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Abstract

Breast cancer grows from the breast tissue and is a severe health problem worldwide. Genetics is believed to be
the primary cause of all cases of breast cancer via gene mutation. Bioinformatics methodology has been used to
determine the sequences and structures of bioactive substances. This study aimed to analyze the function and
structure of the Interferon Gamma (IFNy) in healthy controls and patients with breast cancer using
bioinformatics methods. Blood samples were collected from 75 patients with breast cancer and 25 healthy
subjects as control samples. The results showed transition mutation (30%) and transversion mutation (70%) in
patients with breast cancer. Moreover, missense mutations (84%) and silent mutations (16%) were detected by
BLAST. In addition, the amino acid of the IFNy protein consisting of alpha-helical, p-sheet, and coil of
secondary structure was determined in this study using BioEdit. The results of the physicochemical properties of
the IFNy protein reflect the function, stability, molecular weight, isoelectric point, and instability index of the
IFNy protein using ProtParam. Moreover, the results of mutation affected the percentage of alpha-helix, p-turns,
and coil in breast cancer patients compared to healthy groups with reference of NCBI using PSlpred program.
Additionally, the PHYRE2 server and RasMol program showed a tertiary structure of the IFNy protein in breast
cancer patients. Furthermore, the STRING program revealed the poly IFNy protein interacted with other
proteins to perform its functions normally. From the recorded data in the current study, it was concluded that
IFNy is considered a marker for patients with breast cancer.
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1. Introduction

Breast cancer grows from the breast tissue and is a
severe health problem worldwide. Genetics is
believed to be the primary cause of all cases of breast
cancer via gene mutation (1). Interferon-gamma
(IFNy) is a dimer protein and a sole cytokine of the
interferon type Il family. The signaling of the /FNy
requires a complex receptor IFNGRs and the JAK-
STAT system. The cellular responses to /FNy are
activated through its interaction with a heterodimeric
receptor consisting of interferon-gamma receptor 1
(IFNGR1) and interferon-gamma receptor 2
(IFNGR2). The IFNy binding to the receptor activates

the JAK-STAT pathway (2). The JAK is Janus
kinases but the STAT is a signal transducer and
activator of transcription proteins (3). The STAT is
phosphorylated by JAK which leads to forming
gamma activated factor. This factor is found in the
nucleus and binds with a specific sequence of DNA
leading to modulating the [FNy target gene
transcription in the cell. This pathway in normal cases
is called a STAT-dependent manner. However, in
abnormal cases, it is called a STAT-independent
manner, and the /FNy signaling is stimulated via some
genes leading to activate NF-kB to regulate gene
expression (4). Some IFN-target genes have also been



1246 Hassan et al / Archives of Razi Institute, Vol. 76, No. 5 (2021) 1245-1253

associated with chemotherapy resistance that induces
apoptosis and cell cycle arrest (5). Some studies
revealed that the 7F'Ny signaling was detected in breast
cancer cells (6). The JAK-STAT signaling in
mammary glands located within breasts can promote
cell division and reduce cell apoptosis during normal
cases; however, in abnormal cases, during cancer
formation, it leads to excessive activation or
disruption of JAK-STAT signaling (7). The JAK-
STAT signaling pathway is a chain of interactions
among proteins in a cell and is involved in processes,
such as immunity, cell division, cell death, and tumor
formation. The STATs are made by protein
biosynthesis that called post-translational
modifications. = These  modifications  include
methylation, acetylation, and serine phosphorylation.
The serine phosphorylation is required for the
transcription of some target genes of the cytokines,
such as IFN-y (8). Nevertheless, a limited number of
studies have focused on the molecular mechanisms of
the IFNy genes in breast cancer cells (9).

This study used the bioinformatics methods as
modern molecular biology to reveal the mutations in
the IFNy sequence and translate the sequence of the
IFNy. Similarly, molecular methods were utilized to
detect the physiochemical properties of the /FNy gene
and determine the protein function. These methods
were applied in mammary tumors and healthy
samples.

2. Materials and Methods

2.1. Collection of Samples

The blood samples were collected from 100 Iraqi
patients (25 control and 75 patients) with breast cancer,
aged between 20 and 70 years. These samples were
collected from AL-Amal National Hospital for Cancer
Treatment in Baghdad Province, Iragq, from October
2020 to January 2021. The blood samples were stored
frozen at 4°C until use.
2.2. Primers Used in Conventional PCR

The primers used for sequencing the IFNy are listed in
table 1.

