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Abstract: Heat stress causes a decrease in the productivity of livestock by negatively aff ecting some important economic features such as 
fertility, growth and milk production. Th e heat shock transcription factor 1 (HSF1) gene plays a key role in the regulation of the stress 
response. Th erefore, the present study aimed to predict the most deleterious non-synonymous single nucleotide polymorphisms (nsSNP) 
on the cattle HSF1 gene via in silico analyses. Out of 170 nsSNPs in the HSF1 gene, 14 SNPs were predicted as deleterious by all the nine 
servers (PredictSNP, Mapp, PhDSNP, PolyPhen-1, PolyPhen-2, Sift , Snap, nsSNPAnalyzer, and Panther). Consurf analysis determined that 
the vast majority of SNPs predicted to be deleterious were evolutionary conserved. Protein structural analyses were performed I-Mutant, 
Mupro, Hope Project server, RaptorX and Swiss Model server. Th e 12 amino acid substitutions (V15G, F18L, L19R, K21M, I35T, V46E, 
V56G, F61L, A67D, Y76D, V81G, L112P) in the DNA binding region of the cattle HSF1 protein were predicted to be highly deleterious. 
Th e P112 variant was predicted to disrupt an α-helix structure. It was determined that the two amino acid changes (K21M, Y76D) on the 
surface of the protein were diff erent in terms of hydrophobicity, charge, and size. Th ese variants (M21, D76) might hamper the protein’s 
interaction with the heat shock elements.
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Sığır HSF1 Proteinindeki Amino Asit Polimorfizmlerinin Yapısal ve 
Fonksiyonel Sonuçlarının In Silico Analizi

Öz: Sıcaklık stresi, hayvanların doğurganlık, büyüme, süt üretimi gibi bazı önemli ekonomik özelliklerini olumsuz etkileyerek verimde 
azalmaya neden olmaktadır. Isı şoku transkripsiyon faktörü 1 (HSF1) geni, stres yanıtının düzenlenmesinde önemli bir rol oynar. Bu 
çalışma, sığır HSF1 geni üzerindeki, en zararlı eş anlamlı olmayan tek nükleotid polimorfizmlerini (nsSNP) in silico analizler ile belirlemeyi 
amaçlamıştır. HSF1 geni üzerinde bulunan 170 nsSNP dokuz tahmin programı (PredictSNP, Mapp, PhDSNP, PolyPhen-1, PolyPhen-2, 
Sift , Snap, nsSNPAnalyzer ve Panther) ile değerlendirildi. 14 nsSNP tüm tahmin programları tarafından zararlı bulundu. Consurf analizi, 
zararlı olduğu tahmin edilen SNP’lerin büyük çoğunluğunun evrimsel olarak korunduğunu belirledi. Proteinin yapısal analizleri, I-Mutant, 
Mupro, Hope Project, RaptorX ve Swiss Model sunucuları kullanılarak gerçekleştirildi. Sonuç olarak, sığır HSF1 proteininin DNA bağlama 
bölgesindeki 12 amino asit ikamesinin (V15G, F18L, L19R, K21M, I35T, V46E, V56G, F61L, A67D, Y76D, V81G, L112P) oldukça zararlı 
olduğu tahmin edildi. P112 varyantının, bir α-sarmal yapısını bozduğu belirlendi. HSF1 proteininin yüzeyindeki iki amino asit değişiminin 
(K21M, Y76D), hidrofobiklik, yük ve boyut açısından farklılığa neden olduğu belirlendi. Proteinin, M21 ve D76 varyantlarının, ısı şoku 
elementleri ile etkileşimini engelleyerek, ısı şok proteinlerinin transkripsiyonunu azaltabileceği tahmin edildi.

Anahtar sözcükler: HSF1, Sıcaklık stresi, Sığır, nsSNP, HSP

Introduction
Th e most important abiotic stress factor for livestock is the 
ambient temperature [1]. High environmental temperatures 
cause organisms to absorb more heat than they can 
dissipate, resulting in heat stress [2,3]. Heat stress causes 
a decrease in the productivity of livestock by negatively 

