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Fibronectin type-Ill domain containing protein-5 (FNDC5), predominantly expressed in skeletal muscles,
encodes FNDC5 transmembrane-protein. A segment of this protein is cleaved and secreted into blood
as irisin, which promotes browning of white adipose tissue, leading to energy expenditure. It functions
synergistically with fibroblast growth factor-21 (FGF21). Irisin is considered as a potential target for
treating obesity-related disorders. Likewise, FNDC5 variations can contribute to development of such
disorders. This study aimed to identify putative non-synonymous single nucleotide polymorphisms
(nsSNPs) of human FNDC5, potentially impacting FNDC5-FGF21 interaction. Sequence and structure
based computational tools were used to identify nsSNPs of FNDC5, which revealed eight nsSNPs

as being most deleterious (N39K, R78H, R209H, T124l, L150P, L156V, V83M, and T86I). Molecular-
docking was performed to analyze the impact of FNDC5 mutations on wild-type and mutant FNDC5-
FGF21 complexes, revealing that T124l (rs185141197) and L150P (rs377741902) showed higher buried
surface area (BSA) than wild-type. Following this, molecular dynamic (MD) simulation further affirmed
the findings and revealed that T124l induced conformational changes in the irisin domain of FNDC5,
which may significantly affect its binding with protein FGF21, potentially impairing synergistic effects
of FNDC5 and FGF21 on adipocyte browning and increasing risk for developing obesity and related
disorders.
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Obesity, a leading global nutritional disorder, is a major public health concern associated with diabetes mellitus,
hypertension, insulin resistance, cardiovascular disease, and cancer, greatly impacting morbidity and mortality'.
In this technologically advanced era, obesity is primarily driven by sedentary lifestyle and consumption of an
unhealthy diet with high amounts of refined carbohydrates, along with genetic, endocrine, and environmental
factors?. The global prevalence of this disorder has tripled from 1975 to 2016, affecting females more than males.
In 2022, about 2.5 billion adults were overweight and almost 890 million had obesity’. Economic growth and
urbanization have led to a substantial rise in obesity even in low- and middle-income countries, which was
initially thought to be an issue of western world®. Considering its escalating prevalence and serious health risks,
there is a dire need to identify the mechanisms and genetic predispositions underlying obesity.

Obesity is characterized by an imbalance between energy intake and energy utilization, leading to excessive
accumulation of fats in adipose tissue’. Adipose tissue is of two types: white adipose tissue (WAT), which is
involved in fat storage and brown adipose tissue (BAT), which is involved in energy burning. Browning is a
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process by which white adipocytes acquire characteristics similar to those of brown adipocytes, primarily by
developing beige or brite (brown-in-white) features, and it can be stimulated by physical exercise®. This effect can
be attributed to the action of various myokines, among which fibronectin type-III domain-containing protein-5
(FNDCS5) is noteworthy due to its potential role in modulation of metabolism and protection against obesity®.

FNDCS5 is a transmembrane protein which was initially discovered in 2002 by two independent research teams
and was shown to be expressed in skeletal muscle, heart, and brain tissues”. A pivotal study in 2012 revealed
that during exercise, the ectodomain of skeletal muscle FNDCS5 is cleaved and secreted into the bloodstream as
“irisin”. Irisin was proposed to promote the browning of WAT, potentially accounting for some of the positive
effects of exercise on energy expenditure®. The FNDC5 locus comprises 6 exons and encodes a protein of 209
amino acids. The protein chain consists of a signal peptide consisting of 28 amino acids, a fibronectin type-III
domain (FN-III) consisting of 93 amino acids, a linker consisting of 30 amino acids, a transmembrane segment
consisting of 19 amino acids, and an intracellular portion consisting of 39 amino acids!®. The FN-III domain,
together with a 19 amino acid linker (from amino acid 29 to 140), is suggested to be enzymatically separated
from FNDC5 and given the name irisin®. This 112 amino acid irisin has a molecular weight of 12 KDa!!"12,
It is produced during exercise by the action of peroxisome proliferator-activated receptor-y co-activator-la
(PGCla), resulting in up-regulation of FNDC5 gene!*!4, Subsequently, N-terminal signal sequence of FNDC5
protein is cleaved and secreted into the blood as irisin'’. Irisin has a half-life of one hour. The structure consists
of a continuous inter-subunit p-sheet dimer, which has an important role in the activation and signaling of
receptors. Irisin functions as a molecular imitator of physical activity, with 72% of the overall irisin released
from skeletal muscles!>!®. The mitogen-activated protein kinase (MAPK) pathway is primarily responsible for
the peptide’s essential physiological activities®.

Irisin primarily induces browning of WAT, promotes thermogenesis by enhancing uncoupling protein-1
(UCP1), improves insulin sensitivity, and increases the metabolism of lipids and glucose®!”. Irisin levels exhibit a
reduction in individuals diagnosed with type-II diabetes, cardiovascular disease (CVD), and non-alcoholic fatty
liver disease (NAFLD)!®1°. Irisin levels are elevated in both obesity and the initial phases of myocardial infarction
and are protective®. An experimental study on mice demonstrated that the introduction of recombinant irisin
led to a reduction in body mass index (BMI), blood insulin, and luteinizing hormone levels?!. These findings
illustrate the protective effects of this myokine and its potential as a therapeutic agent.

In addition to irisin, fibroblast growth factor-21 (FGF21) is a crucial representative among all reported
myokines closely associated with adipocyte browning. Both are up-regulated by physical exercise and
potentially play a beneficial role in counteracting obesity and its related metabolic disturbances?>?*. FGF21 is
predominantly expressed in the liver, adipose tissues?* and skeletal muscle. Exercise is a critical stimulator for
FGF21 expression and its release from skeletal muscle?. Similar to irisin, FGF21 induces the browning of WAT
and promotes the overexpression of PGCla>?.