Table 1. Sequence of specific primers for the IFNy gene

. Product
Primer Sequence .
Slze
%‘f{‘rﬁre'r" 5-TCAACAAAGCTGATACTCCA- 3' 261 bp
Specific A 5-TTCTTACAACACAAAATCAAATCA -3’ 261bp

2.3. DNA Extraction

DNA extraction from the blood samples was used for
the purification of DNA from the whole blood (serum
or plasma) using an extraction Kit.
2.4. PCR Program

The PCR program is illustrated in table 2.

Table 2. Optimum condition for the detection of the IFNy

gene

Tm . No. of
No. Phase (C) Time cycle
1 Initial Denaturation  95°C 1 min 1 cycle
2 Denaturation-2 95°C 20sec  30cycle
3 Annealing 62°C 1 min 30 cycle
4 Extension-1 72°C 50sec  30cycle
5 Extension-2 72°C 5 min 1 cycle

2.5. To Confirm PCR Products

To confirm the PCR products, agarose gel (2%) was
made using Tris-Borate EDTA (TBE) buffer
(Conda/USA). Subsequently, the DNA samples along
with SiZer DNA (plus 1000) were loaded, and the
electrophoresis was run at f 7 vicm for 1-2 h to separate
the DNA products already stained with RedSafe
Nucleic Acid Stain (Intron/Korea). Eventually, the
DNA bands were visualized wusing a UV
transilluminator.
2.6. Sequencing the Product of Amplification of the
IFNy Gene

DNA was sent to Korea (Macrogen) for sequencing
using the Sanger method.
2.7. Bioinformatics Analysis of the IFNy Gene

Bioinformatics analysis of the [FNy gene using
several programs is as below:
a- BLAST Program was used for determining the
position of mutations in the IFNy sequence and
comparing with the reference sequence of the IFNy
gene in NCBI



Hassan et al / Archives of Razi Institute, Vol. 76, No. 5 (2021) 1245-1253 1247

b- BioEdit Program Translation Sequence Tool was
used to translate the IFNy gene sequences to amino acid
sequences

c- ProtParam Program was used to detect the
physiochemical properties of the /FNy gene

d- PSlpred Online Software was used to confirm the
IFNy protein

e- Phyre2 Program was used to predict and analyze
protein structure, function, and mutations

f- STRING Program was used to determine the
protein function

3. Results

3.1. Results of Conventional PCR for the Detection
of Extracted DNA of the IFNy Gene

Gel electrophoresis revealed the bands of extracted
nucleic acid from the /FNy gene of healthy samples and
patients with breast cancer (Figure 1).
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Figure 1. Agarose gel electrophoresis pattern showing the
conventional PCR for the IFNy gene in infected and non-
infected samples

3.2. Results of Sequencing of the IFNy Gene Using
the BLAST Program

Sequence analysis of the PCR products for the /FNy
gene showed that four substitution transition type
mutations appeared in 30% of the total samples. This

occurred as follows: Thymine substitution by Cytosine
at locations 6069, 6095, 6098, 6170, and 6208 (T>C),
while Adenine substitution by Guanine was found at
locations 6034, 6046, 6054, 6096, 6224, 6227, and
6230 (A>G), and finally Cytosine substitution was
observed by Thymine at the location 6232 (C>T). On
the other hand, 11 substitution transversion type
mutations appeared in 70% of the samples as follows:
Adenine substitution by Cytosine at locations 6026,
6032, 6042, 6046, 6064, 6096, and 6230 (A>C), as well
as Adenine substitution by Thymine at locations 6022,
6026, 6087, 6122, 6125, 6225, and 6230 (A>T).

The results for the second primer at the exon 4 region
(coding exon) are for breast cancer patients, and the point
mutations were found including transition and
transversion substitution mutations. Missense mutation
changed the Wild genetic code of the amino acid Arginine
(CGU) to be another amino acid Proline (CCU) by
substituting Guanine to cytosine (G—C). Furthermore,
the genetic code of the Phenylalanine (UUU) was mutated
to be the genetic code of Leucine (UUA) by substituting
uracil to adenine (U—A). The analysis of the sequences
of the IFNy gene for the breast cancer patients showed
many genetic variations, and the types of the appeared
mutations are listed in tables 3 and 4.

