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In recent years, several experimental evidences suggest that amino acid repeats are closely linked to many
disease conditions, as they have a significant role in evolution of disordered regions of the polypeptide
segments. Even though many algorithms and databases were developed for such analysis, each algorithm has
some caveats, like limitation on the number of amino acids within the repeat patterns and number of query
protein sequences. To this end, in the present work, a new method called the internal sequence repeats across
multiple protein sequences (ISRMPS) is proposed for the first time to identify identical repeats across multiple
protein sequences. It also identifies distantly located repeat patterns in various protein sequences. Our method
can be applied to study evolutionary relationships, epitope mapping, CRISPR-Cas sequencing methods, and
other comparative analytical assessments of protein sequences.

Keywords. Repeat identification; pattern searching algorithm; protein sequences; computer programs;
evolutionary conservation; domain region

1. Introduction

Knowledge of a protein’s structure, and function could
be gained from its primary sequence’s hidden patterns
(for example, amino acid sequence repeats, hereafter
sequence repeats) (Luo and Nijveen 2014). Due to the
advent of high-power digital computing and data
mining techniques, the essential hidden features could
be fetched easily within a short period of time to
address various biological problems. A protein
sequence with five or more continuous amino acid
residues is known as a sequence motif. If this motif
occurs more than once in a single or multiple protein
sequence, then it is referred to as an identical repeat.
These repeats are vital in various biological processes,
like regulating a protein’s function and evolutionary
trajectory. Further, the repeat patterns in the domain of
a protein sequence play a significant role as they are

indispensable in regulating most of the biological
processes like transcription and translation. Notably,
such repeats within a domain can fold independently
(greater than 50 amino acid residues), and are evolu-
tionarily conserved (Rajathei et al. 2019). Also, due to
diploid chromosomes, the number of such repeats in
the eukaryotic proteome is higher than in the
prokaryotic proteome (Marcotte et al. 1999). Further,
experimental studies suggest that sequence repeats are
more involved in disease conditions; amino acid
repeats are more closely linked to many neurodegen-
erative disorders like Parkinson’s disease (Klein and
Westenberger 2012).
Contemporary research emphasises the functional

role of repeats in both coding as well as non-coding
regions (Uthayakumar et al. 2012). However, the origin
of repeats remain unclear, as it may be either due to
gene duplication or by chance. Over the last decade,
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several articles reported that interactions of proteins
with other biomolecules are constantly regulated by
repeats such as ankyrin, leucine-rich repeats (LRRs),
toroid repeats, etc. On the contrary, a few repeats, like
‘gate-keeper’ patterns, restrain inter-domain interaction
(Luo and Nijveen 2014). Thus, repeats have dual
functions in regulating biological processes. As men-
tioned earlier by Vetting and co-workers (Vetting et al.
2006), these studies prompted and motivated us to
develop an efficient methodology to identify such
repeats in multiple protein sequences of biological
importance.
To this end, there are algorithms such as TRUST

(Szklarczyk and Heringa 2004), RADAR (Heger and
Holm 2000), REPPER (Gruber et al. 2005), CENSOR
(Kohany et al. 2006), SWELFE (Abraham et al. 2008),
RPS (Babu et al. 2011), FAIR (Senthilkumar et al.
2010), and RepEx (Michael et al. 2019) available in the
literature which primarily focus on identifying repeats
within individual protein sequences. Some of these
algorithms also identify repeats in nucleotide sequen-
ces. However, they predominantly focus on detecting
sequence repeats of more than 15 residues and might
not effectively capture shorter repeats. A notable limi-
tation of these algorithms lies in the input sequence
length, with the maximum number of amino acid
residues at 6000. While a few algorithms might not
impose such a limitation, they only analyse a single
amino acid sequence at a time. Furthermore, a
notable drawback arises when RADAR and TRUST are
capable of analysing multiple protein sequences. These
algorithms treat multiple sequences as a single entity,
potentially compromising the accurate detection of
repeats within individual sequences (Nirjhar et al.
2008). Although FAIR and RepEx are trained in
detecting direct, inverted/palindrome, mirror repeats
within various sequences, they cannot detect repeated
patterns that exist across multiple sequences. This
underscores the existing algorithms’ drawbacks, par-
ticularly in terms of repeat length, input sequence
length, and handling multiple protein/nucleotide
sequences. Our proposed algorithm, internal sequence
repeats across multiple protein sequences (ISRMPS)
seeks to address these limitations by offering enhanced
capabilities in detecting repeats, regardless of repeat
length, longer sequences, and effectively analysing
multiple protein sequences simultaneously. Based on
the present research and to the best of our knowledge,
no algorithm or method is available to identify a par-
ticular sequence motif (for example, RADHASEKAR)
present in a set of protein sequences (for example, 1000
protein sequences). Thus, we have developed a new