In humans, single nucleotide polymorphisms (SNPs) represent the most common source of genetic variation?.
The majority of metabolic diseases are linked to these SNPs***. Single nucleotide alterations occurring within
the coding regions (exonic), referred to as non-synonymous SNPs (nsSNPs), exert a more substantial influence
on the functional properties of the gene product®*2. Over 50% of the SNPs associated with genetic disorders are
nsSNPs, also referred to as missense variants®2. These nsSNPs can affect protein function by decreasing solubility
or destabilizing the protein structure®.

Several SNPs of FNDC5, such as (rs3480 and rs16835198), (rs3480A/G, rs1746661G/T, rs1298190A/G,
rs726344A/G and rs1570569G/T), have been identified. These SNPs have been investigated for their correlation
with various metabolic parameters such as dyslipidemias, insulin sensitivity, and obesity*>**. However, the
results of these studies have shown varying/ inconsistent findings. Individuals with rs3480 GG genotype
have a reduced likelihood of developing obesity and a lower body mass index*. The rs3480 in homozygous
forms enhances the susceptibility towards type-II diabetic mellitus®®. The presence of the rs1746661G allele is
correlated with elevated triglyceride levels. The rs157069TT genotype is correlated with elevated fasting insulin
and Homeostatic Model Assessment of Insulin Resistance (HOMA-IR). It is also associated with reduced levels
of circulating irisin®*. The research in this area is driven by the possible implications of SNP on the development
of metabolic diseases, and could be of value in developing therapeutic approaches which in turn could lead to
decreased morbidity and mortality rates as well as reduced healthcare expenditure®**, Therefore, investigating
the potential association between different SNPs, along with their phenotypic effects can provide valuable
insights into the molecular mechanisms underlying many complex Mendelian diseases®®. While experimental
validation remains essential, computational methods for SNP screening are highly valuable for the identification
and prioritization of candidate nsSNPs for detailed experimental analysis*.

As the role of irisin is critical in obesity, the present study was designed to identify the candidate harmful/
high-risk nsSNPs of the FNDC5 gene. The authors aimed to elucidate the relationship between these genetic
polymorphisms and their possible phenotypic effects. The objective was pursued by using an in silico based
combinatorial approach that integrated various bioinformatics tools. The identified nsSNPs are expected to cause
functional and structural damage by decreasing the overall stability of the bound complex of irisin (secreted
domain of FNDC5) with FGF21. This novel focus is the first to report the potential implications of nsSNPs on
the FNDC5-FGF21 interaction that might contribute to the development of various metabolic disorders.

Results

Retrieval of sequence of FNDC5 protein

The protein sequence of FNDC5 was retrieved from the Uniprot database and the NCBI (National Centre for
Bioinformatics Information) and further analyses were conducted.
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Retrieval of missense SNPs of FNDC5 gene

SNPs of the gene were retrieved from NCBI dbSNP as it is the most appropriate and widespread database. A total
of 4734 SNPs of FNDC5 were retrieved, out of which 172 were missense SNPs (supplementary Table 1), 83 were
synonymous SNPs, 3124 intronic mutations, and the rest were other types of SNPs (Fig. 1).

Deleterious SNPs in FNDC5 gene identified through various tools

All the variants in thel172 nsSNPs were mapped to isoform 1 of FNDC5, reducing the total to 20 nsSNPs. These
nsSNPs were then analyzed using five computational tools; SIFT (Sorting intolerant from tolerant)*®, PHD-
SNP (Predictor of human deleterious single nucleotide polymorphism)®’, PROVEAN (Protein variation effect
analyzer)$, PANTHER (Protein analysis through evolutionary relationships)*®, and SNP&GO (Single Nucleotide
Polymorphism & Gene Ontology)*. Each tool predicted a variant as either deleterious (damaging) or neutral.
The final label was based on the majority voting among the five tools. We have considered those variants as
deleterious which were predicted as damaging/deleterious by three out of five tools. The results indicate that a
total of eight variants were predicted as damaging, including N39K, R78H, R209H, T1241, L150P, L156V, V83M,
and T86I. Hence, these were further subjected to structure analysis.

The list of these nsSNPs are given in Table 1.

Structural and functional modifications of FNDC5 protein predicted by MutPred2

All the shortlisted nsSNPs of FNDC5 were submitted to MutPred2 web server to predict alterations in structure
and function of proteins*!. For N39K, predictions included altered transmembrane protein (p =0.000063), loss
of loop (p=0.0052), and loss of N-linked glycosylation at N39 (p=0.0095). No altered molecular mechanism
was predicted for R78H. For T124I, predicted changes comprised loss of intrinsic disorder (p=0.04), loss
of SUMOylation at K123 (p=0.04) and altered transmembrane protein (p=0.02). For L150P, predictions
included gain of intrinsic disorder (p=0.02), altered transmembrane protein (p=0.000073), altered stability
(p=0.008), and gain of pyrrolidone carboxylic acid at Q148 (p=0.03). No altered molecular mechanism was
predicted for R209H. For variant T86I predictions comprised loss of N-link glycosylation (p=0.00019), altered
transmembrane protein (p=0.00033), and loss of disulfide linkage at C90 (p=0.05). For V83M, predictions
of altered transmembrane protein (p=0.00094), loss of N-linked glycosylation at N84 (p=0.001), and altered
stability (p=0.03) were observed, and for L156V no alteration was predicted.

