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ABSTRACT

Bovine fatty acid synthase, an enzyme encoded by the FASN gene in cattle, is a multi-enzyme protein that catalyses fatty acid
synthesis. This cytosolic enzyme catalyzes the synthesis of palmitate from acetylcoenzyme A and malonyl-coenzyme A in the
presence of nicotinamide adenine dinucleotide phosphate (NADPH). However, there is no previous verification study that each
allele of SNPs related to lipid synthesis were impact on protein function in Korean native cattle and nsSNPs for the FASN gene have
not yet been verified by computer analysis. Given the role of the FASN gene in beef quality traits in cattle, the study aimed to use
computational analysis to narrow down the candidate nsSNPs for FASN that may affect protein structure and/or function, which
may play an important role in lipid synthesis. These results predicted that the g.16039 T>C nsSNP at position R1957Y of FASN was
functionally 'Deleterious’ and 'PROBABLY DAMAGING' in non-synonymous SNP functional analysis, and the g.16039 T>C and g.17924
A>G nsSNPs at positions R1957Y and T2266A decrease the stability of a FASN protein and have two PTM sites for proteolytic cleavage
and amidation. In addition, the R1957Y and T2266A variants of FASN were shown to have a direct effect on altering the protein
structure. Therefore, we suggested that our results could be used as fundamental data for further studies related to functional
verification of nsSNPs based on bovine cells.
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INTRODUCTION

Several breeding researchers have identified single nucleotide polymorphisms (SNPs) related to lipid synthesis to improve intramuscular fat
deposition or marbling score in the longissimus dorsi muscle (Cheong et al. 2008; Lee et al. 2014; Oh et al. 2012b; Shin et al. 2007). However,
there is no previous verification study that each allele of SNPs related to lipid synthesis were impact on protein function in Korean native cattle.

In the Hanwoo industry, intramuscular fat deposition or marbling score is an important factor for beef quality, which depends on tenderness,
juiciness and characteristic flavour (Hausman et al. 2009). In Korea, beef quality has been classified into five grades (1++, 1+, 1, 2 and 3 grade)
according to the Korea Institute for Animal Product Quality Evaluation (KAPE). Several factors, such as genetic variation, nutritional requirements
and feed intake, influence the regulation of intramuscular fat deposition (Maltin et al. 2003). Furthermore, intramuscular fat deposition is mainly
determined by the expression of related genes during lipogenesis and glycerol-3-phosphate pathways (Jeong et al. 2012).

The fatty acid synthase (FASN) gene plays an important role in lipogenesis. FASN is an essential metabolic and multifunctional enzyme in fatty
acid synthesis. This cytosolic enzyme catalyzes the synthesis of palmitate from acetylcoenzyme A and malonyl-coenzyme A in the presence of
nicotinamide adenine dinucleotide phosphate (NADPH). The functional FASN enzyme is a homodimer of 250 kDa subunits, and contains seven
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catalytic activities and the acyl carrier protein (ACP) (Roy et al. 2005). Several studies have reported that SNPs g.841G, g.16024A, g.16039T,
and g.17924G have a significant impact on marbling scores in Korean cattle and Japanese Black cattle population (Abe et al. 2009; Bhuiyan et
al. 2009; Hayakawa et al. 2015; Li et al. 2012; Oh et al. 2012a; Zhang et al. 2008). These SNPs are nonsynonymous, except for g.841G, and
are located in transcription factor binding sites (g.841G), the beta-ketoacyl reductase (g.16024A and g.16039T), and thioesterase (g.17924G)
domains.

Single nucleotide polymorphisms are common and essential variation in cattle genome and there is a solid correlation between variation
and certain economically important traits (Rasal et al., 2015). Missense mutation is also called non-synonymous SNPs (nsSNPs) arises in the
coding region, which alters the amino acid configuration which may have an impact on the structure and function of the protein (Wohlrab,
2006). Differentiating deleterious nsSNPs (with significant phenotypic consequences) from tolerant nsSNPs (without phenotypic changes) has
great importance in understanding the genetic basis of milk production traits in cattle. The functional and structural relationship knowledge
of protein is fundamental to find a molecular basis for genetic traits in cattle. The experimental designing for the mutational changes will be
laborious and time consuming, Therefore, it is fundamental and beneficial to carry out the basic work required for mutation design and to know
protein properties through computational biology (Nailwal and Chauhan, 2017).

