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A METHOD FOR MATCHING SEQUENCES
OF PROTEIN SECONDARY STRUCTURES

Alignment of specific regions of two biological nealles is a basic method for determination howlamtiese
two molecules are. There are several methods ahapalignment that were developed through manysigdowever,
they are dedicated for nucleotide sequences of RN or amino acid sequences of proteins. Sincectimstruction
of proteins can also be analyzed at the level obs@ary structure (and higher), we need a comparatiethod, which
would allow us to determine the similarity betwekiological particles at this level and expresshitotigh the
appropriate similarity measure. For this reason, hage modified an existing Smith-Waterman methodarals
matching sequences of secondary structures elef®®8Ess). In the paper, we present our modificatiothe method.
We also describe how we find several alternativé egually optimal alignment paths on the basisefaharacteristics
of compared sequences. Presented alignment methaded in the PSS-SQL language, which allows sieych
database in order to find proteins having seconsggugtures similar to the structural pattern sipetiby a user.

1. INTRODUCTION

Proteins are biological molecules made up of amaicids (peptides), joined consecutively to each
other by peptide bonds and thus, forming linearnamacid chains. Internal structure of proteins is
determined at four different representation levelSom primary structure to quaternary structurg [1
Primary structure determines amino acids, whichstrant the protein, and the order of amino acidhién
linear chain. For this reason, the primary strueigrusually just calledmino acid sequenc&econdary,
tertiary and quaternary structures define so-cadleatial structure [2]. These three representdéawals
are related to the way of folding the linear chafrprotein in the cellular environment and, hernbe,
location of atoms building particular amino aci@s4].

One of the basic tools for biochemical analysipmiteins is similarity searching [5]. The process
can be implemented at the level of amino acid secpier at the level of spatial structure. Searciiong
similar proteins may have different applicationgpending on the application we can analyze protgins
the level of amino acid sequence or with respectanous features of their structures. Comparative
analysis of protein sequences is essential foidiatification of proteins, identification of thefnctions
and determination of their fundamental physicalrsival properties. On the other hand, comparative
analysis of protein structures brings much morermftion and is extremely important in processes su
as predicting the function of newly discovered pnug that are difficult to identify on the basisashino
acid sequence [6, 7].

Protein similarity searching is usually carried bytcomparisonof a specific protein with a group
of proteins and mutuallignmentof specific regions of compared molecules. Byralignt we mean the
process of juxtaposition of two or more sequennesuch a way that as a result we obtain the maximum
number of identical or similar elements (e.g. amacals). Since the number of possible juxtapositioh
two sequences of proteins is very large, the almgmnis the process of optimization. The aim of this
process is to find regions of similarity betweewnlbgical molecules, usually expressed by the ldrges
number of identical or similar positions matchedetrh other. As a result of optimal alignment and o
the basis of relevant alignment measures it isiplest assess the degree of similarity betweeteprs.

In the paper, we show the method for aligning seqgesg of proteirsecondary structure elements
(SSEs). Sequences of secondary structure elemesdsilie how the chain of amino acids is folded, i.e
which amino acids are part of particular seconddryctures (in one-to-one relationship). In Figwvé
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show the amino acid sequence of tBgohosphogluconolactonas@ the Escherichia coliand the
corresponding sequence of SSEs. Particular SSEs thevfollowing meaning: H denoteshelix, E
denoteg-strand, C (or L) stands for loop, turn or coil.

Since existing alignment methods are dedicatedfA/RNA and amino acid sequences, we have
modified one of the methods in order to align S8&uences. The method is used as one of the last ste
in the execution of queries in the PSS-SQL langu&getein Secondary Structure — Structured Query
Languag¢. We have developed the PSS-SQL in order to sedathbases against proteins having
secondary structure similar to the structure spgtih the user’s query [8].

