
CONSTRUCTION  METRICS 
FOR  BIOMOLECULAR  SEQUENCES

Valentina V. Sulimova 1 vsulimova@yandex.ru
Oleg S. Seredin 1 oseredin@yandex.ru
Vadim V. Mottl 2 vmottl@yandex.ru

1 Tula State University
2 Moscow Computing Centre of the RAS

IDP-2016,  Barcelona, October 2016

mailto:vsulimova@yandex.ru
mailto:oseredin@yandex.ru
mailto:vmottl@yandex.ru


Sulimova V.V. (vsulimova@yandex.ru )  «Construction metrics for biomolecular sequences» IDP-2016

TYPES  OF  BIOMOLECULAR SEQUENCES

Amino acid sequences (proteins) –
symbolic sequences over 20 amino acids

Nucleotid sequences (DNA) –
symbolic sequences  over  
4 nucleotid s

An example of an amino acid sequence 
An example 

of a protein’s 
space structure 

MLDEQLAWAYACLKHGRELPTDDILMSTSEKLSQQLVIKLIEVIKCIEKDGIFSRILK
GVADAVCLKAQFLRGMITLKRTPCSLPMYTLFVYVLTIPTLRTRVIRDPLLTQCKDV
VLKYQPGDCITLLKAALNCHQCNKDCDKCKYILDPLLGQTHRTKGVFFVCEEQLA
WAYACLKHGRELPTDDILMSTSEKLSQQLVIKLIEVIKCIERILKGVADAMYTLFVYV
LTIPTLRTRVIRDPLLTQCKDVVLKYQPGDCITLLKAALNCHQ

a adenine c cytosine
g guanine t thymine

gatttggggttcaaagcagttatcgatcaaataatcc
atttgtеtcaactcacgtttcaaagcatcgatcaaag
atttggggttcaaagcagttatcgatcaaataatcca
tttgtеtcaat

An example of a fragment of 
a nucleotid sequence

DNA  double helix, 
which  defines  amino 

acid sequences

genome

chromosome

DNA helix
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COMPARING  BIOMOLECULAR  SEQUENCES
For successful biological sequences analysis  the comparing measure  should :

1) form a space, satisfying  the compactness hypothesis
2) have low computational complexity
3) allow for applying effective and convenient SVM-based methods

Typical example of biological task:
Viewing amino acid sequence, to determine, does the respective protein is regulator of 
destructor

- regulators

- destructors

Space is adequate for biological task 
(the compactness hypothesis  holds true)

Space is  NOT  adequate for biological task 
(the compactness hypothesis  holds  NOT  true) 

Proteins, performing the same function,  
are mapped into  compact sets of points

Proteins  of  different types 
are «mixed»
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PROPERTIES OF COMPARING  MEASURES
Types of 
comparing measures

Comp. 
complexity

Adequacy for  
biological tasks

Suitability  for  
SVM-based methods 

Alignment-based  similarity  
measures:  Needleman-Wunsch
(NW) alignment, Smith-Waterman 
(SW) alignment  etc.

medium + -

Secondary features 
on the basis of  alignment-
based similarity  measures

medium +
-

+
but  with missing 
computational 
advantages of SVM

Another kernels
String, diffusion, FFT, 
Spectrum, etc.  

high and 
extra high + +Evolutionary-based kernels

different: 
from low 
to high

- +
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Orientation and position  of an optimal  hyperplane , 
separating objects of two classes, depend only on a metric 
and don’t depend on  a centre and  an orthonormal basis 
of a linear space

KERNEL  PROPERTIES ARE EXECCIVE
1) A metric (i.e. relative positions of objects),   but not object’s coordinates 

define the result of analysis

2) There are classes of kernels, defining the same metric 
and so  the same decision rules