affecting some important economic features such as 
fertility, growth and milk production [4,5]. It also causes 
adverse eff ects on the immune responses of livestock [6]. 
Th erefore, developing cattle breeds that can both tolerate 
heat stress and maintain productivity has become an 
important goal of researchers and cattle breeders around 
the world [7].
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The heat shock response (HSR) begins to produce with 
the transcription of heat shock genes in response to 
stress signals triggered by proteotoxic conditions such 
as elevated temperatures, oxidative stress, heavy metals 
and infections [8]. The HSR activation allows the cells to 
increase the expression of heat shock protein (HSP) genes 
known as molecular chaperones. The HSPs whose essential 
role is in protein folding, maintain cellular proteome 
homeostasis by assisting in the refolding of misfolded 
proteins or driving them to degradation [9,10]. The HSR is 
regulated by the heat shock transcription factor family 
(HSF) consisting of five-member (HSF1, HSF2, HSF3, 
HSF4, HSF5) in mammalians [11]. The evolutionarily 
highly conserved HSF1 acts as a key regulator of HSPs 
expression [12,13].

The HSF1 gene (ENSBTAG00000020751) is located on 
chromosome 14 in cattle and consists of 13 exons that 
encode 525 amino acids [14]. The bovine HSF1 protein 
(UniProtKB ID: Q08DJ8) contains several functional 
domains according to UniProtKB; DNA binding 
domain (position; 15-120 amino acids), N-terminal 
oligomerization domains-hydrophobic repeat (HR)-A/B 
(position; 130-203 amino acids), D domain (position; 
203-224 amino acids), regulatory domain (position; 
221-310 amino acids), oligomerization domain HR-C 
(position: 380-405 amino acids), transactivation domain 
and disordered region (position; 367-525 amino acids). 
The best-conserved region in the HSF family is the DNA 
binding domain (DBD) [15]. The HSF1 binds to DNA as a 
trimer. The trimer recognizes a specific nGAAn sequence 
in DNA known as heat shock elements (HSE) [16]. In 
the absence of stress, the majority of HSF1 exists in a 
monomeric conformation with a little affinity for the HSE. 
Spontaneous trimerization of the HSF1 is suppressed by 
the HR-C [17,18]. In stress conditions, the HSF1 is converted 
into a trimeric form that is a transcriptionally active form. 
The trimerization is regulated by the HR-A/B. The D 
domain interacts with JNK1 and MAPK3 and is involved 
in the translocation of HSF1 to the nucleus. The HSF1 
is transported to the nucleus and post-transcriptional 
modifications occur. The regulatory domain is necessary 
for transcriptional activation through its phosphorylation. 
The transactivation domain is involved in directing HSF1 
to specific target genes and regulating the extent of its 
activation [16,17].

It has been reported in previous studies that the HSF1 gene 
variants are associated with tolerance to heat stress [19], 
meat quality traits [20], reproductive traits [21] and milk 
yield [19]. The present study was designed to identify the 
deleterious nsSNPs in the bovine HSF1 gene using in 
silico analyses. These nsSNPs that are detrimental to the 
structure and function of the protein may be associated 
with susceptibility to heat stress in cattle.

Material and Methods
SNP Dataset

The SNPs in the HSF1 gene (ENSBTAG00000020751) 
were obtained from the Ensembl genome browser (www.
ensemble.org). The amino acid sequence of HSF1 protein 
(Transcript ID: ENSBTAT00000083220.1) in the fasta 
format was retrieved from the Ensembl.

Prediction of Functional Effect 

PredictSNP [22] was used to predict the effect of missense 
mutations in the bovine HSF1 gene. This tool is a consensus 
classifier that comprises scores from different predictors 
(MAPP, PhDSNP, PolyPhen-1, PolyPhen-2, SIFT, SNAP, 
nsSNPAnalyzer, and PANTHER) and classifies the variants 
as “Deleterious” and “Neutral”. In addition, it converts 
the individual confidence scores of each estimator into a 
comparable scale that represents the expected percentage 
of accuracy, ranging from 0-100%. MAPP, PhDSNP, 
PolyPhen-1, PolyPhen-2, SIFT, SNAP, nsSNPAnalyzer, 
and PANTHER tools use different classification methods; 
physicochemical properties and alignment score, support 
vector machine, expert set of empirical rules, Bayesian 
classification, alignment score, neural network, random 
forest, and alignment score respectively [23]. SNPs that 
were found to be predicted as neutral by one tool have 
been excluded from the study.

