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TYPES OF BIOMOLECULAR SEQUENCES
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Nucleotid sequences (DNA) —
symbolic sequences over
4 nucleotid s

a |adenine |c
g |guanine |t

cytosine
thymine

An example of a fragment of
a nucleotid sequence

gatttggggttcaaagcagttatcgatcaaataatcc
atttgtetcaactcacgtttcaaagcatcgatcaaag
atttggggttcaaagcagttatcgatcaaataatcca
tttgtetcaat

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

Alanine Ala A Methionine Met M
Cysteine Cys C Asparagine Asp N
Aspartic Asp D Proline Pro P
Glutamic Glu E Glutamine Gln Q
Phenylalanine Phe F Arginine Arg R
Glycine Gly G Serine Ser S
Histidine His H Threonine Thr T
Isoleucine Iso I Valine Val v
Lysine Lys K Tryptophan Tp w
Leucine Leu L Tyrosine Tyr Y

An example of an amino acid sequence

MLDEQLAWAYACLKHGRELPTDDILMSTSEKLSQQLVIKLIEVIKCIEKDGIFSRILK
GVADAVCLKAQFLRGMITLKRTPCSLPMYTLFVYVLTIPTLRTRVIRDPLLTQCKDV
VLKYQPGDCITLLKAALNCHQCNKDCDKCKYILDPLLGQTHRTKGVFFVCEEQLA
WAYACLKHGRELPTDDILMSTSEKLSQQLVIKLIEVIKCIERILKGVADAMYTLFVYV
LTIPTLRTRVIRDPLLTQCKDVVLKYQPGDCITLLKAALNCHQ

An example
of a protein’s
space structure
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DNA double helix,

which defines amino
acid sequences
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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

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

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

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

e O
o ® () -regulators
® ® O @ - destructors
.O
O
o

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

Types of Comp. Adequacy for Suitability for
comparing measures complexity | biological tasks SVM-based methods
Alignment-based similarity
measures: Needleman-Wunsch _ "
(NW) alignment, Smith-Waterman medium
(SW) alignment etc.
+

Secondary.featurfes ! z but with missing
on the k.)as.ls gf alignment- medium Y computational
based similarity measures advantages of SVM

high and
Evolutionary-based kernels extra high + +
Another kernels different:
String, diffusion, FFT, from low - +
Spectrum, etc. to high
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KERNEL PROPERTIES ARE EXECCIVE

1) A metric (i.e. relative positions of objects),
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*

but not object’s coordinates

) " e © /
N o0 © oo ©
@ N\ o o E . @
@ B\ S D O\
@ ™ 7 Y N

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

Metric - function

1.p(x,y)>0

p(X,Y),

2:p(x,y)=0&x=y

3.p(%,y) =p(Y,X)

4.p(X,y) +p(y,2) >p(X, 2)

such as:

*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)

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

IDP-2016

5 of 20



PROPERTIES OF COMPARING MEASURES

Types of Comp. Adequacy for Suitability for

comparing measures complexity | biological tasks SVM-based methods

Alignment-based similarity

measures: Needleman-Wunsch _ "

(NW) alignment, Smith-Waterman medium

(SW) alignment etc.

Secondary features i

Y : + but with missing

on the k.)as.is (?f alignment- medium Y computational

based similarity measures advantages of SVM
high and

Evolutionary-based kernels extra high + +

Another kernels different:

String, diffusion, FFT, from low - +

Spectrum, etc. to high

Algebraic metrics low, = +
medium
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PROPERTIES OF COMPARING MEASURES

Types of Comp. Adequacy for Suitability for
comparing measures complexity | biological tasks SVM-based methods
Alignment-based similarity
measures: Needleman-Wunsch _ "
(NW) alignment, Smith-Waterman medium
(SW) alignment etc.
Secondary features i
y ) o + but with missing
on the k.)as.ls (?f alignment- medium Y computational
based similarity measures advantages of SVM
high and
Evolutionary-based kernels extra high + +
Another kernels different:
String, diffusion, FFT, from low - +
Spectrum, etc. to high
Algebraic metrics low, = +
medium
The proposed :
medium + +

alignment-based metric
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METRICS ON THE SET OF AMINO ACIDS