method to identify a sequence motif available in mul-
tiple protein sequences.

2. Materials and methods

The primary objective of this work was to extract
identical repeats across multiple protein sequences. To
ensure that the proposed approach determines the best
results compared to the existing methods, in the present
research paper, we have addressed the problem using
three different algorithms. The ensemble of these pro-
cedures to solve the problem is put forward through an
iterative investigation, encompassing multi-angulated
and inter-operable capabilities. Initially, the user feeds
an input file with multiple protein sequences. The
proposed method extracts the identical repeats, their
number of occurrences, and their corresponding posi-
tions in given sequences. The problem was tackled
using the following algorithmic approaches. The only
input for these algorithms are protein sequences and the
minimum number of amino acids in an identical repeat.

2.1 Brute-force approach (BFA)

This straightforward, exhaustive search approach uses
multiple for-loops to keep track of sequence repeats.
The outer loop considers all sequences; the inner loop
is initiated for each sequence, and the innermost loop
checks the repeat present in the preceding sequences. If
a motif is present in these sequences, it is a repeat and
is stored in another list. This process is carried out until
the end of the sequence is reached. The output is pro-
duced from the appended lists. A detailed explanation
of the algorithm is shown in the supplementary file 1.
This approach performed well for a limited number of
sequences with smaller sequence lengths. The algo-
rithm’s time complexity is O(n3), where n is the length
of the most extended sequence. The time complexity of
the BFA algorithm is described in figure 1. BFA stores
all sequence patterns in the computer’s memory,
resulting in slow execution and thus leading to a
memory error. By applying this approach, the sample
input and output results are shown in figure 2.

2.2 Suffix tree-based approach (STBA)

This approach uses the concept of a suffix tree. We
constructed a suffix tree using Ukkonen’s algorithm
(Ukkonen 1995) in linear time. After extracting all
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biological sequences from the input, they were con-
catenated using unique special characters. This resulted
in a long string (sequence) called CombinedSeq, which
was used to construct the suffix tree. All possible leaf
nodes (a node with no child) corresponding to each
internal node were counted. Later, a list of all potential
internal nodes was generated. The path from the root to
this internal node will be repeating, and residues along
this path will be an identical repeat. The number of
leaves attached to each internal node will be the
number of occurrences of that particular repeat. Fur-
ther, the breadth-first search (BFS) approach was used
to reach each internal node from the root and save its
path. The residue associated with this path will be the
corresponding repeat. Four unique special characters
join sequences in this CombinedSeq [{#, @, &, !}-

MYSFVSTGTNSVLLGTCAY#MYSFVSTXX@LLV
TLMYSFVTGTCAYM&SFYVGTCAYMYSMYSFV!].
The suffix tree construction of CombinedSeq is shown in
figure 3.