Stability modification prediction by -MUTANT2.0

The stability of the variations that occurred was predicted by I-MUTANT 2.0*2. The eight shortlisted high-risk
SNPs of FNDC5 were submitted to I-MUTANT 2.0 to calculate the reliability index and Gibbs free energy value.
Results revealed that after mutation all the SNPs had a decrease in their stability and hence could cause damage
to the protein. The details are given in Table 2.

4734
3124
1354
172 83
=
Total SNPs Missense/ Non- Synonymous SNPs Intronic mutations Other SNPs

synonymous SNPs

SINGLE NUCLEOTIDE POLYMORPHISMS (SNPS) OF FNDC5 GENE

Fig. 1. Classification and frequency of various types of SNPs in the FNDC5 gene according to NCBI dbSNP
database. FNDC5 = fibronectin type-III domain-containing protein-5.
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SNP ID

Amino
acid

exchange | MAF

REF
allele

ALT
allele

SIFT

PhD-SNP

PROVEAN

PANTHER

SNP&GO

Final label

15200027292

1212T

G=0.000135/6 (ALFA)
G=0.000072/18 (GnomAD_exomes)
G=0.000107/15 (GnomAD)

A

Deleterious
(Low
confidence)

Neutral

Neutral

Neutral

Neutral

Neutral

rs375151828

180L

NA

Deleterious

Deleterious

Neutral

Neutral

Neutral

Neutral

rs368098828

K72E

C=0.000071/1 (ALFA)
C=0.000004/1 (GnomAD_exomes)
C=0.000008/1 (ExAC)
C=0.000021/3 (GnomAD)
C=0.000023/6 (TOPMED)
C=0.000077/1 (GoESP)

Deleterious

Neutral

Neutral

Neutral

Neutral

Neutral

15377741902

L150P

G=0./0 (ALFA)
G=0.000004/1 (TOPMED)
G=0.000007/1 (GnomAD)

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

rs138727728

L156V

A=0.001028/46 (ALFA)
A=0.00027/1 (TWINSUK)
A =0.000468/2 (1000Genomes)

A/C

Neutral

Deleterious

Neutral

Deleterious

Deleterious

Deleterious

rs370511876

L77p

G=0.000043/1 (ALFA)
G=0.000004/1 (TOPMED)
G=0.000007/1 (GnomAD)

Neutral

Neutral

Neutral

Neutral

Neutral

Neutral

15143697125

N185S

C=0.000068/12 (ALFA)
C=0.000072/18 (GnomAD_exomes)
C=0.000099/12 (ExAC)

Neutral

Neutral

Neutral

Neutral

Neutral

Neutral

15202111610

N187K

C=0./0 (ALFA)
C=0.000007/1 (GnomAD)

Neutral

Neutral

Neutral

Neutral

Neutral

Neutral

rs55783359

N39K

A=0./0 (ALFA)
A=0.000008/2 (TOPMED)
A=0.000014/2 (GnomAD)

AT

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

rs370205345

Q148P

G=0./0 (ALFA)
G=0.000028/7 (GnomAD_exomes)
G=0.000033/4 (ExAC)

C/G

Not found

Not found

Neutral

Not found

Not found

Neutral

rs369474610

R126H

T=0./0 (ALFA)
A=0.000004/1 (GnomAD_exomes)
T=0.000021/3 (GnomAD)

A/T

Neutral

Neutral

Neutral

Deleterious

Neutral

Neutral

15144593537

R209H

T=0.000068/3 (ALFA)
T=0.000042/11 (TOPMED)
T =0.000064/16 (GnomAD_exomes)

Deleterious

Neutral

Deleterious

Deleterious

Neutral

Deleterious

1s373917435

R75Q

T=0.000045/2 (ALFA)
T=0.00003/8 (TOPMED)
T=0.000036/5 (GnomAD)

Deleterious

Neutral

Neutral

Deleterious

Neutral

Neutral

rs140092865

R78H

T=0.000045/2 (ALFA)
T=0.000008/1 (ExAC)
T=0.000024/6 (GhomAD_exomes)

AT

Deleterious

Deleterious

Deleterious

Deleterious

Neutral

Deleterious

rs185141197

T1241

A=0.000032/6 (ALFA)
A=0.000071/2 (TOMMO)
A=0.000354/43 (ExAC)

AIT

Deleterious

Neutral

Deleterious

Deleterious

Neutral

Deleterious

rs185141197

T1991

A=0.000032/6 (ALFA)
A=0.000071/2 (TOMMO)
A=0.000354/43 (EXAC)

A/T

Deleterious

Neutral

Neutral

Neutral

Neutral

Neutral

rs374085063

T861

A=0./0 (ALFA)
A=0.000004/1 (GnomAD_exomes)
A=0.000014/2 (GnomAD)

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

rs189231805

V1591

T=0.000079/14 (ALFA)
T=0.000036/5 (GnomAD)
T =0.000038/10 (TOPMED)

Neutral

Deleterious

Neutral

Neutral

Neutral

Neutral

rs200824057

V160M

T=0.000043/1 (ALFA)
T=0.000007/1 (GhomAD)
T=0.000008/2 (TOPMED)

Deleterious

Not found

Neutral

Not found

Not found

Neutral

1s376090198

V83M

T=0.000144/27 (ALFA)
T=0.000077/1 (GoESP)
T=0.000132/35 (TOPMED)