A:{ul,,,_,@m}, m =20 -set of amino acids

Theoretical conception of amino acid’s comparison :
Probabilistic model of evolution of amino acids PAM (Point Accepted Mutation) by M. Dayhoff
The main notion:
Markov chain of evolution of amino acids in some point of a protein sequence
with matrix of transitional probabilities W, = (fgb[l] (ozj |ozi))
Suppositions:

E(a)) = ZaieAg(a‘)%} (aj |ozi) - ergodicity with final distribution &(a'),i=1,...,m
oYWy (o' [a') =€)ty (alla’) - reversibility
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METRICS ON THE SET OF AMINO ACIDS

A:{ul,,,_,@m}, m =20 -set of amino acids

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

Markov chain of evolution of amino acids in some point of a protein sequence
with matrix of transitional probabilities W, = (fgb[l] (a‘ |a'))

Suppositions:
JeN S ZaieAﬁ(ai)wm (ozj Iozi) - ergodicity with final distribution &(a'),i=1...,m

oYWy (o' [a') =€)ty (alla’) - reversibility

Theorem 1%,
For any \D[S]:[\If[l]x...X\If[l]] similarity measure /fs(Oé',OéJ)Zw[s](Oé'|Oéj)/§(04')

S d .
is a kernel function (forms nonnegative matrix for amino acids [xs(a',al),i, j=1,...,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

A:{ul,,,_,@m}, m =20 -set of amino acids

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

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

with matrix of transitional probabilities W, = (”gb[l] (Ozj Ies

Suppositions:
JeN S ZaieAf(ai)wm (ozj Iozi) - ergodicity with final distribution &(a'),i=1...,m

oYWy (o' [a') =€)ty (alla’) - reversibility

Theorem 1%,
For any \I![S]:[\If[l]x...X\If[l]] similarity measure /fs(Oé',OéJ)Zw[s](Oé'|Oéj)/§(05')

\ )

S d .
is a kernel function (forms nonnegative matrix for amino acids [xs(a',al),i, j=1,...,m])

p(oz',ozj):(fﬁzs(oz',a')+/£S(Ozj,ozj)—2ﬁs(al,cvj)) Vs,s=12,... 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

() -setof all sequences over alphabet A={a’,...,a"}

w' = (), ) €Q, W= (q...,al,) EQ -two sequences of different lengths N and N”

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

o, o, — o3 o, Oz O o Wi Wo W3 W4 W5 Wg Wr Wg

| | | W 1 2 0 3 4 5 6 7

- oy o, o3 oy — — O o 1 2 3 4 0 0 5
An example of alignment and it’s mathematical representation as a table

Permissible alignment - alighment without two gaps in one position {l:W;,=w;,=0}=92

Wynr - set of permissible alignments of two sequences of lengths N’ and N d
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ALIGNMENT OF SYMBOLIC SEQENCES

() -setof all sequences over alphabet A={a’,...,a"}
w' = (), ) €Q, W= (q...,al,) EQ -two sequences of different lengths N and N”

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

o, o, — o3 o, Oz O o Wi Wo W3 W4 W5 Wg Wr Wg
| ' W ! I 2 0 3 4 5 6 7
L " " ] ] E P , =
- o, o, o3 oy - — O o 1 2 3 4 0 0 5
An example of alignment and it’s mathematical representation as a table

Permissible alignment - alighment without two gaps in one position {l:W;,=w;,=0}=92

Wynr - set of permissible alignments of two sequences of lengths N’ and N d

Extended alphabet: A:AU{—}:{al,. 3= { ~m+l}

~//

Extended sequences: @’:(&{,...,&&W)EQ, c’o”:(&”,. ) EQ of the same length Ny,
o =0 al Wi, =0
d\/Ni Wi Il ,|:1,...,NW, &\/ICI S Le ’|:1,_“’NW.
¥ 7W|’1_0 ! _’Wi,z :O
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METRIC OVER THE EXTENDED ALPHABET

p(a’,a”) - the metric over the initial alphabet A={o’,...,a"}

Extended alphabet: A — AU{—}:{al,...,am,—}:{&1,...,dm+l}

Extension of the metric:
ﬁ(Oﬂl,Oé”) e p(a/’a//) \v/ Of/,Oé” c A,
p(=—)=0.