2.2.1 Performance analysis of STBA: The bottleneck
of STBA is space consumption. Further, the time
complexity increases exponentially if the subset
removal step is considered. O(n) time is needed for a
suffix tree construction using Ukkonen’s algorithm
(Ukkonen 1995). Here, ‘n’ is the length of the com-
bined protein sequences. O(n) time is needed for BFS
to count the number of leaves attached to each internal
node. O(n) time is needed for traversing from the root
node to each internal node root. Thus, the overall time
complexity is O(n9num), where ‘num’ is the number

Figure 1. Time complexity of the BFA algorithm.
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of all internal nodes. Since the value of num can be as
large as n–1, the worst-case time complexity of the
algorithm is still quadratic, O(n2).

2.3 Rabin–Karp based method (RKBM)

The Rabin–Karp algorithm is a pattern-searching
algorithm developed by Richard M. Karp and Michael
O. Rabin (Karp and Rabin 1987). This approach uses a
hashing method to locate an exact match for a pattern
in a given string. A rolling hash prunes the text posi-
tions that do not match the pattern. Further, it is rolled
to the next position, looking for a match. This process
is continued until the end of the given text. The RKBM
uses the concept of hash and sliding windows. The size
is fixed for the sliding window and slides over the input
text. For each slide, the substring is hashed to numeric
values efficiently. The hashing technique is used here
to have a significantly lower chance of hash collision.
Hash values are calculated by sliding the window one
step ahead based on the previous hash values, and all
values are stored further. Searching is halted once these
values are collected in a complete text for a given
window size (pattern length). The same hash value and
their index position in a given text were searched in the
search step. When the number of distinct hashes, i.e,
the number of patterns available, was found to be more
than two in a given text, simultaneously a distinct index
position was retrieved for that unique hash value. The

overview of the proposed methodology is illustrated in
figure 4. The user feeds a fasta format file containing
multiple protein sequences. The sequences and the IDs
are extracted and concatenated with special characters
(a list of special characters is pre-defined). Hashing is
performed in the next step, assigning a numeric value
for each concatenated sequence. Later, the longest
repeated sequence motif and the number of such
sequence motifs are captured using the Rabin–Karb
algorithm. The minimum motif length considered here
is five since to form a regular secondary structure, a
minimum of five amino acid residues is required
(Worsfold et al. 2019). Thus, if a motif length is less
than 5, the sequence is not considered for further
comparison in subsequent iterations. However, the
motif is stored if the length is greater than 5. Further,
duplicates of a particular motif are eliminated by
retaining only one occurrence. In the final stage, the
sequence of all repeats, their frequency of occurrence,
and their position in the original sequence are retrieved
as the final output. A detailed explanation of the
algorithm is shown in supplementary file 1.

2.3.1 A detailed step-wise analysis of RKBM:
Step 1. Extraction of input protein sequences and their
sequence ID.
The fasta format file containing multiple protein

sequences is the input. All protein sequences and IDs
are collected as vector strings. The sequence IDs are
assigned a number in increasing order.

Figure 2. (a) Screenshot of the sample input sequences submitted to ISRMPS. (b) Sample results retrieved from ISRMPS
using BFA.
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Step 2. Concatenation of input protein sequences.
All protein sequences are concatenated using special

characters. For example, 10 distinct special characters
concatenate 10 protein sequences.
Suppose the number of protein sequences exceeds

the number of unique characters available. A combi-
nation of three distinct characters is created from the
list of predefined special characters. For example, we
have 20 protein sequences, but the number of unique
characters is 15. We combine three special symbols and
use them to concatenate input protein sequences once
all special characters are utilized.

Step 3. Hashing of each character present in a con-
catenated sequence with a numeric number.
Protein sequences are made of 20 amino acids,

each representing one character of the english
alphabet (A, R, N, D, C, Q, E, G, H, I, L, K, M, F,
P, S, T, W, Y and V). Each alphabet is hashed with
its ASCII code (a unique number). Once all the

characters are hashed, the special characters are
hashed, increasing from the highest ASCII number of
any amino acid alphabet.

Step 4. Find the longest duplicated string in a con-
catenated string using RKBM.

Step 5. Extract all the repeated strings using recursion.
Once the longest repeated string and its total number

of occurrences are known, the old concatenated string
is recursively modified.

