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Abstract: Correct recognition of sequence
characteristics is one of the most important steps
in bioinformatics. The paper presents a method for
the characterization of surface glycoprotein in
different viruses. The method uses amino-acid and
nucleotide repeat sequences to form a
virus/protein profile that is used to characterize
and predict the type of protein. Based on a set of
characteristic repetitive sequences, a classification

model for predicting the type of virus was
constructed.
Index Terms: classification, coronavirus,

filoviridae, repeat sequences, surface glycoprotein

1. INTRODUCTION

The great SARS-CoV-2  coronavirus
pandemic of 2020 gave a new impulse to
reveal in more detail the mechanisms that viruses
use to attack their hosts. Of special interest is the
SARS-CoV-2 spike glycoprotein (spike protein,
S-protein), the protein responsible for attachment
to and fusion with the specific host cell. S-protein
is a trimmer belonging to Type | transmembrane
proteins containing a single transmembrane
domain, N-terminally oriented on the external
side of the virion. SARS-CoV-2 S-protein shares
many of the features of other viral fusion proteins
[1], such as Ebola virus (EBOV), influenza
hemagglutinin and HIV envelope glycoprotein.
EBOV is a member of the Filoviridae family, a
genome consisting of negative-sense single-
stranded RNA (-ssRNA), encoding even proteins
that include GP (glycoprotein - spike), as a type |
transmembrane fusogenic protein [2].

Protein recognition based on the input
sequence, or its part, as well as the
determination of its characteristics, can be of
great importance in pharmacology, and in the
production of new drugs and vaccines [3]. In
response to COVID-19, several vaccines as well
as Monoclonal Antibodies have been developed
using as a target various domains of the S-
protein [4].
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2. PROBLEM DEFINITION AND EXISTING
SOLUTIONS

The problem of determining the characteristics
of the S-protein consists of recognizing for a
given input sequence the type of protein and
virus to which that protein belongs, as well as
finding its key characteristics that can be used in
further processing. The problem is increased in
the situation when the input sequences are
incomplete or consist of parts, as well as due to
the existence of a large number of mutations of
S-protein sequences in both the nucleotide and
amino acid (AA) sequences.

The existing solutions applied by biologists are
either experimental (and therefore quite
expensive and time-consuming) or are based on
a comparison (e.g. using BLAST) of the input
sequence with known sequences from the
database with subsequent determination of
specific characteristics. Processing in this way
requires a large amount of computing resources.
Therefore, it would be very important to
determine some specific sequences (motifs) that
are not found in other viruses and/or proteins,
which would significantly shorten the processing
time and increase the reliability of the later
results.

3. PROPOSED SOLUTION

This work aims to further characterize S-
protein according to the presence of various
types of nucleotide and amino-acid repeat
sequences [5, 6]. Characterization will be done
by determination [7] of the "repetitive" signature
of surface glycoprotein protein. The assumption
is that the S-protein of each virus has its unique
profile determined by a set of repetitive
sequences. A set of various viruses (human
Coronaviruses: SARS CoV 1, SARS CoV 2,
MERS, OC43 and NL63, and as outgroup
Filoviruses Ebola and Marburg) is selected for
verification of this assumption. For each element
of the set, a repeat signature is obtained and
analyzed. These Coronaviruses and Filoviruses
were chosen because they all are pathogenic.
Spike glycoprotein exists with the same function
in all four previously mentioned viruses. As
additional verification that repetitive sequences
can be used for the characterization of S-proteins



for individual virus types, a data mining
classification model [8] has been constructed.

3.1 Basic Idea

The basis of the proposed method is the use of
repeating sequences (repeats) [5, 9, 10].
Nucleotide and amino acid sequences often
consist of repeat sequences of various lengths,
types and content of constituents. There are 4
types of repeats in nucleotide sequences: direct
non-complementary (DN), direct complementary
(DC), indirect non-complementary (IN), indirect
complementary IC, and two protein types of
repeats (DN and IN). Additionally, repeats can be
classified using different criteria in at least two
categories: low complexity, consisting of adjacent
tandem repeats, and more complex interspersed
repeats. RNA and protein repeats may be
involved in transposition, in formation of
secondary structures, recognition by RNA-
binding proteins, etc. [11].