Deleterious

Deleterious

Deleterious

Deleterious

Neutral

Deleterious

Table 1. List of nsSNPs of FNDC5 gene predicted as deleterious by various bioinformatics tools. The table
presents the details of the short-listed nsSNPs of human FNDC5 gene in coding sequence (CDS) region
located on chromosome 1 (Build: GRCh37.74), identified using various bioinformatics tools: SIFT = sorting
intolerant from tolerant), PHD-SNP = predictor of human deleterious single nucleotide polymorphism,
PROVEAN = protein variation effect analyzer, PANTHER = protein analysis through evolutionary
relationships, and SNP&GO =single nucleotide polymorphism & gene ontology. nsSNP =non-synonymous
single nucleotide polymorphism, FNDCS5 = fibronectin type-IIT domain-containing protein-5, MAF = mean

allele frequency.
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SNPs ID Mutations | pH | Temp. (°C) | SVM2 prediction effect (stability) | AAG value prediction (Kcal/mol.) | RI
rs55783359 | N39K 7 25 Decrease -1.65 9
rs140092865 | R78H 7 25 Decrease -1.31 8
15144593537 | R209H 7 25 Decrease -2.11 8
rs185141197 | T1241 7 25 Decrease -1.03 4
rs377741902 | L150P 7 25 Decrease -3.01 6
rs138727728 | L156V 8 25 Decrease -0.81 7
rs376090198 | V83M 7 25 Decrease -1.71 7
rs374085063 | T86I 7 25 Decrease -093 7

Table 2. I-MUTANT 2.0 prediction results for deleterious nsSNPs of the FNDC5 gene. SVM = support vector
machine, AAG = Gibbs free energy, RI=reliability index, FNDC5 = fibronectin type-III domain-containing

protein-5.
SNPs ID Mutations | Conservation score | Prediction
rs55783359 | N39K Exposed-functional | Highly conserved
rs140092865 | R78H Exposed-functional | Highly conserved
rs144593537 | R209H Exposed-functional | Highly conserved
rs185141197 | T1241 Exposed-functional | Highly conserved
rs377741902 | L150P Buried Conserved
rs138727728 | L156V Buried Conserved
rs376090198 | V83M Buried-structural Highly conserved
rs374085063 | T861 Exposed-functional | Highly conserved

Table 3. ConSurf prediction of phylogenetic conservation for deleterious nsSNPs in the FNDC5 gene.
FNDCS5 = fibronectin type-III domain-containing protein-5.

Conservation profiling of the deleterious nsSNPs in FNDC5 gene

Results from the web server ConSurf* revealed structural and functional importance and conservation levels
of all the amino acid residues of FNDCS5, but only high-risk nsSNPs were focused. The results are tabulated in
Table 3 (color coding bar showing conservation score is provided in supplementary Fig. 1).

Analysis of protein-protein interaction using STRING

The STRING (Search Tool for the Retrieval of Interacting Genes/Proteins)’! predicted physical interaction of
FNDC5 with FGF21, UCP1, PPARGCIA (peroxisome proliferator-activated receptor-y co-activator-1a; PGCla),
FN1 (fibronectinl), MSTN (myostatin), and METRN (meteorin) (Fig. 2). FGF21 showed the combined score
of 0.77. Additionally, FGF21 and FNDCS5 proteins are co-expressed. The putative homologs are also present in
other organisms which makes FGF21 a string interacting candidate. Consequently, FGF21 was selected and
docking analysis was conducted for these two proteins.

Molecular docking

The Cluspro web server was utilized to analyze the impact of mutations on the wild type complex and the mutant
complexes*!. From the above analyses we identified the eight variants that were negatively affecting the protein
stability and were also conserved. These variants were further processed for docking analysis which can further
reveal if the particular mutation is favoring this interaction of two proteins or halting it. We queried ClusPro for
the wild-type complex of FNDC5-FGF21 and mutant complexes N39K-FGF21, R78H-FGF21, R209H-FGF21,
T124I-FGF21, L150P-FGF21, L156V-FGF21, V83M-FGF21, and T86I-FGF21 in order to analyze the change in
overall energy and stability of the interacting complex. The server generated a total of 9 clusters from which we
selected cluster 1 as it showed the lowest binding energies which claims the stability of the complex. In order
to identify the change in stability of the interacting complexes of wild-type and mutants we computed Buried
Surface Area (BSA) using Python Molecular Graphics (PyMOL)*. Two of the variants T1241 and L150P were
predicted as candidate nsSNPs as the significant change in BSA was observed in these two variants. T124I was
highly conserved and predicted as exposed and functional while L150P was predicted as buried in the core of
the protein and conserved. The BSA measures the size of the interface in a protein-protein complex. The BSA
of the wild-type complex was highest which showed that the complex is stable while the complex with T124I,
L150P, showed the decrease in BSA which eventually means that the mutation is destabilizing the interacting
proteins. BSA computes the size of the interacting proteins so, the larger the area the more stable the complex is.
Moreover, in the rest of the variants N39K, R78H, R209H, L156V, V83M, and T86I, an increase in the BSA was
observed which indicates that these variants might be positively affecting the interacting complex. The results
are tabulated in Table 4. Also, we analyzed the change in hydrogen bonds using Python script with MDAnalysis*
and the results are tabulated in Table 5. Higher number of hydrogen bonds indicated a stronger interaction
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Fig. 2. Protein-protein interaction network of FNDCS5 predicted by STRING, showing key interactions with
FGF21, UCP1, PPARGCIA, FN1, MSTN, and METRN. FNDCS5 =fibronectin type-III domain-containing
protein-5, FGF21 = fibroblast growth factor21, UCP1=Uncoupling proteinl, PPARGC1A = peroxisome
proliferator-activated receptor-y co-activator-1a; PGCla, FN1 =fibronectinl, MSTN = myostatin,

METRN = meteorin.