2.3.2 Subset removal using recursion: For example,
consider the longest repeated string found ‘n’ times in
the original concatenated string. We have modified this
concatenated string by removing the first ‘n–1’ occur-
rences of the repeated string and joined this residual
string with distinct special characters. This newly
formed concatenated string is used in the next step for
extracting the longest repeated string using RKBM.

Figure 3. Representation of the suffix tree.
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This process is done recursively until the repeated
string length obtained is greater than or equal to 5. Lists
of 2500 special characters are predefined for this
research purpose. The number of total possible three-
character combinations

2500C3 ¼ 2500!

3!ð2500� 3Þ! ¼ 2:601� 109

Hence, there is no limit on the number of sequences
fed to the system, and it is scalable to extract
repeats across a virtually infinite number of protein
sequences.

2.3.3 Performance analysis of RKBM: Let us have k
input protein sequences of varying lengths (n1, n2, n3,
n4, n5, n6, n7, .... nk). After concatenating with distinct
special characters, its combined sequence length (N)
becomes as follows in eq. (1),

N ¼
Xk

i¼1

ni þ k ð1Þ

The average time complexity could be calculated
using eq. (2),

T Nð Þ ¼ NlogN þ
Xm

j¼1

N �
Xnjr

i¼1

LjðFji � 1Þ
 !(

�log N �
Xnjr

i¼1

LjðFji � 1Þ
 ! !)

ð2Þ

where, N is concatenated sequence length, Lj is length
of identical sequence repeat [Lj[4; Vj], njr is total
number of distinct repeats having length Lj, and Fji is
total number of occurrences of ith repeat having length
Lj. The code is written in Python language 3.8.0. The
performance measurement and execution of the algo-
rithm are done on the Windows Operating system
(specifications: Processor-11th Gen Intel(R) Core (TM)
i5-1135G7 @ 2.40 GHz 1.38 GHz, RAM-8GB, 64bit
OS) as well as on Linux (specifications: processor-
Intel(R) Core (TM) i7-6700 CPU 3.40 GHz8, Memory-
31.3 GB, 64bit OS) operating systems. The ISRMPS
algorithm is available to any user worldwide by
downloading the files in tar format. Interested
researchers may write to K Sekar to obtain the source
code of this algorithm. Also, users are requested to cite
this article in their research publications.

Figure 4. Workflow of the RKBM approach adopted in the present study.
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3. Results and discussion

To the best of our knowledge, the ISRMPS algorithm
developed in the present study is the first reported
method to date on repeat searches acrossmultiple protein
sequences. Hence, to validate the usefulness of our
ISRMPS method, we compared it with the existing
similarity search algorithms such as BLAST and
CLUSTALW for protein sequences. The local similarity
among two or more query protein sequences can be
identified using BLAST’s iterative pairwise alignment
approach. However, in the case of large multiple protein
queries, it displays a CPU (processing time) limit
exceeded error if it exceeds 1 h. To overcome such errors,
the user should reduce the number of query protein
sequences (Altschul et al. 1990). Likewise, the user can
deploy the CLUSTALW to identify the conservation
across sequences (Thompson et al. 1994). Specifically, it
uses the progressive alignment method to identify sim-
ilar patterns only in vicinity regions, not distant regions
(Mansour 2008). For example, two proteins (Q9BT76
and Q96M86) were submitted to BLASTP and ISRMPS
to find the common local pattern. The corresponding
results are shown in figure 5(a) and 5(b), respectively.
The results indicate that ISRMPS successfully identifies
the presence of repeats (‘PGPGP’) across two protein
sequences even though they are located in distant
regions. Specific instances are reported where protein
sequences are aligned using CLUSTALWand manually
corrected to evaluate repeats across protein sequences
(Tanabe et al. 2012). In such cases, our method directly
identifies repeats without any manual involvement. This
is further discussed in case study 2 (later section). The
ISRMPSmethod is better thanBLASTandCLUSTALW
considering the above-mentioned limitations.