Table 3. Effect of mutations on the protein and their
percentage at DNA of the IFNy gene in breast cancer patients

Type of mutation Mutation percentage (%)
Transition 30%
Transversion 70%

Table 4. Type of mutations and their percentage at DNA of
the IFNy gene in breast cancer patients

Effect of the translation Percentage (%)
Missense 84%
Silent 16%

3.3. Results of Translation of Amino Acid from
Sequencing of the IFNy Gene Using BioEdit
Program Translation Sequence Tool

The result of the translation of amino acids from
the sequencing of the /FNy gene is illustrated in



1248

figure (2), and it is composed of alpha-helix, B-sheet,

and coil for two different patients A and B. For

patient A, alpha helix, B-turns, and coil prediction

values were 37.56%, 34.91%, and 27.53%,
A

s CCCCCEEEEECCCCCCCEEEEEEEECCEECCHHHHHHHHHHHHHHHHHNH
» THSPMFGTI FSYNNTRQEGTVOVIETCTI GGQYFI VGWLCCFLFLYFLAL

e -

s HHHHHHHHHHCCCHHCCC
“~ENTFFSLLFLGPLEYQLC

Legend:

B
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respectively. Furthermore, considering patient B,
alpha helix, B-turns, and coil prediction values were
obtained at 36.97%, 24.42%, and 38.61%,
respectively.

#s CCCCCCCCHHHHCCCCCCCCCCEEEECCCCCCHHHHHHHHHHHHHHHHHRHA
“ THSHMFGTI FSSYNNTLQEGTVOVIETCTI GGQYFI VGCLCCFLFLYFLA

B CESESSES

re HHHHHHHHHHHCCCHHHCC
w LENTFFSLLFLGPLEYQLC

Legend.

Strand Conf.
Cart: 3
Pred: 3

B Hekx

Figure 2. Confirmation of the IFNy protein using the BioEdit software for drawing structure protein (helixes, B-sheets, and coils) of

amino acids

3.4. Results of the Physicochemical Properties of the
IFNy Gene Using ProtParam Program

Table 5 tabulates the results of the
physicochemical properties of the human IFNy
protein for healthy control and cancer groups. These

properties reflect the function, stability, effect of the
protein, and many other features. These
physicochemical properties, including molecular
weight, Isoelectric Point (PI), and Instability Index
(11) are listed in table 5.

Table 5. Physiochemical prosperities of the /FNy protein for the breast cancer patients and healthy controls with the reference human 7/FNy of NCBI

Group Sample M.Wt. Pl Instability Index(11)

Ref Seq - 19348.30 9.50 30.29
Breast cancer 1. 5149.88 5.43 69.71
Breast cancer 2. 5479.96 5.47 42.45
Breast cancer 3. 10229.05 5.43 39.04
Breast cancer 4. 5361.83 5.71 37.66
Breast cancer 5. 5161.88 5.47 90.73
Breast cancer 6. 5286.11 5.43 99.31
Breast cancer 7. 5177.49 5.43 90.57
Breast cancer 8. 4751.10 5.52 42.78
Breast cancer 9. 4945.47 5.71 54.29
Breast cancer 10. 4947.32 5,51 45.14
Breast cancer 11. 4945.74 5.46 54.29
Breast cancer 12. 4977.53 5.46 55.71
Breast cancer 13. 5141.44 5.48 34.76
Breast cancer 14. 4632.97 5.52 44.29
Breast cancer 15. 5103.80 5.44 67.83
Healthy control 1. 4714.14 5.47 44.67
Healthy control 2. 5311.74 5.17 49.23
Healthy control 3. 5009.65 5.45 71.77
Healthy control 4. 1430.52 5,51 10.88
Healthy control 5. 4975.65 5.49 60.50
Healthy control 6. 4797.12 5.48 34.05
Healthy control 7. 2588.74 5.18 52.01
Healthy control 8. 3378.59 5.50 29.46
Healthy control 9. 2672.88 5.18 59.44
Healthy control 10. 2947.14 5.50 22.56
Healthy control 11. 4783.10 5.48 36.10
Healthy control 12. 5119.79 5.44 75.15
Healthy control 13 3323.57 5.18 56.81
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3.5. Results of Protein Conformation of the IFNy
Gene Using the PSlpred Online Software

The results showed that the mutation affected the
percentage of alpha-helix, p-turns, and random coil in
breast cancer patients and healthy groups, compared to
the reference of NCBI. These percentages are
illustrated in table 6.