Interacting complex | Buried surface area (BSA)
Wild-type 3358.145

N39K-FGF21 3356.12

R78H-FGF21 3738.23

R209H-FGF21 3634.67

T124I-FGF21 2789.816*

L150P-FGF21 2683.45*

L156V- FGF21 3560.347

V83M-FGF21 3601.62

T861- FGF21 3827.900

Table 4. Buried surface area computed for the wild-type and mutant FNDC5-FGF21 interacting complexes
using PyMOL. *BSA < < wild-type complex. FNDC5 = fibronectin type-III domain-containing protein-5,
FGF21 =fibroblast growth factor21.

between the bound complexes. From the results it can be observed that the decrease in number of hydrogen
bonds are observed which can eventually lead to the loss of stability of the protein complex due to mutation.

HOPE webserver
Two of the mutants, T124I-FGF21, and L150P-FGF21, predicted as high-risk variants, were further analyzed
with HOPE (Have (y)Our Protein Explained) webserver?’. In the mutant T124I the wild-type and mutant amino
acids differed in size. The mutant residue was bigger than the wild-type residue. The wild-type residue was
buried in the core of the protein. The mutant residue was bigger and probably would not fit. The hydrophobicity
of the wild-type and mutant residue differed. The mutation would likely cause loss of hydrogen bonds in the
core of the protein and as a result disturb correct folding. The mutated residue was located in a domain that is
important for binding of other molecules. It is possible that the mutation could disturb these contacts. In the
variant L150P, the wild-type and mutant amino acids differed in size. The mutant residue was smaller, that could
lead to loss of interactions. This analysis further validated the predicted results.

Additionally, comparative analysis of wild-type and mutant FNDC5 proteins by was done using HOPE
(predicted effects of mutants along with 3D structure are provided in supplementary Table 2).
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Interacting complex | Hydrogen bond count
Wild-type 144
N39K-FGF21 98
R78H-FGF21 101
R209H-FGF21 99
T124I-FGF21 929
L150P-FGF21 929
L156V- FGF21 98
V83M-FGF21 101
T86I- FGF21 104

Root Mean Sqaure Deviation

Table 5. Hydrogen-bond count computed for the wild-type and mutant FNDC5-FGF21 interacting
complexes. FNDC5 = fibronectin type-III domain-containing protein-5, FGF21 = fibroblast growth factor21.
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Fig. 3. (a) Root mean square deviation plots of the wild-type (FNDC5-FGF21) and mutant (T124I-
FGF21) docked complexes. (b) Root mean square fluctuation plots of the wild-type (FNDC5-FGF21) and
mutant (T1241-FGF21) docked complexes. FNDC5 = fibronectin type-III domain-containing protein-5,
FGF21 =fibroblast growth factor21.

MD simulation

MD simulations of both the wild-type and mutant docked complexes were conducted using AMBER20 (Assisted
Model Building with energy Refinement)*. The aim was to study how the highly conserved nsSNP, T124I,
affects the dynamic behavior of FNDC5 and its interaction pattern with neighboring FGF21 protein. Important
statistical analysis was performed on the trajectories of MD simulations to decipher the backbone stability and
residual flexibility. The first stage was to compute the root mean square deviation (RMSD), which is used to
identify the average distance between backbone carbon alpha atoms of overlay frames. The RMSD is a critical
metric in the analysis of trajectory equilibration. Wild-type FNDC5-FGF21 protein and mutated T124I-FGF21
protein were plotted as a function of time to determine the stability of the backbone carbon alpha atoms. The
findings show that wild-type FNDC5-FGF21, had a low RMSD (12.86 A) value as compared to the mutated
one. The RMSD plot for the mutated complex showed a trend of continuously increasing mean value (18.62 A)
due to the perturbations and conformation rearrangements to the structure introduced by the SNP (Fig. 3a). It
further confirms the aforementioned findings and beliefs that a T124I mutation in FNDCS5 is responsible for this
instability.

Afterward, the system trajectories were subjected to root mean square fluctuations (RMSF) to determine their
stability. The RMSF values for the C atoms in each residue were calculated in order to identify the flexible regions
and the amplitude of displacement of atoms in the residue (Fig. 3b). It was discovered that the average RMSF
value for the Wild-type ENDC5-FGF21 system was 5.73 A. Fluctuations in the graph indicate the flexibility of
pocket residues in the molecule. The average RMSF value for the system in the instance of mutant T124I-FGF21
was 6.66A. The RMSF for the majority of residues was lower than expected, suggesting that they moved less
throughout the simulation. However, it was discovered that there was a variation at amino acid number 124,
which is the amino acid at which the mutation happened. It may be deduced from this that mutation caused a
conformational shift in structure, which in turn led to increased mobility, since high fluctuation is an indicator of
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flexibility. The findings of MD simulation further confirmed that T124I mutation in FNDCS5 is likely responsible
for a conformational change in irisin domain of FNDCS5 protein and instability of the mutant complex, thereby
affecting the interaction of FNDC5 with FGF21.

Discussion

Energy expenditure is instrumental in the prevention and amelioration of obesity and its associated metabolic
disorders®. Current literature emphasizes the significant role of myokines as mediators of the beneficial effects
of physical activity on metabolic health. Among these myokines, FNDC5 and its secreted product: irisin, have
gained importance because of their potential role in browning of WAT. Hence, mutation of FNDC5 gene may
have deleterious impact on the functioning of this protein. Some SNPs in FNDC5 have been studied in the
context of various metabolic disorders, however, computational data analyzing these mutations remains limited.
Therefore, identifying potential SNPs in the FNDC5 is important to elucidate the role of FNDC5 and irisin
in obesity and related disorders. In the present study, we performed computational analyses to predict high-
risk SNPs of FNDC5 and further assessed its variants that showed a significant decrease in protein stability by
computing the buried surface area of the variants and the wild-type.