Prediction of Protein Stability and Amino Acid 
Conservancy

The protein stability changes resulting from missense 
variants were predicted using I-Mutant 3.0 [24] and Mupro [25] 

servers. I-Mutant, a support vector machine-based 
automated web server, estimates the effect of an amino acid 
substitution effect on protein stability by calculating the 
free energy change value (DDG) of the native and mutant 
protein. The range of -0.5≤DDG≤0.5 values is classified 
as neutral mutation, while <-0.5 as a large decrease and 
0.5< as a large increase. The Mupro is a server based on 
support vector machines and neural networks machine 
learning methods, which predict how single amino acid 
substitution affects protein stability. A negative DDG 
score indicates that amino acid substitution decreases 
protein stability, while a positive score indicates that 
protein stability increases. The bigger the DDG score, the 
more confident the result.

Conservation analysis of the HSF1 protein was performed 
using the Consurf webserver [26]. Utilized the phylogenetic 
relationships between homologous sequences, Consurf 
calculates the conservation scores of amino acid positions 
and determines functional regions. These conservations 
scores (1-3 is variable, 4-6 is average and 7-9 is highly 
conserved) are organized in color-coded regions depicted 
in the structure of the protein for representation.
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Prediction of Protein 3-D Structure

The 3-D structural analysis and modeling studies of 
HSF1 protein were performed using the HOPE server [27], 
RaptorX [28], Swiss-PdbViewer v4.1 [29], and PyMOL 
v2.5 (The PyMOL Molecular Graphics System, Version 
2.5 Schrödinger, LLC). The Hope server was used to 
investigate the effects of missense variants on protein 
structure. Hope server utilizes Protein Data Bank (PDB), 
UniProt databases, What IF web services, Reprof, Yasara 
programs, and Distributed Annotation System servers to 
estimate the effect of substitution amino acid on protein 
structure. It predicts hydrophobicity, charge, size change, 
and modeling of 3-D structure for natural and mutant 
amino acids.

The full-length 3-D structure of bovine HSF1 protein is not 
available in PDB. Hence, RaptorX was used to make a 3-D 
structural model for HSF1. It is a web server predicting 
the structure property of a protein sequence without using  
any template. Furthermore, the Swiss-Model server was 
used to predict the 3-D structure of the DNA binding 
domain of the HSF1 gene. The quality of models was evaluated 
according to Ramachandran Plot and MolProbity score 
by Swiss-Model Structure Assessment. PyMOL v2.5 and 
Swiss PDB Viewer v4.1 were used to visualize the HSF1 
protein 3-D structures.

Results 

Retrieval of nsSNPs and Function Prediction

The nsSNPs (n: 170) of the HSF1 gene were retrieved from 

the Ensembl SNP database. The retrieved nsSNPs were 
analyzed using PredictSNP, Mapp, PhD-SNP, PolyPhen-1, 
PolyPhen-2, Sift, Snap, and Panther. PredictSNP classified 
51 out of 170 missense mutations to be deleterious, 
Mapp predicted 46 out of 170 missense mutations to be 
deleterious, PhD-SNP predicted 40 out of 170 missense 
mutations to be deleterious, PolyPhen-1 predicted 
57 out of 170 missense mutations to be deleterious, 
PolyPhen-2 predicted 80 out of 170 missense mutations 
to be deleterious, Sift predicted 85 missense mutations 
to be deleterious, Snap predicted 44 out of 170 missense 
mutations to be deleterious, and Panther predicted 22 out 
of 170 missense mutations to be deleterious. Forty-four 
missense mutations were classified as “unknown” by the 
Panther tool. The effect of 14 SNPs (Table 1) categorized 
as “deleterious” in all tools on the protein structure and 
stability was investigated.

Prediction of Protein Stability and Amino Acid 
Conservancy

I-Mutant 3.0 and Mupro were used to predict changes 
in protein stability caused by functionally damaging 
14 nsSNPs. The DDG value and binary classification 
estimate in I-Mutant 3.0 showed that thirteen amino acid 
substitutions (V15G, F18L, L19R, I35T, V46E, V56G, 
F61L, A67D, Y76D, V81G, L112P, V172E, F496C) were 
able to cause largely decreased stability (<-0.5 DDG) of 
the protein. The K12M mutation was classified as neutral 
(DDG= -0.14) by I-Mutant 3.0 (Table 2). The Mupro made 
similar predictions for amino acid substitutions other 
than K21M. It predicted that the K21M mutation could 

Table 1. Results of nsSNPs predicted with I-Mutant, Mu-Pro and Consurf servers

rsIDs Allele Residue 
Change

I-Mutant DDG Value  
(kcal/mol)