3.1 Complexity analysis of the ISRMPS algorithm

In this section, we assessed the efficiency of the proposed
algorithm through a time complexity analysis, a widely
accepted method in computational biology and related
fields for evaluating algorithmic performance. Our eval-
uation involved a dataset of 550 protein sequences ran-
domly selected from the UniProtKB database, divided
into 10 sets with varying sequence lengths.We conducted
experiments on three distinct processors: P1 with an
Intel(R) Core (TM) i7-6700 CPU@ 3.40 GHz, 24 GB of
RAM, and running a 64-bit system; P2 equipped with an
Intel(R) Xeon(R) CPU E5-2630 v4 @ 2.20 GHz, 32 GB
of RAM, and a 64-bit system; and P3 featuring an AMD
Ryzen 9 3900X 12-Core, 64 GB of RAM, and a 64-bit

system. Results of our experiments, including the elapsed
time for each processor are summarized in table 1.
Additionally, we visualized the runtime of concatenated
sequence length derived from the dataset shown in fig-
ure 6. Notably, as the number of concatenated sequences
increases, the runtime exhibits quadratic growth. The
maximum repeat length discovered among the concate-
nated sequences of length 51,148 is characterized by a
repeat length of 140 residues and occurs twice across 100
sequences. This particular repeat was identifiedwithin the
protein sequences P0DI81 and P0DI82 from Homo
sapiens. In summary, based on our analysis, the algo-
rithm’s performance is closely tied to two main factors:
(i) the size of the input dataset and (ii) the availability of
computational resources. We have observed a clear
quadratic relationship between the number of concate-
nated sequences and runtime, emphasizing the signifi-
cance of these factors in determining efficiency.
Additionally, we identified a substantial repeat pattern
within thedataset. This study adds value to the algorithm’s
utility and sheds light on specific biological insights.

3.2 Case study 1: Tuberculosis

Tuberculosis is caused by Mycobacterium tuberculosis
(M.tb). The genome of M.tb encodes a unique protein
family known as the PGRS family, with largely unex-
plored functions (Meena 2015). Evidence suggests that
PE-PGRS proteins promote bacterial survival and mod-
ulate host immunity, metabolism, cell death, and autop-
hagy (Meena 2015). The PGRS domain, glycine, and
alanine are frequently found as ‘GGAGGX’ and
‘GGNGGX’ patterns repeated in the protein sequence
(glycine-rich motifs, X represents any amino acid). The
glycine-rich motif repeats in the PGRS domain are
implicated in forming a Ca2? binding structure. This is a
parallel b-helix structure, typical of calcium-binding
proteins. Meena (2015) highlighted the potential of PE-
PGRS as novel targets of anti-mycobacterial intervention
for TB control.
Our method can extract all the repeat motifs across

all protein sequences of the PE-PGRS multigene fam-
ily of M.tb. A summary of the result is represented in
table 2. The detailed results can be retrieved from the
supplementary file 2.

3.3 Case study 2: Malaria

Malaria protein, Plasmodium falciparum serine-repeat
antigen (SERA) is a potential vaccine candidate
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representing antigenic variations across protein
sequences collected from various geographical loca-
tions worldwide (Tanabe et al. 2012). The PfSERA5
protein length in standard reference strain (3D7) is 997
amino acids. Nevertheless, the protein length varies
from 915 aa to 1047 aa in protein sequences collected
from field isolates represented from various

geographical locations worldwide, like Africa, South-
east Asia, and South America. This diversity is mainly
due to repeat variations observed in two regions in the
N-terminal 47 kDa domain. One of the repeat regions
represent repeats of eight amino acids called octamer
repeats. Variations within octamer repeats and repeat
numbers have been identified (Tanabe et al. 2012). The

Figure 5. (a) Results retrieved from BLASTP and (b) Output of ISRMPS using an ensemble approach.