Circulating irisin is cleaved from the plasma membrane protein FNDC5 in response to exercise, with
FNDC5 gene predominantly expressed in skeletal muscles®. Irisin plays a critical role in metabolic regulation
by promoting the browning of WAT. This browning process is characterized by the up-regulation of PGCla
and the UCP1, which subsequently enhances thermogenesis and energy expenditure®®*!. Raschke et al. initially
proposed that the human FNDC5 gene has reduced translation efficiency, resulting in minimal irisin production
and questioning its physiological role in humans®?. However, recent studies report detectable levels of irisin
linked to various metabolic functions, suggesting that FNDC5 may indeed produce a fully functional protein,
meriting further investigation!*>3.

The present study used various bioinformatics tools to identify and analyze the high-risk SNPs in FNDC5
along with their structural and functional significance. nsSNPs were selected because these variants are
commonly associated with disease pathogenesis due to their potential to alter protein function®’. For FNDC5,
The most deleterious variants predicted included N39K, R78H, R209H, T124I, L150P, L156V, V83M, and
T86I. Further, the stability and conservation analyses categorized the variants as either conserved or variable
and assessed their impact as favorable or unfavorable. Protein-protein interaction analysis predicted strong
interaction between FNDC5 and FGF21. Moreover, the putative homologs are also present in other organisms,
so the selected FNDCS5 variants were docked with FGF21. Consequently, the docking protocol indicated that
the contribution of each variant was either stabilizing or destabilizing the interaction of FNDC5 with FGF21.
The computed BSA predicted T124I and L150P as candidate SNPs, because these variants showed a decrease in
BSA, which is important to analyze the stability of the protein-protein interaction. The wild-type complex with
the highest BSA, is expected to be more stable, as a larger, predominantly hydrophobic BSA tends to favor stable
interactions by minimizing water exposure. The findings of MD simulation confirmed that T124I mutation in
FNDCS5 is likely responsible for a conformational change in irisin domain of FNDC5 protein and instability of
the mutant complex, thereby affecting the interaction of FNDC5 with FGF21.

FGF21 and irisin may act synergistically to promote the browning of white adipocytes®. Studies have
also shown that obesity is associated with reduced circulating and adipose tissue expression levels of FGF21
and irisin, along with decreased expression of their specific receptors: p-Klotho and fibroblast growth factor
receptor-1 (FGFR1) for FGF21, and integrin subunit alpha-5 (ITGA5) for irisin®*-%. de la Torre-Saldafia VA. et
al.. explored the association between serum levels of FGF21 and irisin after exercise and reported that despite
increases in both FGF21 and irisin following exercise, the correlation between their levels post-exercise was not
significant, indicating independent regulation for each myokine*.

Zhu et al. employed the CRISPRa (Clustered Regularly Interspaced Short Palindromic Repeats-dead Cas9)
system to induce the expression of the myokines FGF21 and FNDC5 in mouse C2C12 myoblast cells. Their
findings demonstrated that the co-activation of FGF21 and FNDCS5 resulted in higher efficiency at both mRNA
and protein levels compared to the activation of a single myokine. They posited that this outcome might be
attributable to the synergistic effects of FGF21 and irisin on muscle cell function. However, this synergistic
effect was not replicated in vivo. In diet-induced obese C57BL/6] mice, despite the activation of both FGF21
and FNDC?5, no significant improvement was observed compared to mice treated with AAV's (Adeno-associated
virus) targeting a single myokine®!.

FGF21 and irisin are among the key myokines recognized as crucial mediators of the beneficial effects of
exercise on metabolism. Consequently, they represent potential targets for the development of novel therapeutic
approaches to combat obesity and related metabolic disorders™. As such, elucidating the mechanisms through
which these myokines operate and interact with each other unveils novel avenues for addressing metabolic
health issues.

Although both exercise-induced myokines, FGF21 and irisin, stimulate browning of WAT through pathways
involving increased expression of PGCla, their mutual interaction remains less thoroughly understood.
The present study revealed that the potentially deleterious and highly conserved nsSNPS of FNDC5 were
destabilizing and negatively affecting its interaction with FGF21. The identified polymorphisms, T124I and
L150P, might potentially affect the irisin domain of FNDC5, the domain that is subsequently cleaved and
secreted to induce the browning of WAT. Therefore, we hypothesize that these polymorphisms may impair the
synergistic effects of FNDC5 and FGF21 on adipocyte browning, potentially increasing the risk for developing
obesity and related disorders. While this study provides valuable predictions using in silico tools, these tools
rely on computational algorithms and databases that may not reflect the full complexity of biological systems.
In silico predictions, though informative, may have limitations in accuracy and specificity. Further studies and
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experimental validations, including wet lab investigations, are necessary to confirm the effects of FNDC5 SNPs
on the functionality of the protein and their role in disease susceptibility.

Conclusion

The findings of this computational study revealed that two nsSNPs of FNDC5, T1241 and L150P, by affecting the
irisin domain, potentially impair the synergistic effects of FNDC5 and FGF21 on adipocyte browning, hence
increasing the risk for developing obesity and related disorders. Experimental validation of these nsSNPs on
ENDC5 expression and stability, along with population-based clinical studies, could confirm these in silico
findings and establish variant-disease correlations.