Several sources contain complete data
sources for viruses, especially for SARS-COV-2
(for example see [12]). We downloaded viral
spike glycoprotein sequences from the NCBI
database [13] in nucleotide and amino acid form
because surface glycoprotein sequences are
available in the same format not only for SARS-
COV-2 but also for other viruses used in the
research. For each of the sequences, direct and
palindromic repeating sequences in the amino
acid record of the protein were determined using

the StatRepeats program [10], as well as all 4
types of nucleotide repeating sequences: DN,
DC, IN, IC. Two sets of repeating sequences
were used in the research: statistically significant
repeats and all repeats regardless of the
statistical significance of their occurrence in the
observed sequences. The resulting set of
repetitive sequences was then analyzed to
determine the characteristic repetitive sequences
for a particular virus type and used as input to a
classification algorithm for virus type prediction.
Although the set of observed repeats was
different for both sets of sequences very similar
results were obtained. In the following, only the
results for the set of all repeating sequences will
be presented.

3.2 Material Used

Considering the very large number of
sequenced isolates of both SARS CoV 2 ([12],
[13]) and other coronaviruses as well as
Ebola/Marburg ([14]), only reference isolates of
each analyzed virus were taken for analysis. The
list of retrieved isolates is shown in Table 1. For
SARS CoV 2, in addition to the reference isolate
(Wuhan), isolates representing WHO strains
(ALFA, BETA, GAMA, DELTA, EPSILON,
LAMBDA, MU and OMIKRON) were taken to
include the widest possible set of sequences of
this virus. For bioinformatics analysis, we used a
minimum length of 6 for nucleotide sequences
and 2 for amino acid sequences as a parameter
of the StatRepeats program.

Table 1. Virus types, their NCBI identifications and isolates used in research. SARS CoV 1, MERS, Hcov OC43, Hcov NL63, Ebola
and Marburg isolates are reference isolates for the corresponding virus type; For SARS CoV 2 reference isolate is Wuhan while
other isolates are selected based on corresponding WHO variances. S-proteins that correspond to those isolates are used as input
sequences in StatRepeats program [10].

Virus Type NCBI identification Isolate

SARS CoV 1 NC_004718.3 SARS coronavirus Tor2
SARS CoV 1 JX163923.1 SARS coronavirus Tor2
MERS NC_038294.1 Betacoronavirus England 1
MERS NC_019843.3 Middle East respiratory syndrome-related coronavirus
SARS CoV 2 NC_045512.2 Wuhan

SARS CoV 2 MZ047082 ALPHA

SARS CoV 2 OM095211 BETA

SARS CoV 2 MZ611957 GAMMA

SARS CoV 2 0Q718959 DELTA

SARS CoV 2 OP143426 EPSILON

SARS CoV 2 MW713651 LAMBDA

SARS CoV 2 MZ467310 MU

SARS CoV 2 OMO080680 OMIKRON

HCOV 0C43 NC_006213.1 Human coronavirus OC43
HCOV NL63 NC_005831.2 Human coronavirus NL63
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Virus Type NCBI identification

Isolate

Ebola NC_039345.1 Bombali ebolavirus

Ebola NC_014373.1 Bundibugyo ebolavirus

Ebola NC_014372.1 Tai Forest ebolavirus

Ebola NC_006432.1 Sudan ebolavirus

Ebola NC_004161.1 Reston ebolavirus

Ebola NC_002549.1 Zaire ebolavirus

Marburg NC_024781.1 Orthomarburgvirus — RAVN

Marburg NC_001608.3 Orthomarburgvirus - Mt. Elgon-Musoke
4. RESULTS

Normalized numbers of repeats in Spike
proteins by virus and type of repeat are shown in
Table 2 (per 100 nucleotides) and Table 3 (per
100 amino acids). The total number of repetitive
sequences of all types found in the material is
146,764 nucleotide ones (of which 12,414
repeats are different) and 99,389 AA repeats (of
which 2,043 repeats are different). As expected,
the number of AA repeats is significantly lower
than the number of nucleotide repeats of the
same length. It is also observed that Ebola and
Marburg have a smaller number of shorter

repeats in to
coronaviruses.

