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Abstract

This case series was conducted to help better characterize the MTCYB gene
variants identified in patients with atrial fibrillation. It involved 30 hospital-
ized patients with atrial fibrillation from the cardiology centre at FANN
Hospital in Dakar. Tissue samples taken from each patient were sent to the
laboratory and subjected to genetic analysis, which enabled the determina-
tion of the gene’s polymorphism, diversity, differentiation and genetic struc-
ture. The MTCYB gene amplification products obtained from the DNA ex-
tracts revealed a migration profile of a size estimated at approximately 1246
bp. All the non-synonymous mutations identified are implicated either in
the structure and function of the protein, in its pathogenicity, or in its sta-
bility, and 15 of these were predicted by in silico tools to potentially affect all these
aspects simultaneously. One of the synonymous mutations, m.15301G>A, which
is thought to have no effect on protein stability, was found to be quite com-
mon in the population (14.54%) and is reported as a risk factor for high-
altitude sickness. The functional and structural impact of the variants has
been demonstrated, and four of them have effects that could alter the pro-
tein’s secondary structure through steric hindrance, the replacement of a
proline in a cis position, and the replacement of a tyrosine (TYR > 6.3%) by
a lysine (RSA < 20%) in a position deep within the hydrophobic core of cy-
tochrome b. The M7TCYB gene encodes cytochrome b, a central subunit of
mitochondrial complex IIT involved in electron transport and proton trans-
location across the inner mitochondrial membrane. The variants identified
in this case series may warrant further functional studies to determine whether
they could contribute to mitochondrial dysfunction in the context of atrial
fibrillation.
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1. Introduction

Cardiovascular diseases account for one third of deaths worldwide [1]. Atrial fi-
brillation is one such arrhythmic disorder that is fairly common in adults and
whose prevalence is constantly changing. Indeed, it occurs in elderly patients
who often suffer from a number of underlying conditions that act as predispos-
ing factors for cardiovascular disease [2]. It would not be straightforward to con-
clude that genetics plays a significant role in this heart condition. However, in cases
where the condition arises suddenly in elderly individuals without comorbidities,
the question arises and a genetic influence becomes the most likely explanation.
Genetic causes may be linked to mitochondrial dysfunction and lead to oxidative
damage to proteins and DNA [3]. As a gene that encodes a protein, the mitochon-
drially encoded cytochrome b (M7 CYB) gene is involved in several processes, in-
cluding proton transport coupled with electron transport [4]. The aim of this
study was to analyze this gene in order to determine its polymorphism and its role
in the onset of the disease. Genetics has a major role in determining the basis of
diseases, based on the candidate gene approach, which is a strategy for identifying

genetic causes.

2. Method

The study involved 30 patients hospitalized for atrial fibrillation at the Cardiology
Centre of FANN Hospital, comprising 73% women and 27% men, with a sex ratio
of 0.36. All patients included had rheumatic mitral valve disease complicated by
atrial fibrillation, requiring surgical mitral valve replacement. The link between
rheumatic mitral stenosis and atrial fibrillation has been well established, as
chronic mitral valve disease leads to progressive dilation of the left atrium, fol-
lowed by atrial fibrillation. The diagnosis was confirmed on the basis of clinical,
echocardiographic and surgical findings. All types of atrial fibrillation (perma-
nent, paroxysmal, persistent) were included without distinction. For each patient
undergoing surgery, a fresh tissue sample was taken from the surgical site (the
junction of the left atrium and the right superior pulmonary vein), placed in a dry
tube and stored at 20°C. Clinical records containing information on the demo-
graphic and clinical-pathological characteristics of each patient were made avail-
able to us. After collection, the cardiac tissue samples were sent directly to the
genomics laboratory of the Department of Animal Biology at the Faculty of Sci-
ence and Technology of Cheikh Anta Diop University in Dakar, where the tissues
were preserved in 96% alcohol for various molecular analyses.

The 20 samples consisted of biological specimens already available at the labor-

atory of the Faculty of Science and Technology at Cheikh Anta Diop University
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in Dakar at the time of the study. These were stored blood samples taken from
apparently healthy subjects with no known history of heart disease or atrial fibril-
lation.

