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Abstract

One of the major research areas in bioinformatics is sequence
alignment. There are various optimal as well as heuristic techniques for
alignment of biological sequences. Gap penalty and scoring schemes are
used to compute the alignment score. Some experiments performed
using BLAST are included for better understanding of the heuristic
algorithm by comparing the results.
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Introduction

Bioinformatics uses the statistical analysis of protein sequences and structures
to help annotate the genome, to understand their function, and to predict
structures when only sequence information is available. And as a first step to
this analysis, sequences need to be aligned. This can be either local
subsequence alignment or global whole sequence alignment. To know if the
alignment is good, alignment score is calculated using a scoring scheme i.e.
scoring matrix for protein sequences and match-mismatch score for nucleotide
sequences. Sometimes to align the sequences, gaps may need to be added to
obtain a better alignment. There are various techniques for alignment, optimal
and heuristic. Optimal methods are accurate but time consuming. And heuristic
methods are faster but one has to compromise with accuracy. This paper
details sequence alignment, scoring schemes and the result of some experiments
performed using a tool based on heuristic local alignment algorithm.
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Section Il introduces the field of bioinformatics, various applications and
challenges in the area. Section Il defines what sequence alignment is, its types
and types of gap penalty required during the alignment of biological sequences.
In section 1V, the types of scoring matrices and comparison between them are
discussed. Section V gives an overview to heuristic techniques for sequence
alignment esp. BLAST and in section VI, comparison among some experiments
of local sequence alignment is shown.

Bioinformatics, Applications and Challenges

Bioinformatics is a branch of biological science which deals with the study of
methods for storing, retrieving and analyzing biological data, such as nucleic
acid (DNA/RNA) and protein sequence, their structure and functions and
genetic interactions.

The primary goal of bioinformatics is to increase the understanding of
biological processes. However, it also focuses on developing and applying
computationally intensive techniques to achieve this goal. Bioinformatics
involves the creation and advancement of databases, algorithms, computational
and statistical techniques and theory to solve formal and practical problems
arising from the management and analysis of biological data. Common
activities in bioinformatics include mapping and analyzing DNA and protein
sequences, aligning different DNA and protein sequences to compare them, and
creating and viewing 3-D models of protein structures.

There are various applications [1] of bioinformatics. In forensic science,
sequencing is used to identify particular individual and also to determine the
paternity of the child. Sequencing can be used to predict physiological and
behavioral traits. DNA sequencing enables to determine the genome sequence.
The genes can be identified which are responsible for causing genetic diseases
like Alzheimer’s disease, cystic fibrosis and many other diseases caused by the
disability of genes to function properly. Acquired diseases like cancers can also
be detected by observing certain genes. In gene therapy [2], sequencing is used
to identify the defected genes and replace them with the healthy ones. In
agriculture, specific genes are used in some plants to increase their resistance
against insects and pests and increase the productivity and nutritional value
(Genetically Modified Food). Sequencing is also required in the procedure of
cloning.

Protein structure prediction is one of the major challenges in bioinformatics.
It is the prediction of the three-dimensional structure of a protein from its
amino acid sequence. Homology searches is very important feature of
bioinformatics application but accurately and optimally performing the same for
a large database for various species and at different evolutionary hierarchy is
quite an issue. Also one needs to do multiple alignments in order to detect
regular patterns in families of proteins and to generate sequence genomes by
superimposing nucleotides. Multiple alignments can be also used in phylogeny
construction. Though multiple alignments can be used for many purposes but
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implementing the same and reducing computational time for it is a major
issue. Genomic sequence analysis and gene-finding is a one of key areas in
bioinformatics that deals with about with a million or more nucleotide
sequences and it is quite a challenging task to mine or extract data from it.

Sequence Alignment

A sequence is a set of objects which is listed in a specific order, one after
another. In bioinformatics, a sequence under consideration is either a protein
sequence or nucleotide sequence (DNA/RNA) [3]. A protein sequence is
represented by a string of letters coding for the 20 different types of amino
acid. The full names of the amino acids are rarely given; instead, 3-letter or
1-letter abbreviations are usually recorded for conciseness. Nucleic acids
(DNA/RNA) consist of a chain of linked units called nucleotides. A, C, G,
and T represents the four nucleotide bases of a DNA strand - Adenine,
Cytosine, Guanine and Thymine [4].