Mu-Pro DDG Value  
(kcal/mol)

Consurf Results

Functional/ Structural Score Domain

rs481839785 A/C V15G -2.43 -2.12 Structural 9 DNA binding

rs474682793 G/T F18L -1.10 -0.97 Structural 9 DNA binding

rs459488723 A/C L19R -1.75 -1.43 Structural 9 DNA binding

rs451876582 T/A K21M -0.14 0.18 Functional 9 DNA binding

rs445864779 A/G I35T -2.49 -1.97 Structural 9 DNA binding

rs454788300 A/T V46E -0.95 -1.22 Structural 9 DNA binding

rs442669059 A/C V56G -2.19 -2.25 Structural 9 DNA binding

rs432002899
rs453627348

G/C
A/G F61L -1.21 -1.05 Structural 9 DNA binding

rs456086940 G/T A67D -0.76 -0.77 Structural 9 DNA binding

rs470395900 A/C Y76D -1.17 -1.20 Functional 9 DNA binding

rs477899807 A/C V81G -2.59 -1.98 Structural 9 DNA binding

rs443947366 A/G L112P -1.67 -1.87 Structural 9 DNA binding

rs481574682 A/T V172E -0.50 -0.81 - 8
N-terminal 

oligomerization 
domains

rs439067006 A/C F496C -1.34 -1.06 - 6 Disordered
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Table 2. The HOPE server analysis results for deleterious nsSNPs

Amino Acid 
Substitutions

Size of Mutant Type a.a.a Relative to 
Wild Type a.a.a

Hydrophobicity of Wild Type a.a.a

Relative to Mutant Type a.a.a Wild Type a.a.a Charge Mutant Type a.a. 
Charge

V15G Smaller More hydrophobic - -

F18L Smaller - - -

L19R Bigger More hydrophobic Neutral Positive

K21M Smaller Less hydrophobic Positive Neutral

I35T Smaller More hydrophobic - -

V46E Bigger More hydrophobic Neutral Negative

V56G Smaller More hydrophobic - -

F61L Smaller - - -

A67D Bigger More hydrophobic Neutral Negative

Y76D Smaller More hydrophobic Neutral Negative

V81G Smaller More hydrophobic - -

L112P Smaller - - -

V172E Bigger More hydrophobic Neutral Negative

F496C Smaller - - -
a Amino acid

Fig 1. The Consurf analysis of the bovine HSF1 protein. Th e positions of the amino acid 
substitutions predicted to be most deleterious are marked with a red rectangle
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result in increased protein stability (DDG= 0.18). Since 
the DDG values predicted by the I-Mutant (DDG= -0.14) 
and Mupro (DDG= 0.18) programs for the K21M were 
less than 0.5, it was accepted as neutral (Table 2).

Th e fasta sequence of the HSF1 protein was analyzed on
the Consurf server. Of 14 amino acid residues, twelve 
(V15G, F18L, L19R, I35T, V46E, V56G, F61L, A67D, V81G, 
L112P, V172E, F496C) were categorized as structural 
residues, and two (K21M, Y76D) as functional residues 
(Fig. 1). It was determined that 13 (V15G, F18L, L19R, 
K21M, I35T, V46E, V56G, F61L, A67D, Y76D, V81G, 
L112P, V172E) of them had a high conservation score 
and one (F496C) of them had an average conservation 
score. According to the Consurf analysis results, the 
most conserved region of the HSF1 protein is the DBD 
region. Out of 106 residues in the DBD region, 93 residues 
(87.74%) are in the range of 7-9 conserved scores (Fig. 1).

Hope Result and 3-D Structure Prediction

Th e fourteen amino acid substations were also submitted 
for the HOPE project analysis. According to the hope 
results it was found that, out of the 14 mutations, 10 
have altered hydrophobicity, 6 differed in charge, and 
all mutated amino acids diff ered in size (Table 2). Hope 
server determined that the L112P mutation will disrupt 
the last α-helix of the DBD (Fig. 3). Th e structural eff ect of 
this mutation was examined using the Swiss PDB viewer. 
It was observed that the H-bond formed by L122 with 

E109 was not formed by P122. Th e proline residue can 
disrupt the α-helix in the absence of the hydrogen bond 
(P122 with E109), and this can have serious eff ects on the 
structure and function of the protein.