Methods

Identification of functional SNPs of FNDC5

The protein sequence of FNDC5 was queried from the Uniprot database, using an identifier “Q8NAU1-FNDC5-
Human” The sequence comprises 212 amino acids. Afterwards, comprehensive data regarding all SNPs associated
with the FNDC5 gene were retrieved from NCBI SNP database (https://www.ncbi.nlm.nih.gov/snp/) on April
08, 2024. Following that, all the nsSNPs of the gene were identified and their relevant information, including
accession numbers, positions, and amino acid change, were retrieved for further computational analyses.

Identification of the high-risk nsSNPs

For the comprehensive prediction of the functional impact of nsSNPs, five different tools were used, including
SIFT, PROVEAN, PhD-SNP, PANTHER, and SNP&GO. Only those nsSNPs were considered for further
analyses, which were predicted to be deleterious or damaging by three out of five tools. The details of the tools
are discussed below.

SIFT

SIFT is a bioinformatics tool that predicts whether amino acid change has any impact on function and physical
properties of protein®. Query sequence is submitted to the tool and nsSNPs are sorted out as tolerant or
intolerant. Firstly, this tool searches for sequences that have similarity with query sequence and identifies those
that have similar functions. Secondly, it procures alignments and calculates the possible tolerance index (TT) of
all the SNPs. The threshold value of TI is 0.05. If the TI is less than 0.05, the SNP is considered to be deleterious
or intolerant, and if the TI is equal or greater than 0.05, it is considered to be tolerant or non-pathogenic. Lower
the TI, greater will be the possibility of SNP to be deleterious and vice versa®. rsIDs of the nsSNPs of FNDC5
were submitted to the SIFT tool (https://sift.bii.a-star.edu.sg/www/SIFT_dbSNP.html) and the analysis was done
using default parameter settings®. The nsSNPs were sorted out as tolerant or intolerant.

PhD-SNP

This bioinformatics tool uses support vector machine (SVM) method and predicts whether the SNPs are neutral or
diseased. The tool operates using three methods: hybrid, sequence-based, and sequence and profile-based methods®.
The sequence of FNDC5 was submitted to PhD-SNP (https://snps.biofold.org/phd-snp/phd-snp.html). The position
of mutations and new variants were submitted individually. All the other parameters were set to their default values.

PROVEAN

PROVEAN (http://provean.jcvi.org/seq_submit.php) is a bioinformatics database which provides information
regarding the potential impact of any amino acid substitution on biological function of protein. The database
provides results in a tabulated format: if the value ranges from 0.0 to 0.5, it indicates the variant is deleterious,
while if the value ranges from 0.5 to 1.0, it indicates the variant is tolerated®. The raw sequence of the protein
FNDC5 was submitted to this server to predict the impact of variants on biological function.

PANTHER

PANTHER is a tool that provides functional predictions of nsSNP affecting the protein. It estimates the duration
for which an amino acid has been conserved in evolutionary pathway leading to the protein of interest, using
a method known as PANTHER-PSEP (position-specific evolutionary preservation)®. The longer the duration,
the greater will be the functional impact of nsSNP on the protein®’. PANTHER categorizes the SNPs as possibly
benign, possibly damaging, and probably damaging, based on the p-del score. SNPs with p-del score of 0.5,
less than 0.5, and greater than 0.5 are considered possibly damaging, possibly benign, and probably damaging,
respectively®. Protein sequence for FNDC5, along with the substitutions was submitted to PANTHER and
default settings were used for other parameters.

SNP & GO

SNP & GO is a bioinformatics tool that predicts disease associated variations by using gene ontology terms™. It can
predict using three types of inputs: raw sequence, sequence file, or Swiss-Prot code. If the probability of the variation
is greater than 0.5, it is classified as diseased SNP and if less than 0.5, it is considered neutral®. The raw sequence of
the protein FNDC5 was submitted to this server (https://snps.biofold.org/snps-and-go/snps-and-go.html), along with
the mutations.

Identification of structural and functional properties of SNPs by MutPred2
MutPred2 (http://mutpred.mutdb.org/) is a web-based tool that effectively distinguishes between the diseased
or benign amino acid substitutions. It identifies the potential impact of these substitutions on over 50 various
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protein properties, thereby enabling the inference of the molecular mechanism of the pathogenicity*!. This web
server provides results based on SIFT and 14 different functional and structural properties, such as gain of
intrinsic disorders, gain of B-factor, loss of phosphorylation, gain of catalytic site, altered metal binding, and
transmembrane protein®. This server takes benign polymorphism from SWISS-PROT and deleterious from
human gene mutation database. The FASTA sequence of the FNDC5 protein was submitted to the MutPred2
web server along with specific substitutions. The threshold was set at 0.05. The tool classified the substitutions
as either neutral or deleterious and provided their structural and functional impacts. A p-value less than
0.05 indicated a confident prediction, while a p-value less than 0.01 indicated very high confidence in the
pathogenicity of the substitution.

Analysis of FNDC5 protein stability by I-MUTANT 2.0

I-MUTANT 2.0 is a software that works on SVM based algorithms (http://gpcr2.biocomp.unibo.it/cgi/predictors/I
-Mutant3.0/I-Mutant3.0.cgi).*> This tool is used to predict the stability of proteins when mutations occur in them®,
The change in the Gibbs free energies (AAG) of the wild-type and mutants can predict the change in the stability of
the protein structure. -MUTANT 2.0 provides data from ProTherm as well, which is an experimental data library
on protein mutations. If the AAG is from —0.5 kcal/mol to <0.5 kcal/mol, it is considered neutral. If energy is greater
than 0.5 kcal/mol, the protein structure is considered largely stable, and if the energy is less than — 0.5, it is considered
unstable®. Additionally, -MUTANT 2.0 provides a reliability index, ranging from 1 to 10. Reliability index closer to
10 signifies that the outcome is more reliable. All the SNPs of FNDC5 were submitted keeping the default setting for
parameters i.e., pH of 7.0 and temperature of 25 °C.