Before two sequences are compared, a sequence alignment needs to be
produced i.e. to find the optimal alignment between the two sequences. A
sequence alignment is a way of arranging the sequences of DNA, RNA or
protein to identify regions of similarity that may be a consequence of
functional, structural or evolutionary relationships between the sequences [3].
Aligned sequences of nucleotide or amino acid residues are typically
represented as rows within a matrix. Gaps are inserted between the residues so
that identical or similar characters are aligned in successive columns.

The purpose of alignment is to highlight similarity between the sequences
[5]. Similar sequences may share a common ancestral sequence. And due to
common ancestry, similar sequences have similar functionality. Alignment of
two residues implies that those residues are performing similar roles in the two
different proteins. This allows the information known about specific residues in
one sequence to be potentially transferred to the residues aligned in the other
sequence [6].

Global Alignment [7]

Global Alignment aims to align as many characters in each sequence as
possible. It is most useful when the sequences in the query set are similar and
of roughly equal size. An optimal alignment is computed that is required to
extend from the start of the given sequences to their ends. Optimal global
alignment can be obtained by using Needleman-Wunsch Algorithm.

Two sequences are inputs to the Needleman-Wunsch Algorithm and scoring
scheme is chosen in accordance to the type of sequence. If it is a protein
sequence then scoring matrix either PAM or BLOSUM is used and if it is a
nucleotide sequence then match score and mismatch score is decided. Also, the
gap penalty score either linear (constant) or affine gap penalty is decided.
Generate similarity matrix using the algorithm. Start from the right lower
corner of similarity matrix and backtrack from this position until end of matrix
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is encountered to find global alignment.
E.g.. Sequences FTFTALILLAVAV and FTALLLAAV can be globally
aligned as:

FTFTALI LLAVAYV

I |1 |1 ||
F--TAL-LLA-AYV

Local Alignment [7]

Local Alignment focuses on segments of sequence with the highest density of
matches. Local alignment seeks an alignment that is highest scoring among all
alignments between an arbitrary section of the first sequence and an arbitrary
section of the second sequence. It is more useful for dissimilar sequences that
may contain regions of similarity or for similar sequence motifs (patterns)
within their larger sequence context. Optimal global alignment can be obtained
by using Smith-Waterman Algorithm.

Input two sequences to Smith-Waterman Algorithm and generate the
similarity matrix. Required parameters are similar to those used in Needleman-
Wunsch Algorithm. Find the maximum value from similarity matrix and
backtrack from this position until zero or end of matrix is encountered to find
local alignment.

E.g.. Sequences FTFTALILLAVAV and FTALLLAAV can be locally
aligned as:

FTFTALI LL- AVAYV

| || ||
- - FTAL-LLAAV- -

Gap Penalty [8]
A gap is a space introduced into an alignment to compensate for insertions
and deletions in one sequence relative to another. Gaps are needed to be
introduced during alignment to obtain optimal alignment score. Gap penalty is
a pre-defined negative score for each gap in the sequence. Gap penalty
contributes to the overall score of alignments, and therefore, the size of the
gap penalty relative to the entries in the similarity matrix affects the alignment
that is finally selected. Selecting a higher gap penalty will cause less favorable
characters to be aligned, to avoid creating as many gaps.
There are two methods to calculate gap penalty.
e Constant gap penalty: It has only one parameter (d) which is a penalty
per unit length of gap.
e Affine gap penalty: It uses a gap opening penalty (G = 10 to 15) and a
gap extension penalty (L = 1 to 2). It there is a gap of length n, then
affine gap penalty is G + L * (n).
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Suppose values are G = 10, L = 1, one continuous gap of size 8 will
result in an affine gap penalty of 1 * (10 + 7 * (1)) = 17. While four
separate gaps of size 2 will result in an affine gap penalty of 4 * (10 + 1 *
(1)) = 44.

Hence, few large gaps are better than many small gaps. The value of L is
always smaller as compared to G so as to encourage gap extension rather than
a gap introduction.

Scoring Matrices [9] [10]

Substitution matrices (also known as scoring matrices) are used to assign
individual scores to the aligned sequence positions. A substitution matrix
defines values for all possible pairs of residues. It describes the rate at which
one character in a sequence changes to other character.

PAM (Point Accepted Mutation) [11]

PAM units are used to measure the amount of evolutionary distance between
two amino acid sequences. One PAM unit is an evolutionary time period over
which 1% of the amino acids in a sequence are expected to undergo accepted
mutations. For any specific pair (Ai, Aj) of amino acids, the (i, j) entry in the
PAM-N matrix reflects the frequency at which Ai is expected to replace Aj in
two sequences that are N PAM units diverged. Example of PAM matrices are
PAM 250 and PAM 120.