Th e HSF1 protein fasta sequence (525 amino acids) from 
the Ensemble genome browser was the input for the 
RaptorX server. Th e five 3-D models were generated by 
RaptorX. Th e obtained structures were assessed according 
to Ramachandran Plot and MolProbity score in the Swiss-
Model server. Th e 3-D model of the HSF1 protein with 
the best score (MolProbity Score: 3.26, Ramachandran 
Favored: 90.06) was visualized using the PyMOL (Fig. 2).
Th e positions of the amino acid mutations predicted to be 
deleterious were shown in this model (Fig. 2).

Fasta sequence of the DBD (between 15-200 amino 
acids) was submitted as the input file for Swiss-Model. 
The human HSF1 protein (PDB ID: 5D5U.1.b) having 
sequence coverage of 80% and sequence identity of 98.11% 
was selected as a template for bovine HSF1 protein and the 
3-D model was constructed automatically in Swiss-Model. 
Th e amino acid substitutions in DBD were evaluated using 
this model in Swiss PDB viewer (Fig. 3, Fig. 4).

Discussion
Th e HSF1, the main regulator of the HSPs expression, 
plays an important role in cell survival under stress [30]. Th e 
HSPs are the major molecular chaperones that modulate 

Fig 2. Th e 3-D structure of the bovine HSF1 protein generated by RaptorX; DNA binding domain (green), 
N-terminal oligomerization domain HR-A/B (magenta), D domain (yellow), transactivation domain (red),
regulatory domain (blue), disordered regions (black). Th e locations of deleterious amino acid substitutions are 
shown on the structure; a- Th e three mutations (F18L, L19R, K21M) on the fi rst α-helix of the DBD and a mutation 
(V15G) on the coil, b- Th e two mutations (A67D, Y76D) on the fourth α-helix of the DBD, c- A mutation (V81G) 
on the third beta-sheet of the DBD, d- Two mutations (V56G, F61L) in the third α-helix of the DBD, e- A mutation 
(V46E) on the second beta-sheet of the DBD, f- Th e mutation (I35T) on the fi rst beta-sheet of the DBD, g- Th e 
mutation (L112P) on the last α-helix of the DBD, h- Th e mutation (V172E) on the N-terminal oligomerization 
domain, i- Th e mutation (F496C) on the disordered region
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protein folding. Th ey maintain protein homeostasis under 
stress factors such as increasing temperatures, infectious 
diseases, and heavy metals [31,32]. Th e expression of the 
HSF1 gene is increased in cattle under heat stress [30]. It has 
been suggested that the HSF1 gene expression level may 
be an indicator of thermotolerance in cattle [4]. Moreover, 
SNPs in the HSF1 gene are associated with susceptibility 
to heat stress in cattle [5,33].

SNPs cause alteration of a single base pair in both 
coding and non-coding regions. SNPs in non-coding 
regions can aff ect gene expression at the transcriptional 
and posttranscriptional levels. nsSNPs alter amino acid 
sequences, aff ect protein structure and function, and have 
potentially deleterious eff ects [34]. Today, thanks to rapidly 
developing sequencing technologies, there are many 
nsSNPs in variation databases. However, determining 
the eff ects of nsSNPs by molecular genetic experiments 

is a time-consuming and laborious task [35]. Th e fastest 
and cheapest way to predict the potential consequences 
of an nsSNP is to perform bioinformatics analysis [36,37]. 
Using multiple bioinformatics tools that evaluate diff erent 
parameters helps to identify results with higher confidence 
levels [38].

In this study, 13 bioinformatics tools (PredictSNP, 
MAPP, PhDSNP, PolyPhen-1, PolyPhen-2, SIFT, SNAP, 
nsSNPAnalyzer, PANTHER, Consurf and Hope project, 
I-Mutant, MUpro) were used for the prediction of 
deleterious nsSNPs in the HSF1 gene. Fourteen nsSNPs 
were predicted to be deleterious SNPs by these tools. 
Of these nsSNPs, twelve are in the DBD, one in the 
N-terminal oligomerization domain, and one in the 
disordered region (Table 1). After activation by stress, 
HSF1 trimerizes and binds to HSEs in the promoter 
regions of HSPs. DBD, the most conserved region of HSF1, 