The nsSNPs for the FASN gene have not yet been verified by computer analysis. Therefore, to verify possible associations with genetic
mutations and variation in beef quality traits in cattle, different algorithms such as SIFT, PROVEAN, PolyPhen-2 and SNAP2 were used
to identify high-potential nonsynonymous single nucleotide polymorphisms in coding regions of the FASN gene that are likely to affect
the biological function and structure of the protein. Given the role of the FASN gene in beef quality traits in cattle, the study aimed to use
computational analysis to narrow down the candidate nsSNPs for FASN that may affect protein structure and/or function, which may play an
important role in lipid synthesis.

MATERIALS AND METHODS
Sequence of FASN gene

The protein sequence of the FASN were obtained from the NCBI (NC_037346.1) and were subjected to various computational analyses for

predicting amino acid substitution.

Functional analysis of nsSNP for FASN

We used the SIFT, SNAP2, PROVEAN and PolyPhen 2 computational programs to determine whether amino acid substitution of the FASN
protein affects protein structure and function.

In order to verify whether nsSNP had an effect on the structure and function of the proteins that play an important role in the deposition
of intramuscular fat, we used the SIFT (Sorting Intolerant From Tolerant; http://sift.jcvi.org/) program. SIFT program was predicted amino
acid substitution that alter protein function and phenotypic changes. The identification numbers (rsID) of each SNP allele of the FASN gene
were obtained from NCBI and then were submitted as a query to the SIFT program for homology searching. Consequently, SIFT scores were
obtained and the results were classified as damaging (0.00 — 0.05), potentially damaging (0.051 — 0.10), borderline (0.101 — 0.20), tolerant (0.201

—1.00) (Ng and HenikofT, 2003).

To predict the effect of nsSNPs on protein function, we used SNAP2 (Screening of Non-Acceptable Polymorphism 2; https://rostlab.org/

services/snap2web/), a computational program (Hecht et al. 2013). We input the protein FASTA sequence and list, which provides a score for

each amino acid substitution, which can then be translated into binary predictions of neutral or non-neutral effect.
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PROVEAN (Protein Variation Effect Analyzer; http://provean.jcvi.org/index.php) is used to predict the possible impact of a substituted
amino acid and indels on protein structure and biological function. The input query is a protein FASTA sequence along with amino acid
substitutions. It analyses the nsSNPs as deleterious or neutral; if the final score was below the threshold value of -2.5, they were considered to
be deleterious; scores above this threshold value were considered to be neutral (Choi et al., 2012).

PolyPhen-2 (Polymorphism Phenotyping v2, http://genetics.bwh.harvard.edu/pph2/) is a multiple sequence alignment server, it characterizes
the substitution site and calculate the position-specific independent count (PSIC) profile scores of two amino acid variants (Ramensky et
al., 2002). The greater a PSIC score difference, the greater functional impact a particular amino acid substitution is likely to have. This tool
was used to study the possible impacts of amino acid substitutions on the function of candidate CSN3 protein. Input options of PolyPhen-2
comprised of UniProt accession number/FASTA sequence and detail of amino acid substitution (Adzhubei et al., 2010). PolyPhen-2 predicts
three possible outcome-probably damaging (probabilistic score > 0.85), high confidence that the nsSNP should affect protein structure and/or
function, possibly damaging (probabilistic score > 0.15), it may affect protein function and/or structure and benign (remaining) as most likely
having no phenotypic effect.

Prediction of the protein structure stability for each SNP allele of FASN

The nsSNPs can mostly alter the stability of the protein structure, leading to a change in the biological function of the protein. Therefore,
we used I-Mutant 2.0 (https://folding.biofold.org/i-mutant/i-mutant2.0.html) and MuStab program, which is one of the basic parameters to
determine the stability of deleterious nsSNPs. I-Mutant 2.0 is a Support Vector Machine (SVM)-based web server for automatically predicting
changes in protein stability following single-site mutations (Capriotti et al., 2005). The input is a FASTA sequence of the protein along with the
residue change. [-Mutant 2.0 predicts the free energy change and the RI (reliability index) value. If the RI value is negative, the mutant protein
will be less stable and vice versa for high stability. MuSTAB (https://omictools.com/mustab-tool) is also based on SVM to check the changes
in protein stability upon single-site mutations (Teng et al., 2010; Raghav and Sharma, 2013). The input is the FASTA sequence of the protein

along with the residue change.