BLOSUM (BLOcks of Amino Acid SUbstitution Matrix) [12]
PAM is derived from global alignments of proteins, while BLOSUM comes
from alignments of shorter sequences or blocks (A block is a short contiguous
interval in a multiple alignment of amino acid sequences.) of sequences that
match each other at some defined level of similarity. The BLOSUM method
incorporates much more data into its matrices, and is therefore more accurate.
The matrix built from blocks with no more than x% of similarity is called
BLOSUM-x. E.g. the matrix built using sequences with no more than 62%
similarity is called BLOSUM-62. The some of BLOSUM matrices are
BLOSUM 45, BLOSUM 62 and BLOSUM 80.
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TABLE 1: COMPARISON BETWEEN PAM AND BLOSUM MATRIX

PAM BLOSUM
Used for global alignment Used for local alignment
Based on explicit evolutionary model Based on experiments
Covers a smaller dataset than BLOSUM| Covers a larger dataset than PAM
Tries to match entire sequence Focuses on highly mutable regions
Higher number means more Higher number means higher similarity
evolutionary distance

Tools for Sequence Alignment
When dynamic programming techniques are used to compute similarity between
two sequences, the time and space cost will be O (n * m) which is not
feasible for larger sequences. So, heuristic or approximate algorithms like
FASTA [13] [14] and BLAST [15] were developed to speed up the process
while attempting to keep as much sensitivity as possible. Tools for both these
algorithms, FASTA [16] and BLAST [17] are available online and free for
academic use.

BLAST (Basic Local Alignment Search Tool) [17] provides the following
programs:

TABLE 2: VARIOUS PROGRAMS IN BLAST

Program Query Database
BLASTP Protein Protein
BLASTN DNA DNA
BLASTX | Translated DNA Protein
TBLASTN Protein Translated DNA
TBLASTX | Translated DNA | Translated DNA

To begin working with BLAST tool, first choose a program depending on
what type of query one has (a protein sequence, a DNA sequence or a
translated DNA sequence) and with what database one wants to search in.
Various databases are available online for both protein sequences and DNA
sequences.

Once the program is chosen, enter the query sequence. BLAST takes
FASTA format, bare sequence or sequence identifiers as input query. Also one
can upload a query file (text file containing queries formatted in FASTA
format). If the sequence is too long or one need to search for only a segment
then range of segment can also be provided.

Next one needs to choose the search set or the database for searching the
query sequence. BLAST provides with a default option but user can change as
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per requirement. Also user can choose the program i.e. specific algorithm using
which the alignment would be done.

BLAST also provides with default setting of algorithm parameters: General
Parameters like maximum target sequences, expected threshold, word size (the
length of the seed that initiates an alignment), etc. and Scoring Parameters like
scoring matrix and gap costs. Also parameters specific to the algorithm may
need to be set. But user can change these parameters as per requirement. With
each option help is also provided that describes what each option or parameter
does.

After all the options and parameters are set according to requirement, user
just needs to click on BLAST button at the end of the webpage and wait
until the tool does the search and obtains the results of the algorithm.

EXPERIMENTS IN BLAST
For these experiments, max target query was taken as 100. The option to
automatically adjust parameters for short input sequences was chosen. Expected
threshold was taken as 10. For protein query, word size was taken 3 and for
nucleotide query word size was taken 11. Other specifically chosen parameters
are given in the TABLE 3.

One of the best 100 results given by BLAST as output is shown in the
TABLE 4 with values of various output parameters.

TABLE 3: INPUT PARAMETERS VALUES FOR EXPERIMENTS

Par |Experimen Experiment 2 Experime | Experiment | Experime

ame t1 nt 3 4 nt 5

ters

Pro| Standard Standard Protein BLAST | Standard | Standard | Standard

gra| Protein Protein | Nucleotide | Nucleotid

m | BLAST BLAST BLAST |e BLAST

Inp| ALYLVC | MVLSPADKTNVKAAWGKH [MNVTSL|CTCGTAAC |ACGTCG

ut | GERGFF |GSAGAEALERMFLSFPTTKT|GELEKA| CAACCGA | TAGTTC

que| YTPKTR YFPHFDLSHGSAQ CVTIP | GAGAGA | CAGTC

ry

Dat| Non- Non-redundant protein Non- Human Human

aba | redundant sequences(nr) redundant| genomic | genomic

se | protein protein plus plus
sequences( sequences| transcript | transcript

nr) (nr)