3) There are metric-based versions of SVM*

*Abramov V.I., Seredin O.S., Mottl V.V. Pattern recognition training with support objects method in Euclidean metric 
spaces with affine operations// Transactions TSU. Natural Sciences, Tula, 2013, V. 2, Part 1, pp. 119-136. (In Russian)
*Seredin O.S. Mottl V.V. Method of support objects for training in metric spaces of arbitrary kind //  Transactions of TSU. 
Natural Sciences. Tula, 2015, V. 4. pp.49-66 (in Russian)
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Metric  - function ( , )x y ,   such  as:

1. ( , ) 0x y 

2. ( , ) 0x y x y   

3. ( , ) ( , )x y y x  

4. ( , ) ( , ) ( , )x y y z x z  
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PROPERTIES OF COMPARING  MEASURES
Types of 
comparing measures

Comp. 
complexity

Adequacy for  
biological tasks

Suitability  for  
SVM-based methods 

Alignment-based  similarity  
measures:  Needleman-Wunsch
(NW) alignment, Smith-Waterman 
(SW) alignment  etc.

medium + -

Secondary features 
on the basis of  alignment-
based similarity  measures

medium +
-

+
but  with missing 
computational 
advantages of SVM

Another kernels
String, diffusion, FFT, 
Spectrum, etc.  

high and 
extra high + +Evolutionary-based kernels

different: 
from low 
to high

- +
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PROPERTIES OF COMPARING  MEASURES
Types of 
comparing measures

Comp. 
complexity

Adequacy for  
biological tasks

Suitability  for  
SVM-based methods 

Alignment-based  similarity  
measures:  Needleman-Wunsch
(NW) alignment, Smith-Waterman 
(SW) alignment  etc.

medium + -

Secondary features 
on the basis of  alignment-
based similarity  measures

medium +
-

+
but  with missing 
computational 
advantages of SVM

Another kernels
String, diffusion, FFT, 
Spectrum, etc.  

high and 
extra high + +Evolutionary-based kernels

different: 
from low 
to high

- +
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+

+

-

+

low, 
medium

medium
The proposed 
alignment-based  metric

Algebraic  metrics 
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METRICS ON THE SET OF AMINO ACIDS
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- set of  amino acids1{ ,..., }, 20mA m   

Theoretical  conception of amino acid’s comparison :  
Probabilistic model of evolution  of amino acids PAM (Point Accepted  Mutation) by M. Dayhoff

  [1] [1] |j i    

The main notion: 
Markov chain of evolution of amino acids in some point of a protein sequence 
with matrix of transitional probabilities

 [1]( ) ( ) |j i j i
i A      

Suppositions: 
- ergodicity with final distribution ( ), 1,...,i i m 

   [1] [1]( ) | ( ) |i j i j i j          - reversibility
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- set of  amino acids1{ ,..., }, 20mA m   

Theoretical  conception of amino acid’s comparison :  
Probabilistic model of evolution  of amino acids PAM (Point Accepted  Mutation) by M. Dayhoff

  [1] [1] |j i    

The main notion: 
Markov chain of evolution of amino acids in some point of a protein sequence 
with matrix of transitional probabilities

 [1]( ) ( ) |j i j i
i A      

Suppositions: 
- ergodicity with final distribution ( ), 1,...,i i m 

   [1] [1]( ) | ( ) |i j i j i j          - reversibility

Theorem 1*.
For any [ ] [1] [1]...s

s

      


similarity measure [ ]( , ) ( | ) ( )i j i j i
s s       

is a kernel function  (forms nonnegative matrix  for amino acids [ ( , ), , 1,..., ]i j
s i j m   )

*Sulimova V.V. Kernel functions for signals and symbolic sequences of different length. PhD thesis. 2009 (In Russian)
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METRICS ON THE SET OF AMINO ACIDS
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- set of  amino acids1{ ,..., }, 20mA m   

Theoretical  conception of amino acid’s comparison :  
Probabilistic model of evolution  of amino acids PAM (Point Accepted  Mutation) by M. Dayhoff