Table 6. Percentages of alpha-helix, B-strand, and the random

coil of the secondary structure of the IFNy protein in the

breast cancer patients, compared to the healthy control and the
reference of NCBI

Sample  A-Helix%

Group NoO R-Strand %  COIL %
1 37.56 34.91 27.53
2 36.97 24.42 38.61
3 31.14 28.04 40.82
4 3243 3141 36.16
5 39.23 26.12 3465
6 38.88 19.34 41.78
Breast 7 33.52 25.54 40.94
Cancer 8 39.67 24.02 36.31
Patients 9 38.19 19.92 41.89
10 29.32 17.14 53.54
11 32.17 18.75 49.08
12 35.06 30.21 34.73
13 46.11 27.67 26.22
14 25.18 38.24 36.58
15 29.97 29.34 40.69
Healthy 1 35.09 25.69 39.22
Control 2 38.12 35.32 26.56
3 38.93 26.27 34.80
Refrence 1 25.45 34.98 39.57

3.6. Results of the Tertiary Structure of the IFNy
Protein Using PHYRE2 Server and RasMol
Program

The results of the tertiary structure of the /FNy protein
in the breast cancer patients that were predicted with
multiple shapes using PHYRE2 server and RasMol
program are shown in figures 3 and 4, receptively.

3.7. Results of the Function of the IFNy Protein
Using STRING Program

The results showed that the /FNy protein interacted
with other proteins to perform its functions normally.
This appeared in some samples of breast cancer
patients, as well as the healthy Iragi population as
shown in figure 5.

Figure 3. IFNy tertiary structure prediction modeling using
PHYRE?2 server illustrating the confidence in the model along
its length. The colors from high (red) to low (blue) use a
rainbow spectrum (from N—C terminus)

Figure 4. IFNy tertiary structure prediction modeling using
PHYRE?2 server showing healthy control subjects (A), and the
IFNy retrieved from NCBI (B) illustrating the confidence in
the model along its length. The colors from high (red) to low
(blue) use a rainbow spectrum (from N—C terminus)

Figure 5. Network interaction of the IFNy (red color) with
other proteins
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4, Discussion

Breast cancer is a severe health problem worldwide
that grows within the mammary gland. In mammary
healthy glands, the JAK-STAT-dependent pathway
reduces cell apoptosis (2). However, in mammary
tumor glands, it leads to extreme activation and
disturbance in the JAK-STAT-independent pathway.
The IFN vy is activated through the JAK-STAT system
(4, 6). The stimulation of the /FNy in breast cancer cells
leads to morphological changes. These changes
modulate the gene expression and may up-regulate and
down-regulate the genes (10). The results of the breast
cancer patients revealed 4 substitution transition type
mutations in 30% and 11 substitution transversion type
mutations in 70% of the patients. The results revealed
that the point mutation was included the transition and
transversion substitution mutations. The transition
mutations occur when one pyrimidine base replaces
another pyrimidine base or when one purine base
replaces another purine base. However, the transversion
refers to a DNA point mutation in which a single (two
rings) purine is replaced with a (one ring) pyrimidine or
vice versa (11).

Moreover, the analysis of the IFNy gene in breast
cancer patients found missense and silent mutations in
84% and 16% of the cases, respectively. A missense
mutation is a mistake in the DNA that causes the
incorrect amino acid to be incorporated into a protein
(12). On the other hand, silent mutations are DNA
mutations that have no discernible effect on the
organism's phenotype (13-15). These mutations were
found in the same locations as in the healthy control
and were not found in the IFN gene of the reference
sequence that indicates the genetic variations in the
polymorphism of the Iragi population (16, 17). The
results of point mutations in the exon that influenced
the amino acid changes had effects on the type,
stability, and properties; moreover, it caused alteration
in the entire function of the protein; therefore, its
activity led to diseases (18). In contrast, the mutations
that originate in intron are considered important
mutations due to an association with some types of

cancer (breast cancer) (19-22). Moreover, any changes
in the nucleotide sequence of a gene affect the structure
and function of the protein. This is clearly
demonstrated by  various effects on the
physicochemical properties, as well as the structures of
the produced protein. The results of mutations on the
IFN gene detected in this study demonstrated the same
effects and were consistent with the findings of the
previous studies (23, 24).