Prediction of post translational modification sites for FASN

ModPred is a web-based tool (www.modpred.org/) designed to predict post-translational modification sites. ModPred is a sequence-based
predictor of potential post-translational modification (PTM) sites in proteins. Areas under the ROC (receiver operating characteristic) curve
have been estimated to range from ~60 to 97%, depending on the type of PTM (Pejaver et al., 2014). The input is a FASTA sequence of the

protein.

Structural and conservation analysis of FASN

The evolutionary conservation of amino acids leading to protein variation by amino acid substitution was predicted by the ConSurf tool (http:/
consurf.tau.ac.il/2016/) using a Bayesian algorithm. The conserved regions of amino acids were predicted based on conservation scores on a
scale of 1-9, where 1-3 scores are variable, 4-6 scores indicate average conservation and 7-9 scores indicate highly conserved (Ashkenazy et al.,

2010). The input is a FASTA sequence of the protein.

Structural effect of point mutation on FASN

Project HOPE (www.cmbi.ru.nl/hope/) is used to know the structural effect of a point mutation in a protein sequence. First BLAST is
performed against UniProt and PDB generate a homology model and retrieve tertiary structure information through WHATTIF. Furthermore, the
protein features were predicted using the Distributed Annotation System (DAS) server (Venselaar et al., 2010). The input is a protein sequence
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or an accession code of the protein, provide amino acid position and mutated residues.

Secondary structure prediction of FASN

PSIPRED tool, (http://bioinf.cs.ucl.ac.uk/psipred/) is used to predict the CSN3 protein secondary structure based on their position specific
matrices which are developed by PSI-BLAST (Altschul et al., 1997). Single sequence or Multiple Sequence alignments are submitted in raw

sequence or in FASTA format.

Prediction of protein-protein interactions for FASN

Protein-protein interactions are important to assess all functional interactions among cell protein. For these studies we used STRING (Search
Tool for the Retrieval of Interacting Genes/Proteins), available at (https:/string-db.org/). The STRING database gives a protein- protein
interactions either it is direct or indirect associations. The STRING database has 5,214,234 proteins of 1113 organisms (Szklarczyk et al., 2011).

The input option we use is name of the protein and the organism.

RESULTS
Functional analysis of nsSNPs for FASN

Bovine fatty acid synthase, an enzyme encoded by the FASN gene in cattle, is a multi-enzyme protein that catalyses fatty acid synthesis. In
previous studies, three non-synonymous SNPs located in the coding region of the bovine FASN gene were significantly identified for marbling
score in native Korean native cattle, so we used four tools, SIFT, SNAPS, PROVEAN and PolyPhen 2, to predict the functional analysis of the
identified three non-synonymous SNPs (g.16024A>G, g.16039T>C, and g.17924A>G) in the FASN gene.

First, we performed the SIFT tool to predict three nsSNPs as a SIFT score, which were classified into four score that followed as damaging
(0.00-0.05), potentially damaging (0.051-0.10), borderline (0.101-0.20), or tolerant (0.201-1.00). (Ng and Henikoff, 2003). The results of the
SIFT analysis are shown in Table.1.

Of the three nsSNPs used in this study, the g.16039 T>C SNP was predicted to be damaging with a score of 0.02 and the other nsSNPs were
predicted to be tolerated with a score ranging from 0.59 to 0.75.

In order to predict substituted amino acids by nsSNP allele, SNAP2 and PROVEAN was further used in this study. The SNAP2 tool
identified the amino acid substitution variant as effective or neutral based on the sequence and variant. The scores and predictions were
classified as -100 strong neutral to +100 strong effects by the each nsSNP allele (Hecht et al., 2013). As shown in Table 2, the g.16039 T>C
SNP has an effect with a scores of 34 by substituted amino acids, and other nsSNPs (g.16024 A>G and g.17924 A>G) have a neutral effect

Table 1. nsSNP functional analysis of FASN using the SIFT tool.