A7Z2Y23
6PG._ECOHS
6- phosphogl uconol act onase OS=Escherichia coli 09:H4 (strain HS) GN=pgl PE=3 Sv=1

MKQTVYI ASPESQQ HWWNL NHEGAL TLTQVVDVPGQVQPMWSPDKRYLYVGVRPEFRVLAYRI APDDGAL TFAAESAL
PGSPTHI STDHQGQFVFVGSYNAGNVSVTRL EDGLPVGWDWEGLDGCHSAN SPDNRTLW/PALKQDRI CLFTVSDDG
HL VAQDPAEVTTVEGAGPRHWFHPNEQYAY CVNEL NSSVDW\EL KDPHGNI ECVQTL DMVPENFSDTRWAADI H TPDG
RHLYACDRTASLI TVF

CCCEEEEECOCCEEEEEEECCCCEEEEEEEEEEECCCCCEEEECCCEEEEEECCCCCEEEEEEEECCCCCCHHHHHHHCC
CCCCCCEEECCCCEEEEECCOCCCEEEEEEECCCOCCEEEEEEECOCCCCOCCOCCCOCCEEEECCHHHHHEEEEECCCOCC
CEEECCCCCEEEECCCCCCCEEECCCCEEEEEECOCCCCEEEEEECCCCCCEEEEEECCOCCCCOCCCCCCCEEEECCCCC
CEEEECCCCCCCEEEE

Fig. 1. Sample amino acid sequence of the pr@gihosphogluconolactonagethe Escherichia coliwith the corresponding sequence
of secondary structure elements.

2. POPULAR ALIGNMENT METHODS

The best-known methods of optimal alignment of dgadal sequences are: the Needleman-Wunsch
method [9], implementing global matching strategyd the Smith-Waterman method [10], implementing
local matching strategy. Both methods belong tocthss of dynamic programming methods [11].

Alignment, which covers the whole range of examirssuences, is called global. Global
alignment methods, like Needleman-Wunsch, can bd t@ this type of similarity that occurs along th
whole chain. Therefore, methods of global alignmarg primarily used for testing the similarity of
protein fragments with single functional regions-called functional domains, or proteins slightly
differing in the process of evolution. A globalgdment takes no account of the important featufes o
proteins that is their modular construction witke fhossibility of internal rearrangement of somegpaf
the amino acid chain (translocations), and dupboadf some functional regions inside the chainsjie
some drawbacks, these methods are very much neadddtheir subsequent versions, such as the
Needleman-Wunsch-Sellers [12], are successfullyd use one of the phases in heuristic search
algorithms, such as FASTA [13].

In addition to these methods, in many cases weusammethods of local alignment, which match
only certain parts of sequences and thereforewalbofind similarities between sequences, whichhhig
seem to be not related. One of the most populahadstto establish optimal local alignments is the
Smith-Waterman method [10]. Alignment is considetede locally optimal, if the value of similarity
measure, calculated for the matched fragments tf #@quences, cannot be improved by shortening or
extension of matched fragments. The Smith-Watermmaihod was originally developed to align
nucleotide sequences of DNA/RNA or amino acid seges of proteins. For many years this method
went through several upgrades [12, 14-16] and #sumptions formed the foundation for the
development of very popular BLAST algorithm [17].
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3. ALIGNMENT METHOD FOR SEQUENCES OF SECONDARY STRUCRE
ELEMENTS

In PSS-SQL queries [8], when we search proteinsnigasecondary structure descriptor similar to
the specified structural pattern, we make use @btlgnment performed by the Smith-Waterman method.
We modified the Smith-Waterman method, originallgsthed to align nucleotide sequences of
DNA/RNA and amino acid sequences of proteins, ignasequences of SSEs. The modified version of
the Smith-Waterman method returns more than onemaptsolution, by reason of the approximate
character of the specified pattern.

In PSS-SQL queries, the pattern is representeddnk® of segments, where each segment can be
defined precisely or by an interval. For exampthethie patterm(4),e(2;5), c(2;4we can distinguish an
a-helix containing exactly 4 elements, followed®gtrand of the length 2 to 5 elements, and looghef
length between 2 and 4 elements. During the aligrirpease the pattern is expanded to the full ptessib
length, e.g. for the given pattern it takes théofeing form HHHHEEEEECCCCIn this form it may take
part in comparison with candidate SSEs sequenoestiie database. In the section, we describe hew th
alignment method works.

Suppose we have two proteiAsandB, one of which represents the given pattern andther a
candidate protein from the database. We represanagy structures of proteins andB in the following

form: P* = p/ps...pS and P® = p’pl...p2, where:n is a length of the proteiA (in amino acids), m is
a length of the proteiB, p, 0P, andP is a set of 20 common types of amino acids.