Theorem 2*,
Function p(a’,a”) is a metric if

p(a,—) > const X max p(n',n")VacA

[y /R

n,n €A

*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

W €Wy - permissible alignment

In terms of initial sequences:

ACLEAL D D ¢ I

w;j 1=0,w; =0 w; 1=0 or w; ,=0
I ! 2% " 2
B W)= | 3 o) S 5
:wj 170,w; =0 w; 1=0 or w; ,=0

1
B=—max p(n',n")¥a€A -gap penalty

AN/}

n',n €A

In terms of extended sequenceS'

rl(w w" |w) = ZP(@W i '6‘\/;/ i

=il
N
r I g W~2 i
(W w” [w) = ZP aWI’aWI
i=1
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METRICS ON THE SET OF BIOMOLECULAR SEQUENCES

Ny
n(w,w”)= min W, w"|w)= min Zp(aw,,d\’,(,,i
WEWN/N// WEWN/N//i L%
fh(w,w")= | min W, o"|w)= [ min Zp (onl,&\’,(,l
WGVVN/N// WEWN/N// -

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

5, a"), alal &As A= AU{L3={",...a",}={a",. . ..a",.a""}

functions r(w,w”) and ry(w',w”) 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 I NEEDLEMAN-WUNSCH ALIGNMENT

Comparing of elements

metric  p(a’,a’) I similarity measure  S(a’,a”)

The criterion

= / 174 / 1
min| 3 plog, ) F D max| 37 s(ad,am )+ Y
-3 i:w;j 1=0, fw; 1=0 T4 w;j 1=0, iw; 1=0
W; ,=0 or w; ,=0 Wi =0 or w; ,=0
Gap penalty
B0 | 8<0
Type:

METRIC I SIMILARITY MEASURE
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ALGORITHM OF COMPUTING THE PROPOSED METRIC

a_j=a; @ Gy
Foo
e ol Fi-14-1 Fyy-1
T N
. F.'-IJ \‘h + FJ.,:
a; —_—l
ol Fya-
Initializing:  Foo=0. Fo=i6, i=1..,N’, Fo,j =16, 1=1.., N”
Finding partial criterion values for each i=1.. N" j=1..,N":
, ] 2
Ry jo1 +ocf o), Fiog 1+ (o, ),
- : - 2
F,j=miniF_;+0, Fj=miniF_;+06°,
2
LFi!j_1+ﬁ’ ‘Fi,j—l—i_ﬂ J
Finding partition criterion value:
rl(w’,w”) = FN N Iy (w’,w”) = ./ FN N
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EXAMPLES OF OPTIMAL ALIGNMENTS

Needleman-Wunsch algorithm
with PAM250 substitution matrix
and default penalty value

Idantities = 14/33

(4z%), Pomitives = 1E&/33 (4EY)

AN--AH-N---I-TC--A-EZFAM-ENLACH-T

ENCCANTILEVILCCIMAFPDPRMLARARCRIT

Tdepririss = 4F/214 (23%), Posivives = B5/314 [46%)

o0l

il

[4E

0&s

056

1z6

147

153

MA-PA AR ACE -t A=A ==L L -V PRA-GA TR A --D- 3RS S TLAERCR G-HL --L
| S Lo S0 - Y B B 1z |:
NIFE MR T PRRR G B SV AC T L LV YR VFF AT AL A PN TR DL TYGFVRAPNUTT I

L=-AD-BEHE-ERe=eh=PC-= - AT IRER PP ERA L WYEDTCET YHANEYAURARELAED
oz o=z o= b=z ozll=t= =00 00 LHIE =1 2 0z ||
VHLEC TP LT MR Y AR e e Pl I IR TR L P E FILRYER eV AN NETIET SLLLED