Using the standard method described in the Zymo Research Kit [5], total DNA
was extracted from the tissue, followed by polymerase chain reaction (PCR) am-
plification of the MTCYBgene using the following primers: 5-CGGACTACAAC-
CACGACCAA-3’ and R: 5’-TCCGGTTTACAAGACTGGTGT-3. Once the PCR
was complete, the products were kept at 10°C in the thermal cycler. The size of
the DNA fragments was approximately assessed using 6 pl of a 100-base-pair Pur-
ple Ladder size marker. After electrophoresis, the gel was placed on a transillumi-
nator to visualize the results. Subsequently, the PCR products to which the pri-
mers had bound were sequenced using the method of F. Sanger (1977), which is
based on a specific PCR reaction, utilizing, in addition to the usual components
(template DNA, polymerase, primers, dNTPs, Mg?*), modified nucleotides: deox-
yribonucleotides (ddNTPs) [6]. Sequencing reactions were carried out in an MJ
Research PTC-225 Peltier thermal cycler using the ABIPRISM BigDye™ Termi-
nator Cycle kits. Each sample was sequenced using the forward primer, with 10 ul
of PCR product. The fluorescent fragments were purified using the BigDye Xter-
minator purification protocol. The samples were suspended in distilled water and
subjected to electrophoresis in an ABI 3730xl sequencer (Applied Biosystems).

o Analysis of conserved regions identified by the primers

The MTCYB gene, the only subunit of complex III (ubiquinol-cytochrome c
reductase) encoded by mitochondrial DNA, spans 1140 bp between nucleotide
positions 14,747 and 15,887 of the revised Cambridge reference sequence (rCRS),
and encodes a protein of 380 amino acids organized into eight transmembrane
helices [7]. The MTCYB protein is predominantly hydrophobic and contains two
haem groups as well as two functional ubiquinol-binding sites, designated the Qo
(oxidation) site and the Qi (reduction) site, which are central to the catalytic
mechanism of complex III. The design of the primers used in this study is based
on targeting conserved regions of the gene, a strategy founded on the high degree
of evolutionary conservation of MTCYB across eukaryotic species [8]. The effec-
tiveness of universal primers targeting cytochrome b lies precisely in their binding
to conserved regions flanking variable sequences, which allows for efficient am-
plification even on degraded samples or those from distantly related species.
Functionally, MTCYBis a protein that has been highly conserved throughout evo-
lution, containing 8 to 9 transmembrane domains and two haem groups with dis-
tinct redox potentials—b-562 (high-energy haem) and b-566 (low-energy haem)—
which are essential for electron transfer within the mitochondrial respiratory chain
[9]. Recent studies have also demonstrated that the C-terminal region of cytochrome
b plays an indispensable structural role in the assembly of the bcl complex, and
that its integrity determines the functional biogenesis of complex III [10]. Precise
mapping of mutations in the conserved regions targeted by the primers. It is there-

fore essential to distinguish pathogenic variants from silent polymorphisms, as
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these variants are frequently found in the healthy population but may also be as-
sociated with a spectrum of mitochondrial or common diseases depending on their
location within the functional domains of MTCYB [8].
In this study, all 15 mutations were checked against the canonical UniProt ref-
erence sequence P00156 (rCRS, NC_012920.1, positions 14747-15887) (Table 1).
The W337/P342/P346/Y358/F359/P367 cluster is located in the transmembrane
helix G (Qo domain—ubiquinol binding site), a functionally critical region effec-
tively described as a hotspot in cytochrome b.
e W337 (Trp337) is a highly conserved residue involved in the Qo site of complex
III.
e P367 is located in a region of significant conformational constraint important
for the stability of the helix.
All numbering is consistent with the rCRS and the canonical UniProt sequence
P00156.

Table 1. Localization of mutations in mitochondrial “hotspots”.

Reference Residue

Position rCRS Mutations  Positions residue found Status
m.14905G>C MS531 53 M M Correct
m.14954C>A P261T 261 P P Correct

m.15176C>CT L335Y 335 L L Correct

m.15179C>CT T336H 336 T T Correct
m.15182T>TG W337P 337 w w Correct
m.15182T>TG W337Q 337 W w Correct
m.15182A>AG W337N 337 W W Correct
m.15197A>AG P342Q 342 P P Correct
m.15209T>C P3461 346 w w Correct
m.15209T>TA Y358K 358 Y Y Correct
m.15248C>CT F359L 359 F F Correct
m.15248C>CT F359S 359 F F Correct
m.15272C>A P367N 367 P P Correct
m.15272C>A P367Q 367 P P Correct
m.15272C>A P367T 367 P P Correct

e Presence of mutations in pathogen databases (MITOMAP, ClinVar, Gno-
mAD)
All variants of the MTCYB gene identified by Mutation Surveyor were system-
atically cross-referenced against three major databases to assess their novelty and
potential pathogenic significance. Firstly, the variants were checked against MI-

TOMAP, which provided information on the evolutionary conservation of the
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relevant residues and on previously reported pathogenic mutations. Next, the var-
iants were searched for in ClinVar to obtain their classification based on clinical
significance. Finally, the variants were searched for in the Genome Aggregation
Database (gnomAD) to determine whether the identified variants correspond to
rare or common polymorphisms within the population. All database queries were
performed using absolute rCRS positions (NC_012920.1) and HGVS nomencla-
ture, at both the nucleotide and protein levels.