  [1] [1] |j i    

The main notion: 
Markov chain of evolution of amino acids in some point of a protein sequence 
with matrix of transitional probabilities

 [1]( ) ( ) |j i j i
i A      

Suppositions: 
- ergodicity with final distribution ( ), 1,...,i i m 

   [1] [1]( ) | ( ) |i j i j i j          - reversibility

Theorem 1*.
For any [ ] [1] [1]...s

s

      


similarity measure [ ]( , ) ( | ) ( )i j i j i
s s       

is a kernel function  (forms nonnegative matrix  for amino acids [ ( , ), , 1,..., ]i j
s i j m   )

 1 2
( , ) ( , ) ( , ) 2 ( , )i j i i j j i j

s s s              , 1,2,...s s  is  Euclidean metric**

*Sulimova V.V. Kernel functions for signals and symbolic sequences of different length. PhD thesis. 2009 (In Russian)
**Mottl V.V. Metric spaces, enabling introducing linear operations and inner product //  Reports of the RAS, 2003, V. 38. 
pp.1-4 (in Russian)
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ALIGNMENT OF SYMBOLIC SEQENCES

Alignment is a way of arranging the sequences by inserting «gaps»

An example of alignment and it’s mathematical representation as a table

Permissible alignment - alignment without two gaps in one position ,1 ,2{ : 0}i ii   w w

- set of permissible alignments of two sequences of lengths N NW   N  and N 

1{ ,..., }mA   - set of  all sequences over alphabet

1( ,..., ) ,N       1( ,..., )N       - two  sequences  of different lengths N  and N 
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ALIGNMENT OF SYMBOLIC SEQENCES
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Alignment is a way of arranging the sequences by inserting «gaps»

An example of alignment and it’s mathematical representation as a table

Permissible alignment - alignment without two gaps in one position ,1 ,2{ : 0}i ii   w w

- set of permissible alignments of two sequences of lengths N NW   N  and N 

1{ ,..., }mA   - set of  all sequences over alphabet

1( ,..., ) ,N       1( ,..., )N       - two  sequences  of different lengths N  and N 

Extended sequences: 1( ,..., ) ,N     
w



  1( ,..., )N     
w

  of the same length Nw

,1 ,2,1 ,2
, ,

,1 ,2

, 0 , 0
, 1,..., , , 1,..., .

, 0 , 0
i ii i

i i
i i

i N i N
 

 
                

w w
w w w w

w w
w w

 

Extended alphabet: 1 1 1{ } { ,..., , } { ,..., }m mA A         

 



Sulimova V.V. (vsulimova@yandex.ru )  «Construction metrics for biomolecular sequences» IDP-2016

METRIC OVER THE EXTENDED ALPHABET
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Extended alphabet: 1 1 1{ } { ,..., , } { ,..., }m mA A         

 

( , ) ( , ) , ,
( , ) 0.

A       


       
  





Extension of the metric:

Theorem 2*.
( , )   


,

1( , ) max ( , )
2 A

const A
 

     
 

     

Function

.

( , )    - the metric over the initial alphabet 1{ ,..., }mA  

is a metric if

*Sulimova V.V., Seredin O.S., Mottl V.V. Metrics on the basis of optimal alignment of  biomolecular sequences
// JMLDA, 2016 (In Russian)
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CONDITIONAL DISSIMILARITY MEASURES OF 
BIOMOLECULAR SEQUENCES  
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N NW  w - permissible alignment

,1 ,2

,1 ,2 ,1 ,2

1
: 0, 0 : 0 0

( , | ) ( , )
i i

i i i ii i or

r      
   

     w w
w w w w

w

,1 ,2

,1 ,2 ,1 ,2

22
2

: 0, 0 : 0 0

( , | ) ( , )
i i

i i i ii i or

r      
   

     w w
w w w w

w

,

1 max ( , )
2 A

A
 

    
 

   

In terms of initial sequences:

- gap  penalty

1 , ,
1

( , | ) ( , )
N

i i
i

r     


   
w

w ww   

2
2 , ,

1

( , | ) ( , )
N

i i
i

r     


    
w

w ww   

In terms of extended sequences:
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METRICS ON THE SET OF BIOMOLECULAR SEQUENCES  
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1 1 , ,
1

r ( , ) min ( , | ) min ( , )
N N N N

N

i i
W W i

r      
     

       
w

w w
w w

w   

2
2 2 , ,

1

r ( , ) min ( , | ) min ( , )
N N N N

N

i i
W W i

r      
     

       
w

w w
w w

w   

Theorem 3*.
For any metric on the extended set of elements

( , ),   
 , A     

1 1 1{ } { ,..., , } { ,..., , }m m mA A          

  

functions 1r ( , )   and 2r ( , )   are metrics on the set of sequences

*Sulimova V.V., Seredin O.S., Mottl V.V. Metrics on the basis of optimal alignment of  biomolecular sequences
// JMLDA, 2016 (In Russian)
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COMPARING THE PROPOSED METRIC WITH 
THE TRADITIONAL NEEDLEMAN-WUNSCH ALIGNMENT

THE PROPOSED METRIC NEEDLEMAN-WUNSCH  ALIGNMENT

,1 ,2

,1 ,1
,2 ,2

: 0, : 0
0 0

( , )min
i i

i i
i i

i i
or

   
 
 

             

 w w
w w w

w w

Type:

METRIC

Gap penalty

SIMILARITY MEASURE

,1 ,2

,1 ,1
,2 ,2

: 0, : 0
0 0

( , )max
i i

i i
i i

i i
or

s   
 
 

             

 w w
w w w

w w

metric ( , )   

Comparing of elements

similarity measure ( , )s   

The criterion

0 0
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ALGORITHM OF COMPUTING THE PROPOSED METRIC  
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Finding partition criterion value:

Initializing: 0,0 ,0 0,0, , 1,..., , , 1,...,i jF F i i N F j j N      

1, 1

, 1,

, 1

( , ),
min ,

,

i j i j

i j i j

i j

F
F F

F

  



 





     

1( , ) N Nr F     

Finding partial criterion values for each 1,..., , 1,..., :i N j N  
2

1, 1
2

, 1,
2

, 1

( , ),
min ,

,

i j i j

i j i j

i j

F
F F

F

  





 





    

2( , ) N Nr F     
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EXAMPLES OF OPTIMAL ALIGNMENTS 
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Needleman-Wunsch algorithm the proposed method
with PAM250 substitution matrix
and default penalty value

with PAM250-based metric
and the penalty

,

1 max ( , )
2 A 

   
 

 

1( , )r   
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DATA FOR EXPERIMENTS

19 of 20

Amino acid sequences of herpes simplex virus
from VIDA (Virus Database at University College London)
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EXPERIMENTAL  DESIGN
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Basic ways to compare sequences:
1. Needleman-Wunsch similarity measure
2. Smith-Waterman similarity measure
3. The proposed metric ( , )r   

1( , )S   

2( , )S   

For using SVM:

(1) and (2):
Kernels in secondary features space

( , ) ( ) , , 1,..., ], 1,2l T t
i lt i iK k S S l t N i             

(3) : radial basis kernel
 2

3( , ) exp ( , )K r         with 0.01

34 recognition tasks:
- one-against-all recognition for classes (3 tasks)
- one-against-all recognition for HPFs (7 tasks)
- one-against-one recognition for classes (3 tasks)
- one-against-one recognition for HPFs (21 tasks)
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EXPERIMENTAL  RESULTS
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LOO-error percentages for one-to-all recognition

LOO-error percentages for one-to-all recognition

Class

class 1
class 2
class 3

Task
class 2  vs class 3
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THANK   YOU   FOR   YOUR   ATTENTION!
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