Additional analysis was performed by examining
whether there are repeat sequences that occur
in all observed viruses, whether there are
sequences that are characteristic only for certain
viruses, as well as whether there are pairs of
nucleotide and amino acid repeats that start at
the same position in the virus (i.e. nucleotide
repeats represent amino acid codons in the AA
repeat).

the S protein compared

Table 2A. Normalized number of repeats per 100NA by repeat length, repeat type (DC, DN, ) and virus type

REPEATS/100NA DC DN
6 7 8 9 10 11 12 13 6 7 8 9 10 11 12 13 14 15
Ebola 12.959 3.318  0.813  0.197 0.016 0.008 19.184 5289 1.371 0452 0.123 0.025 0.016
Marburg 14.809 3641 0.831  0.318  0.049 0.024 21.359 6.158 1784 0.489 0.147 0.049 0.024
Mers 28804 89 1.883 0419 0.148 0.049 40.066 10.844 2.942 0652 0.197 0.098 0.025
SARS CoV 1 3259 8891  1.99 0.557 0.106 42105 11.372 3477 0902 0212  0.08 0.027 0.027  0.027
SARS CoV 2 38.428 11.397 3285 1.038 0.189 0.032 0.026 0.023 43.089 1346 3.638 1.055 0.324 0.102 0.003 0.017
Hcov OC43 39.488 10.537 2.782 0.739 0.246 0.049 47.981 14.993 4727 1231 0394 0.074 0.049 0.025
Hcov NL63 37.485  9.408 2481 0.590 0.147__0.025 _ 0.025 56.448 18.767 5944 1.916 0.590 0.123
Table 2B. Normalized number of repeats per 100NA by repeat length, repeat type (IC, IN, ) and virus type
REPEATS/100 IC IN
NA
6 7 8 9 10 11 12 14 1618 6 7 8 9 10 11 12 13 14 15
Ebola 16.671 4114 124 0328 0.123 0.025 0.025 0.008 18.773 565 1.807 0.649 0.246 0.131 0.033 0.041 0.016 0.016
Marburg 17.937 4.497 1564 0.318 0.171 0.024 19.257 6.867 1.686 0.538 0.049 0.122 0.024 0.073 0.024 0.049
Mers 34.589 8.198 224 0431 0.271 0.049 0.012 0.025 3534 9281 2622 0997 0.332 0.025 0.025
SARSCoV1  35.828 9.873 268 0425 0.239 0.053 0.186 35.191 10.005 2.866 1.008 0.345 0.08 0.08 0.053 0.053 0.053
SARS CoV2  41.005 11.945 3.614 1.009 0.361 0.07 0.157 0.023 0.003 39.967 12.671 2961 1.055 0.405 0.076 0.079 0.026 0.076
Hcov OC43 44141 12.358  3.274 0.739 0.320 0.049 0.074 46.356 14.599 3.520 1.108 0.468 0.123 0.025 0.025
Hcov NL63 41.489 10.636 _3.807 0.933 0.246 0.098 0.049 0.025 53.918 16.728 4.348 1.621 0.590 0.221 0.049 0.049 0.049 0.025
Table 3. Normalized number of repeats per 100AA by repeat length, repeat type (DN, IN) and virus type
REPEATS/100AA DN IN
2 3 4 5 2 3 4 5 6 7
Ebola 113.2 7.131 0.543 0.025 115.544 13.965 0.839 0.666 0.049
Marburg 129.736 10.059 0.954 0.147 131.278 15.565 1.468 0.734 0.147
Mers 213.636 11.789 0.665 220.51 17.664 1.256 0.407 0.074
SARS CoV 1 189.801 12.351 0.717 0.08 192.749 17.689 1.514 0.478
SARS CoV 2 195.476 11.744 1.024 0.061 196.316 17.782 1.356 0.42 0.079
Hcov OC43 212.712 13.308 0.813 0.074 221.064 18.256 1.035 0.591 0.074
Hcov NL63 250.959 16.445 1.549 251.475 21.681 1.254 0.664 0.074 0.074
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The analysis showed that 1095 (different) AA
repeats of both types (489 DN, 606 IN) and 6663
(different) nucleotide repeats (1453 DC, 1775
DN, 1694 IC, 1741 IN) occur in at least 2
different types of viruses. In addition, the number
of different repeats occurring in all 7 virus types
is 203 (AA) and 22 (nucleotide). Such repeats
are short repeats of length 2 for AA repeats and
length 6 for nucleotide repeats. The result of this
analysis shows that longer repeating sequences
usually occur in only one type of virus (and they
do not occur only once, i.e. by chance), which
supports the set hypothesis about the
characterization of the S-protein of each virus,
and the existence of a classifying based on
repetitive sequences.

