.5

1.0

Pr
ob

ab
ili

ty

50 100 150 200
Time (million years)

(e.g., a = 5x10-9 substitutions/site/year)

0.25

(Derivation of rt, st, and J-C distance equations, 
read "Derivation of the JC equation” on Canvas. )

rt: Prob. of no change

st: Prob. of changes

t=0: r0=1 & s0=0      
t®¥:
 r¥=0.25 & s¥=0.25

BIOS477/877 L19 - k = − 3
4
ln(1− 4

3
p)
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Nucleotide substitution models

A C G T
A - pCb pGa pTb

C pAb - pGb pTa

G pAa pCb - pTb

T pAb pCa pGb -

A C G T
A - a a a
C a - a a
G a a - a
T a a a -A C G T

A - b a b
C b - b a
G a b - b
T b a b -

A C G T
A - pCa pGa pTa

C pAa - pGa pTa

G pAa pCa - pTa

T pAa pCa pGa -

A C G T
A - pCa pGb pTc

C pAa - pGd pTe

G pAb pCd - pTf

T pAc pCe pGf -

Jukes-Cantor (JC)
Equal base frequency

(fA=fT=fG=fC=0.25)

Kimura 2-parameter (K2P)
Equal base frequency

(fA=fT=fG=fC=0.25)

Felsenstein (F81)
Unequal base frequency

Hasegawa et al. (HKY85)
Unequal base frequency

General reversible (REV)
Unequal base frequency

There are many more!
3-parameter model:

Ts(AG), Ts(TC), and Tv
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