A comparison of the fifteen M7TCYBvariants with the MITOMAP, ClinVar and
gnomAD databases revealed distinct patterns in terms of novelty and conserva-
tion. Thirteen variants (M531, P261T, L335Y, T336H, W337P, W337Q, P342Q,
P3461, Y358K, F359L, F359S, P367N, P367Q, P367T) were absent from all three
databases, suggesting that they represent novel M7 CYBvariants not previously
reported in the literature. Two variants (p.Trp337Asn and p.Pro3461le) were rec-
orded as variants of uncertain significance (VUS) in gnomAD, indicating their
presence in the general population without established clinical significance (Table
2).

An evolutionary conservation analysis carried out using MITOMAP revealed
that the majority of the residues in question are highly conserved across species,
with ten variants occurring at positions that are 95% - 100% conserved (M53I,
L335Y, T336H, W337P, W337Q, W337N, P342Q, P346I, Y358K, P367N, P367Q,
P367T), two variants at positions conserved at 97% (P342Q, Y358K) and three
variants at positions exhibiting lower levels of conservation (P261T at 22%, F359L
and F359S at 17%). The high degree of evolutionary conservation observed for the
majority of the affected residues confirms the potential functional importance
of these positions within the cytochrome b protein and suggests that the identi-
fied variants could impair the structure and function of mitochondrial complex
III.

Variants spanning residues 335 to 359 were associated with insertions and de-
letions resulting in frameshift mutations relative to rCRS, as confirmed by analysis
using Mutation Surveyor. These structural variants were absent from all the data-
bases consulted, further confirming their novel nature. The other substitution var-
iants were caused by specific nucleotide changes within individual codons, which
differ from any previously reported mutations at the same residues, confirming

their status as novel variants.

Table 2. MTCYBvariant annotation across MITOMAP, ClinVar, and gnomAD databases.

Variants Conclusions

M53I, P261T, P3461,

These variants didn’t appear in the MITOMAP, ClinVar and gnomAD databases; they are therefore new
variants of the M7TCYB gene. The nucleotide mutation (C > A) affects a different position within the

P367N/Q/T
Q codon compared with previously reported variants at the same residue.
Variants present in the region spanning residues 335 to 359 have been associated with insertions and
L335Y->F359S deletions confirmed by Mutation Surveyor, resulting in frameshift mutations relative to the rCRS. These

indels were absent from the MITOMAP, ClinVar and gnomAD databases.
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3. Results

o General characteristics of the population

The results showed that, out of a total of 30 cases, 73% were women and 27%
were men, with a sex ratio of 0.36. The mean age of the patients was 33.93 + 17.28
years, ranging from 14 to 63 years. The most common age group was under 30
years. The medical history was dominated by cases of rheumatism (+90%) and
abnormal sinus rhythm (40%). Other underlying conditions were detected in the
patients: 3.33% of cases of stroke, 43.33% of recurrent angina, 40% of polyarthral-
gia, and 10% of endocarditis. Permanent atrial fibrillation was the most common
form, accounting for 46.6% of cases. It was more frequent in subjects over 30 years
of age. In the majority of younger subjects, the type of AF was not specified. One
case of paroxysmal AF, 7% of persistent cases and 10% of newly diagnosed AF
cases were detected. Other comorbidities were noted among 40% of patients, with
the majority found in those over 30 years of age.
¢ In silico identification and prediction of mutations in the MTCYB gene

The resulting migration profile had an estimated size of approximately 1246 bp.
The results, presented as an electropherogram, showed the sequence of bases mak-
ing up the DNA fragment. During sequencing, three sequences were excluded due
to their poor quality, as assessed by the sequencing service provider. The 27 se-
quences obtained were 1143 base pairs long. The various mutations were identi-
fied using the Mutation Surveyor software [11]. For the in-silico prediction of the
impact of the mutations, several software programmers were used to determine
the impact of an amino acid substitution on the structure and function of the hu-
man protein, the effect of these mutations on protein stability, and the probability
that non-synonymous mutations are the cause of the disease. Non-synonymous
MTCYB mutations were considered pathogenic if at least two of the prediction
tools indicated this. Analysis of the subjects’ chromatograms against the NC_012920
reference revealed a total of 46 variants, comprising 28 heterozygous variants
(60.87%) and 18 homozygous variants (39.13%). The results also revealed 9 dele-
tions and 2 duplications. Among these mutations, there are more synonymous
mutations than non-synonymous mutations, spanning 47 different positions. One
of the synonymous mutations, m.15301G>A (L185L), is reported as a disease-caus-
ing factor. This homoplastic transition mutation affects the stability of the protein.
Analyses carried out using prediction software showed that these non-synony-
mous substitutions are predicted to be likely harmful, pathogenic, benign or del-
eterious. We identified 15 that were classified as pathogenic by all prediction soft-
ware Table 3.
e Structural impact tests using MISSENSE3D software

Analysis of Table 4 showed that four of the pathogenic mutations in the M7TCYB
gene have secondary structural consequences for the cytochrome b protein. The
m.15176C>CT and m.15197A>AG mutations result in structural clashes between
the wild-type and variant structures. The m.15209T>C mutation results in a

change from proline to cysteine in the wild-type position. With m.15209T>TA, the
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Table 3. Presentation of mutations identified as pathogenic by all prediction software.