There are a total of 4646 paired nucleotide
and amino acid repeats located at the same
positions in the protein. Of these, only one
repeat (in Hcov OC43, amino-acid VBSG or
nucleotide GTAGGTAGTGGT) has a length of
12 NA (4 AA), 139 repeats are 3(AA) or 9(NA)
long, while the rest are 2(AA) or 6(NA) long. This
set consists of 277 IN repeats, while the rest of
them are DN-type. Although these repeats are
unique to each type of virus, research has
shown that for a more accurate classification, it

is necessary to include unique repeats of longer
length (that do not have their AA or NA pair).
Nevertheless, it is important to discover all such
repeats because they are of interest to biologists
involved in the analysis of protein and RNA
secondary structures and interactions.

The number of repeating sequences that
occur in only one type of virus is shown in Table
4. The obtained results show that there are a
significant number of repeats of all types that
characterize individual types of viruses, except
possibly SARS-CoV-1. Ebola and Marburg, as
well as Hcov OC43 and Hcov NL63 have a
significantly higher number of repeats that
characterize them, which is quite striking.
Examples of some of the longest repeats (left
component) are:

- NUC repeats: CGACAAACTAGTTTGTCG,
TGGTAATTATAATTACCA, GTGTAGTTAACTACAC,
ATTATAATTATAAAT, ..., AACGAAACGACAC,
AATCATTTATCGG, ...

- AA repeats: DANINAD, TTPAPTT, VLLSLLV,
LSTPS, TFYAYFT, VSVPVSV, IRSSR], ...

At the same time, in most inverse non-
complementary repeats, the left and right
components match, that is, the repeats are real
palindromes.

Table 4. Number of amino acids and nucleotide repeat sequences in S-proteins by length that occur only in one type of virus. These
repeats are the core of successful classification.

Repeat number AA NUC
2 3 4 5) 6 7 6 7 8 9 10 11 12 13 14 15 18

Sars CoV 2 DN 11 2 11 25 14 9 4 2 1

IN 15 3 1 17 29 18 9 5 1

DC 9 33 21 8 1

IC 7 27 13 2 2 1
Ebola DC 240 275 94 23 2 1

DN 9 96 16 1 269 327 136 53 15 3 2

IC 274 316 126 40 13 3 3 1

IN 2 118 20 19 2 271 307 154 60 30 16 4 5 2 2
Marburg DC 70 83 34 13 2 1

DN 32 9 2 56 109 63 18 6 2 1

IC 69 85 55 13 7 1

IN 2 25 11 6 2 76 121 51 20 2 5 1 3 1 2
Mers DC 9 13 5

DN 2 0 19 11 3

IC 5 9 6 3 2 1

IN 4 1 9 16 11 1 1
Sars CoV_1 DN 1

IN 2
Hcov OC43 DN 5 105 11 1 82 174 140 50 16 3 2 1

DC 95 189 92 28 10 2

IN 9 8 13 6 1 92 184 106 43 18 5 1 1

IC 81 204 100 30 13 2 3
Hcov NL63 DN 4 82 21 70 172 143 70 20 5

DC 74 152 84 20 6 1 1

IN 3 93 17 8 1 1 69 177 113 63 21 9 2 2 2 1

IC 69 160 112 38 10 4 2 1
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The S-protein profile that characterizes each of
the observed viruses is obtained by extracting
unique repetitive sequences found only in that
type of virus. Protein profiles can serve as a
basis for virus type determination using machine
learning techniques. For this purpose, a
classification model was created to predict the
type of virus. The input material is divided into
two parts, stratified by virus type and repeat
length. The ratio of material distribution is 60:40
(training/test).

After preprocessing, the data for each repeat
occurring in the material includes five attributes:
the type of repeat (DN, DC, IN, IN for nucleotide,
or DN, IN for amino acid repeats), its sequence
(left and right components), and its position
within the protein (first, second, or third part). All
attributes in the input material are categorical.
Six algorithms were used to create the
classification model: C5.0, CART, CHAID,
Neural network and Tree-AS [15] from the SPSS
Modeler package [16] and SPRINT from the
Intelligent Miner package [17]. All algorithms
were applied with default parameters only. The
obtained classification accuracy is shown in
Figure 1. The numerical values of predictions are
shown in Table 5. Using only repeats longer than
10 (NA) or 4(AA) don’t produce results because
of a small number of repeats that serve as input
records (see Table 4).