The results of the primary structure of the protein
provide the physiochemical properties of the human
IFNy protein for healthy control and cancer groups.
These properties reflect the function, stability, effect of
the protein, and many other features (24). The results of
the physicochemical properties in the structure of the
IFNy protein due to the substitution of amino acids
affect the synthesized protein and its function (25). The
molecular weight results of human IFNy for patients
with breast cancer were decreased or increased,
compared to that in healthy subjects. The Il is one of
the primary protein structure-dependent methods
available for in vivo protein stability predictions in
which proteins with Il value below 40 are stable
proteins. While above 40 is unstable protein. All
samples were stable but in different ranges. The PI of
the protein was the least stable. The result of PI less
than 7 means precipitation in acidic buffers, while the
result of PI greater than 7 means the solubility is in
basic buffers (26, 27). The results of the current study
are in line with the former testing of the mutation effect
on the primary structure of the protein (28). The results
of the secondary proteins of the /FNy protein in breast
cancer patients demonstrated the mutation effect on
alpha-helix, B-turns, and coil (29-31).

In this study, the IF'Ny gene mutations had effects on
the secondary and tertiary structure of the /FNy protein
that was consistent with the findings of some studies
(24, 32, 33). Several studies revealed that mutation in
the nucleotide sequence can affect the structures of the
produced protein. The mutation that changes the amino
acid arginine to lysine in breast cancer patients disturbs
the alpha helix structure and is considered one of the
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disease-causing mutations (34). The results showed the
types of mutations and the structural changes of the
protein which were predicted using bioinformatics tools
that were in line with the results of (32, 35).

They demonstrated that changes in the gene can cause
different types of diseases, including cancer, which can
be detected easily using bioinformatics tools to make
efforts for the early detection of diseases, as well as
finding the proper medication easily. Similarly, the
results of the STRING program showed that the IFNy
protein interacted with other proteins to perform its
functions normally. The interaction of the /FNy include
IFNGR1 and IFNGR2 which are associated with
IFNGR2 and IFNGR1, respectively, to form a receptor
for the cytokine /FNy and STATL1 that mediates the
cellular responses to IFNs, cytokine, and other growth
factors. STAT4 carries out a dual function: signal
transduction and activation of transcription. However,
the interaction with SOCS1 and SOCS3 regulates
cytokine signal transduction. Moreover, the interaction
with FOXP3 is important for the development and
inhibitory functions of regulatory T cells. IRF1 displays
a remarkable functional diversity in the regulation of
cellular responses, and TNF induces the cell death of
certain tumor cell lines. RELA is the endpoint of a
series of signal transduction events and is related to
many biological processes, such as inflammation,
immunity, differentiation, cell growth, tumorigenesis,
and apoptosis.

These findings are in line with the results of (36) and
demonstrate that mutations to a protein's function cause
a change in the specificity of interactions between a
mutated protein and molecules that interact with it
specifically, such as other proteins and nucleic acids.
As a result, there is either a loss of function or a gain of
function. Our findings are consistent with the results of
(37-39) and demonstrate the importance of using
bioinformatics to reveal the effect of mutations on
protein structure, which affects the stability and
function of the produced protein.

In conclusion, this study aimed to investigate the
potential of the /FNy as a marker for breast cancer
using different bioinformatics techniques. Firstly, based
on the obtained results of mutations (transition type),
the IFNy gene implicated breast cancer. These
mutations were considered the polymorphism features
for breast cancer patients and healthy subjects of the
Iragi population. Furthermore, the /FNy gene mutations
affect the function of the IFNy protein in breast cancer
patients according to the STRING program. Future
studies should be conducted to predict how the
mutation of the /FNy can be associated with other types
of diseases.

Authors' Contribution

Study concept and design: N. E. H.

Acquisition of data: A. A. A.

Analysis and interpretation of data: N. E. H.

Drafting of the manuscript: A. A. A.

Critical revision of the manuscript for important
intellectual content: N. E. H.

Statistical analysis: A. A. A.

Administrative, technical, and material support: N. E.
H.

Ethics

All the procedures were approved by the Ethics
Committee at the University of Technology, Baghdad,
Iraq under the project number (No. 2020-5478-5471).

Conflict of Interest

The authors declare that they have no conflict of
interest.

References

1. Hu C, Hart SN, Gnanaolivu R, Huang H, Lee KY,
Na J, et al. A population-based study of genes previously
implicated in breast cancer. NEJM. 2021;384(5):440-51.