We represent secondary structures of protéimsdB in the following form: S* = s/*s/'..s* and
S® =sPsP..s?, where:s S is a single secondary structure element (SSE)wborresponds to thie
th amino acidp;, S:{H , E,C,’?} is a set of 3 types of the secondary structuredehrbtesa-helix, E

denoteg3-strand, C stands for loop, turn or coil, the ? Bghtorresponds to any of the mentioned SSEs.
In the alignment process we build the similaritytimxaD according to the following rules — for
O<i<n and0< j<m:

D.y=D,; =0, (1)

Di(,lj) =D 4t 5(3A’SjB) : (2)
Di(,zj) = rjgg)]{ D~ @}, (3)
Di(,s}) = Eg%{ D, —a}, 4)
D} =0, )

D,; =max D7}, (6)

where: d(s”,s”) is an awardd”, if two SSEs from proteind andB match to each other, or a penalty for
a mismatchd , if they do not match:

1 if s*=s>
o(sh,s?) = T
@), is a penalty for a gap of the lendgth
W =ap tkxa, (8)
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where: , =3 is a penalty for opening a gag, = 05 is a penalty for a gap extension. In Fig. 2 wensho

the scoring matrix for particular pairs of SSEsisTécoring system, with such values of gap persltie
promotes longer alignments, without gaps. We assusees can determine places of possible gaps by
specifying optional segments in a query pattern.

H
1T [ -1 [
A [ 1 | -
S

~Om|x
ala|al=al-w

1

Fig. 2. Scoring system for particular pairs of setary structure elements.

Filled similarity matrix D consists of many possible paths how two sequeat&SEs can be
aligned. In the set of possible paths the modi8edth-Waterman method finds and joins these péidus t
give the best alignment. Backtracking from the bgthscoring matrix cell and going along until al cel
with score zero is encountered gives the highestrsg alignment path. However, in the modified vens
of the alignment method that we have developed,fin@ many possible alignments by searching
consecutive maxima in the similarity matfix This is necessary, since the pattern is usualydefined
precisely, contains ranges of SSEs or undefinecheai¢s. Therefore, there can be many regions in a
protein structure that fit the pattern. In the m®x of finding alternative alignment paths, the ifiexd
Smith-Waterman method follows the value of the rimé parameteMPE (Minimum Path Enjj which
defines the stop criterion. We find alignment pathsl the next maximum in the similarity matrix is
lower than the value of th®IPE parameter. The value of thPE depends on the specified pattern,
according to the following formula.

MPE = (MPLx ") + (NoISx §"), )

where:MPL is a minimum pattern lengtiNoIS is a number of imprecise segments, i.e. segméts,
which  minimum length is different than maximum lémg E.g. for the structural pattern
h(10;20),e(1;10),c(5),e(5;2@ontaininga-helix of the length 10 to 20 elemenfsstrand of the length 1
to 10 elements, loop of the length 5 elements, [asttand of the length 5 to 20 elements, kieL=21
(10 elements of the tyge 1 element of the type 5 elements of the type and 5 elements of the typg
theNolS=3(first, second, and fourth segment), and therefdRRE=18.

The Scoresimilarity measure is calculated for each of palssalignment paths and it totals all

similarity awardsd”, mismatch penaltie§™ and gap penalties), according to the following formula:

Score=) 0" +>.8 =Y . (10)

4. DISCUSSION AND CONCLUSIONS

Presented method of matching sequences of SSkst ssrfast as the heuristic BLAST method,
which focuses on speed rather than on accuracyatfiimg. The computational complexity of presented
method is O(hm(n+m)), which is certainly a drawhaddkwever, this method returns optimal alignments,
which is important from the viewpoint of executagkeges.

The effectiveness of alignments was successfulhficoed by the analysis of results of hundreds
of PSS-SQL queries submitted against a databasticmy 6 230 proteins. However, due to its
complexity, we do not recommend to use this metimmdomparison of a query pattern to the entire
content of the database. In the PSS-SQL languagevin have developed, the method is used in the las
phase and only for a group of proteins isolatethenpreselection processes based on additionairésat
or filtering predicates and using special indeximgerefore, we limit the number of computationally
expensive matches.
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