As expected, different algorithms gave
different prediction quality. It varies from stable
models (C5.0, CART and some predictions from
CHAID and Neural Network) to possible
overfitting (CHAID and Neural network for AA
repeats length 4, SPRINT and Tree-AS).
Exploring the cause of the possible overfitting we
have found that the reason lies in the way the
material was divided into training and test. The
division was done automatically (stratified to
virus type and repeat length) using a
programming tool that did not take into account
which repeat is unique to a specific virus. The
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result was that for some viruses most of the
unique repeats used for virus characterization
fall in the training part, compared to a very small
percentage in the test part. This is especially
true for Hcov OC43 and Hcov NL63 viruses. We
made some experiments in which we (a)
manually removed and (b) redistributed NL63
virus repeats which resulted in increasing
precision by about 7-9% and decreasing the gap
between training and test precision. For some
further research which will include more different
viruses  additional  attributes related to
unique/non-unique repeats should be added and
included in the material division process. Adding
new sequences can, in general, lead both to the
increase of the quality of the results as well as to
its decrease (and, of course, the quality of the
results can remain at the same level). If the
sequence to be added is a mixture of two
existing sequences (e.g. an artificial protein
sequence made as a mixture of proteins from
two SARS viruses) the quality may decrease.
Otherwise (e.g. if surface glycoprotein of non-
human coronavirus is added) the quality should
not decrease and may increase.

According to the presented results, more
accurate results are obtained using nucleotide
repeats than amino acid ones. Although
algorithms were applied with default parameters
and without any optimization, existing stable
predictions with an accuracy of over 50%
confirm that repeats can be used for constructing
virus profiles. Research related to improving
accuracy can move in three directions: (1)
expanding the number of viruses/number of virus
isolates and the number of different protein types
that serve as a generator of the set of unique
repeats, (2) combining amino acid and
nucleotide unique repeats as the basis for a
classification model, and (3) adding attribute
related to unique/non-unique virus repeat and
include it in the material division process.
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Figure 1. Percentage of accuracy predlctlon virus type based on repeat sequences by six classification algorithms — C5.0, CART,
CHAID, Neural Network, SPRINT and Tree-AS. The X-axis includes a minimal length of repeats used in classification (tra|n|ng and
test) and the type of repeats (amino acids or nucleotides). Tree-AS did not successfully complete the work for nucleotide repeats with

minimal length 7.

Table 5. Percentage of accuracy prediction virus type based on repeat sequences by six classification algorithms — numerical
values. Tree-AS did not successfully complete the work for nucleotide repeats with minimal length 7.

Amino acid Nucleotide

. Minimal repeat length
Algorithm 3 2 7 8 9 10
C5.0 Training 47.8 48.67 55.68 55.84 57.14 56.21
) Test 47.81 49.09 55.68 55.83 57.16 56.08
CART Training 47.8 48.67 55.68 55.84 57.14 56.21
Test 47.81 49.09 55.68 55.83 57.16 56.08
CHAID Training 48.51 94.92 55.68 55.84 66.25 56.21
Test 47.75 53.45 55.68 55.83 59.33 56.08
Neural network Training 47.39 81.84 55.37 55.24 65.52 87.31
- Test 46.62 53.09 54.67 54.32 57.37 62.89
Training 82 95 88 96 98 98
SR Test 66 64 74 76 76 69
Tree-AS Training 82.43 77 96.23 98.29 88.95
Test 49.29 49.09 71.34 70.6 65.36

5. CONCLUSION

Repeat sequences may be used as a tool to
characterize the surface glycoprotein for
individual viruses. It turns out that many repeats
uniquely characterize certain viruses. This is
very important, especially in cases where the
input material to be recognized is unknown,
incomplete, or fragmentary. Characteristic repeat
sequences can serve as a basis for the
formation of efficient classification models for
virus-type prediction. Finding characteristic
sequences for certain proteins (in this case S-
protein) is important in the production of new
drugs and vaccines. The described method is
the first step in repeat analysis of other
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proteins of pathogenic viruses. Further analysis
will include, based on results obtained, more
isolates and also a comparison to more
outgroups (both DNA and RNA viruses).
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