2. Nazir HF, Rawas AA, Tamemi SA, Zadjali SA,
Hosni SA, Tauro M, et al. Hematopoietic Stem Cell
Transplantation for Patients with Autosomal Recessive



1252 Hassan et al / Archives of Razi Institute, Vol. 76, No. 5 (2021) 1245-1253

Complete INF-A Receptor 2 Deficiency: Experience in
Oman. Cell Ther Transplant. 2021;27(10):881.e1-.e5.

3. Ledesma JR, Ma J, Zheng P, Ross JM, Vos T, Kyu HH.
Interferon-gamma release assay levels and risk of
progression to active tuberculosis: a systematic review and
dose-response meta-regression analysis. BMC Infect Dis.
2021;21(1):467.

4. Gao AH, Hu YR, Zhu WP. IFN-y inhibits ovarian cancer
progression via SOCS1/JAK/STAT signaling pathway.
Clin Transl Oncol. 2021.

5. Akyuva Y, Naziroglu M, Yildizhan K. Selenium
prevents interferon-gamma induced activation of TRPM2
channel and inhibits inflammation, mitochondrial oxidative
stress, and apoptosis in microglia. Metab Brain Dis.
2021;36(2):285-98.

6. Merli P, Quintarelli C, Strocchio L, Locatelli F. The
role of interferon-gamma and its signaling pathway in
pediatric hematological disorders. Pediatr Blood Cancer.
2021;68(4):28900.

7. Wang H, Xu Y, Jin M, Li H, Li S. miR-383 reduces
keratinocyte proliferation and induces the apoptosis in
psoriasis via disruption of LCN2-dependent JAK/STAT

pathway activation. Int Immunopharmacol.
2021;96:107587.
8. Woock AE, Grible JM, Olex AL, Harrell JC, Zot P,

Idowu M, et al. Serine residues 726 and 780 have
nonredundant roles regulating STAT5a activity in luminal
breast cancer. Sci Rep. 2021;11(1):13506.

9. Tecalco-Cruz  AC, Macias-Silva M, Ramirez-
Jarquin JO, Méndez-Ambrosio B. ldentification of genes
modulated by interferon gamma in breast cancer cells.
Biochem Biophys Rep. 2021;27:101053.

10. Montalban-Bravo G, Darbaniyan F, Kanagal-
Shamanna R, Ganan-Gomez |, Class CA, Sasaki K, et al.
Type | interferon upregulation and deregulation of genes
involved in monopoiesis in chronic myelomonocytic
leukemia. Leukemia Res. 2021;101:106511.

11. Ali T, Borah C. Analysis of amino acids network
based on mutation and base positions. Gene Rep.
2021;24:101291.

12. Prieto M, Folci A, Poupon G, Schiavi S, Buzzelli V,
Pronot M, et al. Missense mutation of Fmrl results in
impaired AMPAR-mediated plasticity and socio-cognitive
deficits in mice. Nat Commun. 2021;12(1):1557.

13. Ishibashi F, Mizukami T, Kanegasaki S, Motoda L,
Kakinuma R, Endo F, et al. Improved superoxide-
generating ability by interferon y due to splicing pattern
change of transcripts in neutrophils from patients with a

splice site mutation inCYBB gene. Blood. 2001;98(2):436-
41,

14. Ivashkiv LB. IFNy: signalling, epigenetics and roles
in immunity, metabolism, disease and cancer
immunotherapy. Nat Rev Immunol. 2018;18(9):545-58.

15. Peyton MA. The Silent Mutation. JAMA.
2021;325(17):1721-2.

16. Altshuler DM, Gibbs RA, Peltonen L, Altshuler
DM, Gibbs RA, Peltonen L, et al. Integrating common and
rare genetic variation in diverse human populations.
Nature. 2010;467(7311):52-8.

17. Collins JS, Schwartz CE. Detecting polymorphisms
and mutations in candidate genes. Am J Hum Genet.
2002;71(5):1251.

18. Kumar S, Subramanian S. Mutation rates in
mammalian genomes. Proc Natl Acad Sci. 2002;99(2):803.

19. Pich O, Muifios F, Sabarinathan R, Reyes-Salazar I,
Gonzalez-Perez A, Lopez-Bigas N. Somatic and Germline
Mutation Periodicity Follow the Orientation of the DNA
Minor Groove around Nucleosomes. Cell.
2018;175(4):1074-87.e18.