Table 1. Time elapsed for protein sequences in different processors (P1, P2, and P3)

Set
number

Number of protein
sequence

Concatenated
sequence length

Number of
repeats found

Repeat max
length

Time elapsed (min)

P1 P2 P3

1 10 5477 23 12 0.3953 0.2232 0.1418
2 20 15871 209 20 2.47125 3.0675 1.9709
3 30 13814 109 15 0.8091 1.000 0.66686
4 40 21027 213 44 4.02466 4.9670 3.24286
5 50 27923 420 12 6.39008 7.9100 5.3207
6 60 34598 540 18 13.2342 16.3943 10.9252
7 70 45134 828 21 23.1954 27.6213 18.7087
8 80 54256 1289 21 30.9767 38.18919 26.5200
9 90 39991 902 61 25.4335 31.8467 22.0980
10 100 51148 1186 140 47.7358 59.4116 41.0092
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most varying octamer repeat type is ‘PQGSTGAS’. We
reappraised this sequence analysis using our method.
Our method could identify all the haplotypes with this
‘PQGSTGAS’ repeat type variation. A summary of the
result is provided in table 3. Detailed results can be
retrieved from supplementary file 3.

3.4 Case study 3: Ovarian cancer

A list of 326 ovarian cancer proteins was retrieved
from the UniProt and given as input to the ISRMPS
method. Results indicate that across all the cancer
proteins, hexamer repeat ‘GSTAPP’ was found 42

times in mucin cancer proteins. The alpha subunit of
such protein is proven to have a significant role in
protecting the epithelial cells against various types of
microbial infection due to their unique adhesive prop-
erty. Also, several studies demonstrated that they are
promising cancer markers as their abnormal expression
leads to the pathogenic effect. The detailed results can
be retrieved from the supplementary file 4.

3.5 Case study 4: Breast cancer

Inherited mutations in BRCA1 and BRCA2 genes are
responsible for the onset of breast cancer. To identify

Figure 6. Time complexity cure for ISRMPS algorithm in different processors (PI, P2, and P3).

Table 2. Output obtained from the protein sequences
associated with tuberculosis

Dataset Info Value

Proteins sequence Mycobacterium
tuberculosis

Total number of input protein sequences 60
Total number of repeats found 1688
Maximum number of amino acids in the
repeat

375

Minimum number of amino acids in the
repeat

5

Maximum number of occurrences 1538
Minimum number of occurrences 2

Table 3. Output obtained from protein sequences associ-
ated with malaria

Dataset Info Value

Proteins sequence Malaria
protein
sequences

Total number of input protein sequences 36
Total number of repeats found 141
Maximum number of amino acids in the repeat 977
Minimum number of amino acids in the repeat 5
Maximum number of occurrences 97
Minimum number of occurrences 2
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the repeats found across all the 1789 breast cancer
proteins, they are given as input to the ISRMPS
method. The results indicate that the ‘TGEKP’ pen-
tapeptide occurs 159 times across all the breast cancer
proteins. This pentapeptide occurs near the zinc finger
motif in most protein sequences. A summary can be
retrieved from supplementary file 5.

4. Conclusion

The present study proposes an efficient method
(ISRMPS) to find identical sequence repeats across
multiple protein sequences. As stated above, the input
for our proposed method is only the protein sequences
and the minimum number of amino acid residues pre-
sent in an identical repeat. Identifying such repeats in
the proteome aids in discovering various significant
conditions like microsatellites in the coding regions,
disordered regions, and positive selection pressure in
the locus. In addition, our method can be effectively
used in the comparative study of orthologous, paralo-
gous, and analogous protein sequences. Thereby, the
hidden patterns of the evolutionary process could be
revealed. Similarly, our method can also be deployed to
extract repeats within the domain region, as they play
an important role in diseases. Eventually, it could be
applied to predict the functional annotation of a
hypothetical protein sequence. This work will be
extended to identify repeats across multiple DNA
sequences.
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