Fig 3. Structural eff ect of the L112P mutation on the native structure of HSF1 protein visulated by Swiss PDB Viewer. 
Th e backbone, sidechain and ribbon presentation structures are presented in the upper pictures, and the backbone 
and sidechain structures are presented in the lower pictures. H-bonds are indicated by green discontinuous lines. 
a- In the native HSF1 protein, L112 forms two H-bonds with E109 (3.06 Å) and E113 (2.95 Å), b- In the mutant 
HSF1 protein, P122 forms one H-bond with E113 (2.82 Å)
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plays a major role in recognizing and binding to HSEs [12]. 
Th e N-terminal oligomerization domain is responsible 
for the trimerization of HFS1. Th e binding affinity of the 
HSF1 trimer to HSE is significantly increased relative 
to the monomer HSF1 [39]. Th e disordered regions that 
remain unstructured have important roles in determining 
the function and structure of the protein [40]. Th us, the 
mutations in these three domains may reduce the affinity 
of HSF1 to HSE and result in decreased stability of HSF1 
structure [41].

Evolutionarily conserved protein residues are the 
most important parts of protein folding, function, and 
structure. Mutations in conserved amino acids can 
cause changes in the 3-D structure of the protein and its 
interaction with other molecules [42]. Th erefore, evolutionary 
conservation analysis was done with the Consurf server. 
All twelve nsSNPs predicted by the bioinformatic tools 
to be potentially deleterious in the DBD were found 
to have high conservation (scores=9) (Table 1). Two 
(K21 and Y76) of them were categorized as functional 
residues (exposed) and ten (V15, F18, L19, I35, V46, 
V56G, F61, A67, V81, L112, V172, F496) as structural 
residues (buried). Conservation scores for the residues 
in the N-terminal oligomerization domain (V172) and 

disordered region (F496) residues were estimated as 8 
and 6, respectively. Th ese results are similar to previous 
studies [42,43], which suggest that nsSNPs that cause sub-
stitution in evolutionarily conserved residues may change 
the function of the protein.

For a protein to perform its functions efficiently, it must 
be folded correctly. Interactions between hydrophobic 
amino acids have an important role in accurately folding 
a protein chain [44]. Th e Hope Project server determined 
that wild type 9 amino acids (V15G, L19R, I35T, V46E, 
V56G, A67D, Y76D, V81G, V172E) in the HSF1 protein 
are more hydrophobic than the mutant type. Seven of 
these residues are buried and one (Y76D) is on the 
surface of the protein. Th ese mutations will cause a loss 
of hydrophobic interactions either in the core of the 
protein or on the surface. It is known that hydrophobic 
residues on the surface and core of the protein support 
protein stability [45].

Prolines are known to have a very rigid structure, some-
times forcing the backbone in a specific conformation [46]

and it may disturb the α-helix structure [47]. L112P 
mutation in the last α-helix of the DBD in HSF1 may cause 
a significant deterioration in the function and structure 
of the protein by disrupting this α-helix structure (Fig. 

Fig 4. Th e 3-D surface structure of the DNA binding domain of the bovine HSF1 protein. K21M and Y76D 
mutations cause charge changes on the protein surface. a- Positively charged amino-acid residues are shown in 
blue, b- Negatively charged amino-acid residues are shown in red
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3). It is also predicted that mutation results in loss of 
interaction in the core of the protein because proline is 
smaller than leucine. When the mutant residue is smaller 
than the wild type residue, it causes an empty space in the 
core of the protein [48].

For the exposed Y76D variation, tyrosine is more 
hydrophobic than aspartic acid. In addition, tyrosine 
(Y76-mutant type) is neutral and aspartic acid (D76-wild 
type) is negatively charged (Fig. 4). This mutation can 
both decrease protein stability and significantly hamper 
interaction with other molecules. Another amino acid on 
the surface, lysine (K21-wild type) is positively charged, 
while methionine (M21-mutant type) is neutral (Fig. 4). 
The difference in charge disrupts the ionic attractions 
that are important for protein structure and function [49]. 
For these two exposed variations (K21M, Y76D), mutant 
residues are smaller than native residues. Smaller residues 
may cause a loss of external interactions [50]. Considering 
these physicochemical changes, K21M and Y76D mutations 
can cause a significant decrease in binding HSF1 to HSEs.

The results of this study suggest that the 14 nsSNPs in the 
HSF1 in cattle might represent associated with heat stress 
susceptibility. The deleterious nsSNPs on the biological 
function of the HSF1 protein provide a starting point for 
genetic marker-assisted selection against heat stress of 
cattle. These findings need to be validated by performing 
wet-lab experiments.
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