20. Subramanian S, Kumar S. Neutral substitutions
occur at a faster rate in exons than in noncoding DNA in
primate genomes. Genome Res.2003;13(5):838-44.

21. Wolfe KH, Sharp PM, Li W-H. Mutation rates
differ among regions of the mammalian genome. Nature.
1989;337(6204):283-5.

22. Zhao Z, Jin L, Fu Y-X, Ramsay M, Jenkins T,
Leskinen E, et al. Worldwide DNA sequence variation in a
10-kilobase noncoding region on human chromosome 22.
Proc Natl Acad Sci. 2000;97(21):11354.

23. Sinha N, Nussinov R. Point mutations and sequence
variability in proteins: Redistributions of preexisting
populations. Proc Natl Acad Sci. 2001;98(6):3139.

24. Venselaar H, te Beek TAH, Kuipers RKP,
Hekkelman ML, Vriend G. Protein structure analysis of
mutations causing inheritable diseases. An e-Science
approach with life scientist friendly interfaces. BMC
Bioinform. 2010;11(1):548.

25. Garg VK, Avashthi H, Tiwari A, Jain PA, Ramkete
PW, Kayastha AM, et al. MFPPI - Multi FASTA
ProtParam Interface. Bioinformation. 2016;12(2):74-7.

26. Gamage DG, Gunaratne A, Periyannan GR, Russell
TG. Applicability of Instability Index for In vitro Protein
Stability Prediction. Protein Pept Lett. 2019;26(5):339-47.

217. Tokuriki N, Tawfik DS. Stability effects of
mutations and protein evolvability. Curr Opin Struct Biol.
2009;19(5):596-604.



Hassan et al / Archives of Razi Institute, Vol. 76, No. 5 (2021) 1245-1253 1253

28. Biasini M, Bienert S, Waterhouse A, Arnold K,
Studer G, Schmidt T, et al. SWISS-MODEL: modelling
protein tertiary and quaternary structure using evolutionary
information. Nucleic Acids Res. 2014;42(Web Server
issue):252-8.

29. Georgoulia PS, Bjelic S. Prediction of Protein-
Protein Binding Interactions in Dimeric Coiled Coils by
Information Contained in Folding Energy Landscapes. Int J
Mol Sci. 2021;22(3).

30. Tempra C, La Rosa C, Lolicato F. The role of
alpha-helix on the structure-targeting drug design of
amyloidogenic proteins. Chem Phys Lipids.
2021;236:105061.

31. Verma P, Panda B, Singh KP, Pandit SB. Optimal
Protein Sequence Design Mitigates Mechanical Failure in
Silk beta-Sheet Nanocrystals. ACS Biomater Sci Eng.
2021;7(7):3156-65.

32. Arshad M, Bhatti A, John P. Identification and in
silico analysis of functional SNPs of human TAGAP

protein: A comprehensive  study. PLoS  One.
2018;13(1):0188143.
33. Khan S, Vihinen M. Spectrum of disease-causing

mutations in protein secondary structures. BMC Struct
Biol. 2007;7:56.

34. Molnar J, Szakacs G, Tusnady GE. Characterization
of  Disease-Associated Mutations in Human

Transmembrane Proteins. PLoS One.
2016;11(3):e0151760.
35. Kamimura K. Identification of molecular

transition of hepatocellular carcinoma: a novel method
to predict the initiation of metastasis. Stem Cell Investig.
2019;6:5.

36. Zhao S, Liu J, Nanga P, Liu Y, Cicek AE,
Knoblauch N, et al. Detailed modeling of positive selection
improves detection of cancer driver genes. Nat Commun.
2019;10(1):3399.

37. Kovacs IA, Luck K, Spirohn K, Wang Y, Pollis C,
Schlabach S, et al. Network-based prediction of protein
interactions. Nat Commun. 2019;10(1):1240.

38. Mohajer FS, Parvizpour S, Razmara J, Khoshkhooy
Yazdi M, Shamsir MS. Structural, functional and molecular
dynamics analysis of the native and mutated actin to study
its effect on congenital myopathy. J Biomol Struct Dyn.
2017;35(7):1608-14.

39. Shaik NA, Banaganapalli B. Computational
Molecular Phenotypic Analysis of PTPN22 (W620R),
IL6R (D358A), and TYK2 (P1104A) Gene Mutations of
Rheumatoid Arthritis. Front Genet. 2019;10:168.