SNP rsSNPno.  Amino acids subs titution ~Amino acids ~ Using homologues in the protein alignment
Prediction Score

£.16024 A>G 15208 645216 A1952T A TOLERATED 1

T TOLERATED 0.59
g.16039 T>C 1rs209 734560 R1957Y R TOLERATED 1

Y DAMAGING 0.02
g.17924 A>G rs41 919985 T2266A T TOLERATED 1

A TOLERATED 0.75
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with a score of each -95 and -94, respectively. Prediction of substituted amino acid by nsSNP allele using PROVEAN tool was shown in Table 3.
As shown in Table 3, the g.16039 T>C SNP was predicted as deleterious with a score of -2.17 (Choi et al., 2012).

Using the PolyPhen2 tool, three nsSNPs of FASN were predicted as ‘benign’ and ‘probably damaging’ (Table 4). As shown in Table 4, g.16039
T>C (R1957Y) was predicted as ‘probably damaging” with a score of 0.96. This result suggests that substituted amino acid has a direct effect

on the protein variation or phenotypic variation, such as protein structure and function (Mohamoud et al., 2014).

Table 2. Predicted effect and expected accuracy of substituted amino acid by nsSNPs allele using the SNAP2 tool.

SNP rsSNP no. Amino acids substitution Score Predicted effect  Expected accuracy
216024 A>G rs2 08645216 A1952T -95 Neutral 93%
216039 T>C 1rs2 09734560 RI957Y 34 Effect 66%
217924 A>G s 41919985 T2266A -94 Neutral 97%

Table 3. The scores and predicted effect of substituted amino acid by nsSNPs allele using the PROVEAN tool.

SNP rsSNP no. Amino acids substitution PROVEAN score Prediction (cutoff = -2.5)
216024 A>G 15208645216 A1952T 1.074 Neutral

g.16039 T>C 15209734560 RI957Y -2.17 Deleterious
g.17924 A>G 1541919985 T2266A 0.813 Neutral

Table 4. The scores and predicted effect of substituted amino acid by nsSNPs allele using the PolyPhen2 tool.

SNP rsSNP no. Amino acids substi tution Predicted effect Score Sensitivity ~ Specificity
16024 A>G 15208 645216 A1952T BENIGN 0.00 1.00 0.00
2.16039 T>C 1rs209 734560 RI957Y PROBABLY DAMAGING 0.985 0.74 0.96
8.17924 A>G rs41 919985 T2266A BENIGN 0.001 0.99 0.15

Prediction of the protein structure stability for each SNP allele of FASN

I-Mutant 2.0, a web sever based on SVM (Support Vector Machine), was carried out at pH 7.0 and temperature 25°C. This tool predicts two
possibilities whether the structural stability of the protein will increase or decrease after amino acid substitution by point mutation. As shown
in Table 5, the g.16039 T>C SNP and the g.17924 A>G SNP were predicted to decrease the stability of the protein structure for FASN with a
reliability index (RI) score of 3 and 8, respectively.

Table 5. Structural stability of the substituted amino acid by nsSNPs allele using the I-MUTANT 2.0 tool.

SNP rsSNP no. Amino acids substitution  Structural stability RI
£.16039 T>C 15209734560 RI957Y Decrease 3
8.17924 A>G 1541919985 T2266A Decrease 8

Conservation analysis and prediction of post translational modification for FASN

The ModPred tool is used to analyse the effect of nsSNPs on the post-translational modification process in bovine FASN protein. ModPred
predicted two sites for proteolytic cleavage, at R1957 with a 'g-score’ of 0.84 and amidation, at T2266 with a 'g-score' of 0.97. These were
predicted with ‘medium' and 'high' confidence (Table 6). We used the ConSurf tool to determine conserved and variable regions of the FASN
protein. The conservation scale ranged from '1' to '9', with nine colour codes based on the conservation scale. As shown in Figure 1, in the case

of R1957Y and T2266A of FASN, the functional regions are conserved on average with a conservation scale of ‘4’ (Figure 1).
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Table 6. Functional analysis of the substituted amino acid by nsSNPs allele using the ModPred tool.