Evaluation of evolutionary conservation of the FNDC5 protein by ConSurf

ConSurf (https://consurf.tau.ac.il/consurf_index.php) is a bioinformatics tool that was used to estimate and
analyze the conservation profile of amino acid or nucleotide positions in a protein or nucleic acid sequence®.
Analysis through this tool was performed to identify phylogenetic relations among homologous sequences.
Multiple sequences were aligned using the MUSCLE (Multiple Sequence Comparison by Log-Expectation) tool.
This tool was preferred because of its accuracy in computing evolutionary rate, based on the methods it utilizes
i.e., Bayesian and maximum likelihood methods. The results obtained from this tool are interpreted based on
conservation score, ranging from 1 to 9, which provides information regarding the structural and functional
characteristics of the protein (i.e., whether the proteins were exposed or buried or if they were structurally or
functionally important). The score determines residue wise conservation of the protein which ranges from 1 to
9. Number 9 being the highest score depicts that the residue is highly conserved while number 1 predicts that
the amino acid is less conserved.

Analysis of interaction of FNDC5 with other proteins

A protein interacts with many other proteins inside the cell and this interaction is important for the function and
regulation of protein. The functional interaction of FNDC5 with other proteins inside the cells was predicted
using STRING”!. This tool uses its database of 24,584,628 proteins from 5,090 organisms and predicts protein-
protein interaction networks either through direct or indirect association among proteins. The terms FNDC5
and Homo sapiens were searched as input options for STRING. This database identified various proteins that
can interact with FNDCS5. Out of all interacting proteins, we have selected FGF21, for which reported combined
score was 0.77, both these proteins were also co-expressing with each other. In addition to that the putative
homologs are also present in other organisms which makes FGF21 a string interacting candidate. Hence, we
selected FGF21 and the two proteins were docked using the ClusPro web server** using the default settings in
order to analyze the complex and the effect of mutations on it. The ClusPro predicts 10 different docked poses
with different binding energies sorted by the scores. The score determines the stability of each docked complex.
The ClusPro webserver follows the protocol of direct docking method that tends to perform rigid body docking
by checking millions of conformations with the help of RMSD. On the basis of RMSD, the models were divided
into clusters, each representing the probable model of the protein-protein-complex, sorted by the lowest energy
models. These were further modified by energy minimization algorithms. To analyze the effect of mutations on
the protein-protein interactions, buried surface area was calculated using PyMOL™.

Protein structure analysis using HOPE webserver

The HOPE webserver is an automated program that analyzes the impact of mutations on the structure and
function of the protein. It takes protein sequence as an input and identifies the effect of variants on the structure
and function of the protein. This web server uses the 3D structure of the protein to identify the pathogenicity of
each variant. Two of the mutants, T1241-FGF21, and L150P-FGF21, predicted as high-risk variants, were further
analyzed with HOPE webserver?’.

Molecular dynamics simulations

To investigate the influence of the most detrimental SNP, T124], in the structural and functional stability of the
FNDC5, we ran MD simulation for 50 ns for both wild-type and mutant docked complex using AMBER20%.
The solvation of the system was carried out in a TIP3P (transferable intermolecular potential 3-point) solvation
box. The ff14SB force field was subsequently included to figure out the intermolecular and intra-molecular
interactions using the Amber’s Leap module. To neutralize the charges, sodium ions were introduced into the
systems. Specifically, energy optimization was accomplished through 2000 steps of hydrogen atom minimization,
1000 steps of system solvation box energy minimization with a restraint of 200 kcal/mol~2 applied to the rest of
the system, 1000 steps of the entire set of system atoms minimization with a restraint of 5 kcal/mol~2 applied to
the system carbon alpha atoms, and 300 steps of non-heavy atom minimization with a restriction of 100 kcal
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Fig. 4. Methodology of the study. FNDC5 = Fibronectin type-III domain-containing protein-5,

FGF21 = fibroblast growth factor21, SIFT = sorting intolerant from tolerant, PROVEAN = protein variation
effect analyzer, PHD-SNP = predictor of human deleterious single nucleotide polymorphism, SNP&GO = Single
nucleotide polymorphism & gene ontology, PANTHER = protein analysis through evolutionary relationships),
STRING =search tool for the retrieval of interacting genes/ proteins, HOPE =have (y)Our protein evaluated,
nsSNP =non-synonymous SNP, MD = molecular dynamic.

In order to restrict hydrogen bond formation, the system was heated to 300 K using the NVT ensemble, which
was assisted by Langevin dynamics and the SHAKE algorithm. We were able to achieve equilibration for 100 ps
while maintaining pressure on the system using an NPT ensemble, which allowed us to constrain the C-atoms
by 5 kcal/mol 2. -ns trajectories were built during the third phase of the project. Non-bounded interactions were
separated by a threshold distance of 8.0, which was added recently. The stability of the system was investigated
by the use of the QtGrace program (https://sourceforge.net/projects/QtGrace), which performed an analytical
calculation of structural parameters. The methodology is summarized in Fig. 4. Also, change in hydrogen bonds
was analyzed using Python script with MDAnalysis*®.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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