IRV LAD T Y RO AT LN B PGl P ——H-EVR-A-—-PLERRERG-OV--LE-FR Y -HT ——-
| 1 I - I - | | | | : B
VLIRS LSV HAGICT LI SE AT L FTH LA NR GA G TN FASHDE T NS HFIE FERLTADDD

T=GR-C~mnP~=~CDEMIR -~
: | = | S
VRESFCAFTERLANGERERET

the proposed method

rl(w',w”)

with PAM250-based metric
and the penalty

1
B==max p(n',n")

Identities = 13/33

77,177”€A

{3%2%), Positives = 16£/33 (48%)

AN—AH-N—IT—C—A-LEFAM-HMLACA-T

ANCCAHTILEVILCCIMAPPDPAMLAAAACAIT

Identities = 60/225 (Z7%), Positives = D6/225 (43%)

001

i1

03s

0é4

053

led

141

e MEPA-V-A-R-AC-~ARALIA-ALL oo -fL~~FPAfA = -T-H e mmeas AANLES
g g EEH N E M. 1M R
MIFEVMIETFV FRRR Ay IM2 -V ACTLL VY VYR FFASAE: FMWRSTADL TYCEVRA PV TT

I—-LAER RN - LA PO A DL A I F IR CI PPEAAL WY EDTCETTANEYATR
- e 1 = o -t Vo R e 5
VEL-E-CIPT LT R A P e - P 2C I I BTN L PEFILIYER VG VAANWE-1IC

LR D I -V IADT PR DAl -0 L - SR PGl -F--F- 2V -A---FLEPPERE-C---"
sl bEA A i R I (- | |
TELLLEDV IR SR LOnS -V -FA-C IS TLLIKIAY - L IR T SHL AR GAGC IRL YASHDETCYGSVE

«Fan PRl==YHTT =GB =(n=FanGl=GHYR ==
| Sh IR -
FONFER SATTNREIFRNETERLENEERFRET
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DATA FOR EXPERIMENTS

Amino acid sequences of herpes simplex virus
from VIDA (Virus Database at University College London)

(48 proteins)

. Homologous protein | Number of
Description - .

families (HPF) proteins
Class 1 Glycoprotein H | 12 52
(109 proteins) 42 39

531 18
Class 2 Glycoprotein L | 47 30
(77 proteins) 50 32

114 13

296 2
Class 3 Glycoprotein M | 20 48
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EXPERIMENTAL DESIGN

Basic ways to compare sequences:

1. Needleman-Wunsch similarity measure S, (w',w”)
2. Smith-Waterman similarity measure S, (w’,w"”)
3. The proposed metric I'(w’,w")

For using SVM:

(1) and (2):
Kernels in secondary features space
Ki(w’,w”)z{k,t:(si<'>)Tsi<t>], FE— 1N =12

(3) : radial basis kernel

Ks(w',w") = eXp(—arz(w',w”)) with a=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

LOO-error percentages for one-to-all recognition

Class NW SW Metric
hpt 12 15.0215 15.0215 14,5923
hpt 20 (.4292 0 0

hpt 42 0 0.4292 0.4292
hpt 47 1.721 0 0

hpt 50 (),4292 0 0

hpt 114 1.721 (0.85H84 0,4292
hpt 531 15,0125 15,0125 18.4549
class 1 (),85H84 0,4292 0,4292
class 2 (),8584 0,4292 0,4292
class 3 ().4292 0 0

LOO-error percentages for one-to-all recognition

Task NW SW Metric
class 2 vs class 3 12,3256 0 0
hpt 42 vs hpt 47 00,4292 0 0
hpt 42 vs hpt 114 0 1.9231 0
hpt 47 vs hpt 114 2.3256 0 0
hpt 531 vs hpf 12 48,5714 51,4286 50.000
hpt 531 vs hpt 42 1.7544 3.0088 1,7544
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THANK YOU FOR YOUR ATTENTION!
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