The conservation scale:

B3 ¢ s s

Average

Variable

Conserved

= - An exposed residue according to the neural-network algorithm.
b - A buried residue according to the neural-network algorithm.
£ - A predicted functional residue (highly conserved and exposed).
s - A predicted structural residue (highly conserved and buried).
7 - Insufficient data - the calculation for this site was performed on less than 10% of the sequences.

rsSNP no. Amino acids substitution Modification g-score
15209734560 R1957Y Proteolytic cleavage 0.84
2.17924 A>G rs41919985 T2266A Amidation 0.97
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Figure 1. Analysis of evolutionary conserved amino acid residues of FASN by ConSurf and the color coding
bar showing conservation score. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Prediction of structural effect after the substitution of a point mutation on FASN

First, we identified the structural effect of substituted amino acids by point mutation on the FASN protein sequence using the HOPE tool. In

the case of R1957Y, the arginine (R) residue is a positively charged side chain and the tyrosine (Y) is a hydrophobic side chain. In addition, in

the case of T2266A, the threonine (T) residue is a polar uncharged side chain and the alanine (A) residue is a hydrophobic side chain. Thus,

these results showed that substituted amino acids had an effect on changing the protein structure depending on the FASN protein sequence.

The Secondary structure of FASN was predicted by PSIPRED tool. The results highlight a mix distribution of coil, alpha helix and strands
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(Figure. 3). The coil was observed to be the major secondary structural motif among various structural elements (43.6%), followed by helix
(45.8%) and strand (10.6%).
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Figure 3. Secondary structure of FASN showing Beta helix, strand and coil.

Prediction of protein-protein interactions

STRING database is used to predict functional interaction between the proteins in the cell. STRING results predicted the functional
association partner of FASN protein with ENSBTAG00000024311, AASDHPPT, SREBF1, ACLY, ACACB, ACACA, ACSL1, ACSL3,
ACSLA, ENSBTAG00000045728 (Figure. 4).
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Figure 4. Protein—protein interaction network of FASN protein shown by STRING.
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DISCUSSION

Several genes involved in lipid metabolism were found to be regulated in bovine intramuscular fat deposition. In this study, we confirmed
that the modification of the protein structure depends on the substituted amino acid by point mutation of FASN, identified in previous studies,
by in silico simulation using bioinformatics tools (Oh et al., 2012a; Oh et al., 2018; Capriotti et al., 2005). Among the g.16024 A>G (A1952T)
SNP, g.16039 T>C (R1957Y) SNP and g.17924 A>G (T2266A) SNP, which is a non-synonymous SNP located in the coding region of the
FASN gene, the g.16039 T>C (R1957Y) SNP was predicted to play an important role in protein function by the SIFT, PROVEAN, SNAP2 and
PolyPhen?2 tools. I-Mutant 2.0 predicted that the R1957Y and T2266A variants of FASN could affect the stability of the folded protein (Capriotti
et al., 2005). Our Consurf results showed that the R1957Y and T2266A residues of FASN have two PTM sites for proteolytic cleavage and
amidation. Furthermore, HOPE is used to identify the structural effect of point mutation, and the R1957Y and T2266A variants were shown to
play an important role in protein structure modification. Protein-protein interaction investigation is a broad way to understand the organization
of the desired proteome. Protein functional network study will be helpful for understanding metabolic pathways and predict or develop
genotype-phenotype associations (Mohamoud et al., 2014). STRING maps have shown that FASN interact with ENSBTAG00000024311,
AASDHPPT, SREBF1, ACLY, ACACB, ACACA, ACSL1, ACSL3, ACSL4, ENSBTAG00000045728.

CONCLUSION

These results predicted that the g.16039 T>C nsSNP at position R1957Y of FASN was functionally 'Deleterious' and 'PROBABLY
DAMAGING' in non-synonymous SNP functional analysis, and the g.16039 T>C and g.17924 A>G nsSNPs at positions R1957Y and T2266A
decrease the stability of a FASN protein and have two PTM sites for proteolytic cleavage and amidation. In addition, the R1957Y and T2266A
variants of FASN were shown to have a direct effect on altering the protein structure. Therefore, we suggested that our results could be used as

fundamental data for further studies related to functional verification of nsSNPs based on bovine cells.
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Figure 2. Schematic structures of the original (left) and mutant (right) amino acid. The backbone colored red and
the same for each amino acid and side chain unique for each amino acid is colored black. (A) Mutation of Arginine
into Tyrosine at position 1957. (B) Mutation of Threonine into Alanine at position 2266. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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