Alg| Dblastp blastp blastp Blastn blastn

orit

hm
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Sco|BLOSUM BLOSUMG62 matrix BLOSUM| Match: 2 | Match: 1

ring| 62 matrix 62 matrix| Mismatch: - |Mismatch:

Sch 3 -1

eme

Gap| Existence: | Existence: 10 Extension: 1 |Existence:| Existence: 5 |EXxistence:

Cos 11 12 Extension: 2 2

ts | Extension: Extension Extension:
1 o1 1

TABLE 4: OUTPUT PARAMETERS VALUES OBTAINED FROM

EXPERIMENTS

Results | Experiment | Experiment | Experiment |Experiment 4| Experiment 5
1 2 3
Accession |[AEG19452.1| AAN04486.1|AAG35266.1| NT_032977.9 |NT_005612.16
AF215934 1
Description|  insulin hemoglobin Smad2 Homo Homo sapiens
[Homo alpha-2  |[Schistosoma| sapiens |chromosome 3
sapiens] [Homo mansoni] | chromosome genomic
sapiens] 1 genomic contig,
contig, GRCh37.p5
GRCh37.p5 Primary
Primary Assembly
Assembly
Raw score 140 238 60 15 14
Bit score 62.2 88.8 28.6 30.2 28.2
E value le-11 2e-21 37 19 38
Max Ident| 100% 87% 48% 100% 100%
Identities 18/18 48/55 (87%)|12/25 (48%)(15/15 (100%)| 14/14 (100%)
(100%)
Positives 18/18 49/55 (89%)|12/25 (48%) - -
(100%)
Gaps 0/18 (0%) | 4/55 (7%) | 9/25 (36%) | 0/15 (0%) 0/14 (0%)

Experiment 1, 2 and 3 were done using program blastp and database as

non-redundant protein sequences (nr). Scoring scheme used was BLOSUMG62
matrix. For experiment 1, input query of 18 characters was given and gap
costs were taken as 11 as gap existence penalty and 1 as gap extension
penalty. As output, the input query matched with insulin [Homo sapiens] with
100% ident and 0% gap. For experiment 2, input query of 55 characters was
given and gap costs were taken as 10 as gap existence penalty and 1 as gap
extension penalty. As output, the input query matched with hemoglobin alpha-2
[Homo sapiens] with 87% ident and 7% gap. For experiment 3, input query of
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25 characters was given and gap costs were taken as 12 as gap existence
penalty and 1 as gap extension penalty. As output, the input query matched
with hemoglobin alpha-2 [Homo sapiens] with 48% ident and 36% gap.

Experiment 4 and 5 were done using program blastn and database as
Human genomic plus transcript. For experiment 4, input query of 15 characters
was given, scoring scheme taken was match = 2 and mismatch = -3 and gap
costs were taken as 5 as gap existence penalty and 2 as gap extension
penalty. As output, the input query matched with Homo sapiens chromosome 1
genomic contig, GRCh37.p5 Primary Assembly with 100% ident and 0% gap.
For experiment 5, input query of 14 characters was given, scoring scheme
taken was match = 1 and mismatch = -1 and gap costs were taken as 2 as
gap existence penalty and 1 as gap extension penalty. As output, the input
query matched with Homo sapiens chromosome 3 genomic contig, GRCh37.p5
Primary Assembly with 100% ident and 0% gap.

CONCLUSION

Sequence alignment is an important aspect of bioinformatics. There are various
techniques that use scoring schemes and gap penalty score to find alignment
score. Dynamic programming methods for global and local alignment always
give an optimal score but require more computational time. Heuristic methods
are faster than dynamic programming methods but may not always give
optimal outputs.

FUTURE WORK

In bioinformatics, matching a subsequence is frequently more useful than
matching the whole sequence, i.e. optimal local alignment. Also, multiple
sequence alignment can be used to generate phylogenetic trees and discover
homologous regions for protein and nucleotide sequences. But optimal
techniques require more computational time and heuristic techniques do not
give accuracy. To overcome these limitations, a proposed approach is to use a
parallel environment to compute multiple sequence alignment based on dynamic
programming techniques. Such an implementation will speed-up the computation
and will always give an optimal alignment score.
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