PANTHER-
Position rCRS P.AA POLYPHEN-2 SNAP SNP-PHD SNP&GO I-MUTANT
Statute PSEP
i Probably . . .
m.14905G>C  M531  Homoplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
armfu
) Probably . . .
m.14954C>A  P261T Homoplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
armfu
. Probably . . .
m.15176C>CT L335Y Heteroplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
. Probably . . .
m.15179C>CT T336H Heteroplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
u
. Probably . . .
m.15182T>TG W337P Heteroplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
armfu
. Probably . . .
m.15182T>TG W337Q Heteroplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
armfu
. Probably . . .
m.15182A>AG W337N Heteroplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
. Probably . . .
m.15197A>AG P342Q Heteroplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
u
. Probably . . .
m.15209T>C  P3461 Homoplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
armfu
. Probably . . .
m.15209T>TA Y358K Heteroplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
armfu
. Probably . . .
m.15248C>CT F359L Heteroplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
. Probably . . .
m.15248C>CT F359S Heteroplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
u
i Probably . . .
m.15272C>A  P367N  Homoplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
armfu
) Probably . . .
m.15272C>A  P367Q Homoplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease
armfu
i Probably . . .
m.15272C>A  P367T Homoplasmic Probably harmful harmful Deleterious Pathogenic Pathogenic  Decrease

Table 4. Functional impacts of mutations on protein secondary structure by Missene3D.

Position rCRS P.AA Predictions
m.14905G>C M531 Benign
m.14954C>A P261T Benign
Harmful: This substitution triggers a collision alert. The local collision score for the wild-
m.15176C>CT L335Y type structure is 13.68 and that for the variant structure is 39.24. The increase in the

collision score is 218 compared to the wild type
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Continued

m.15179C>CT
m.15182T>TG
m.15182T>TG

m.15182A>AG

m.15197A>AG

m.15209T>C

m.15209T>TA

m.15248C>CT
m.15248C>CT
m.15272C>A
m.15272C>A

m.15272C>A

T336H
W337P
W337Q

W337N

P342Q

P346l

Y358K

F359L
F359S
P367N
P367Q

P367T

Benign
Benign
Benign
Benign

Harmful: This substitution triggers a collision warning. The local collision score for the
wild-type structure is 18.33 and that for the variant structure is 37.65. The increase in the
collision score is 218 compared to the wild type

Detrimental: In this variant, a proline at the cis position of the wild-type is replaced, which
affects the three-dimensional structure of the protein

Detrimental: This substitution replaces a buried uncharged residue (TYR, RSA 6.3%) with
a charged residue (LYS, RSA 3.4%)

Benign
Benign
Benign
Benign

Benign

substitution replaces a buried uncharged residue with a charged residue. All other
mutations have no effect on the secondary structure of the protein.
¢ Polymorphism and genetic diversity

The parameters of our population were defined according to age and sex, with
age groups ranging from 0 to 30 years and another group aged 30 years and above.
Genetic variability was defined according to several parameters (Table 5). These
parameters were estimated using DnaSP version 5.10 software [12], as were ge-
netic diversity (haplotype diversity (hd) and nucleotide diversity (Pi) indices) and
mismatch distribution graphs. This corresponds to the graphical representation
of the distribution of genetic distances between individuals in a population. How-
ever, nucleotide frequencies, the nature and rate of mutations, and intra- and in-
ter-population genetic distances were determined using the MEGA version 7.0.14
program [13], using the Tamura Nei parameter model, which proved to be the
most suitable. Using the same software, the Z-test for codon selection was per-
formed using the Kumar model, based on the hypothesis that the M7CYB gene
follows the neutral evolutionary model. Table 5 shows the results for the poly-
morphism and genetic diversity of the MTCYB gene.
¢ Genetic differentiation and structuring

Estimating genetic differentiation between populations in phylogenetics re-
quires the degree of genetic differentiation (FST) and genetic distance (D). The
EST values between populations, the intra-specific neutrality test (Tajima’s D,
Fu’s Fs), and the SSD and Rag indices were calculated using the Arlequin software

version 3.5.1.3 [14]. These allow us to predict the genetic evolution of the studied
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Table 5. Parameters of genetic variability of the M7TCYB gene.

Ages Sex
Parameters genetic PT
<30 ans 230 ans Men Women

Sample size n 27 14 12 8 19
Number of sites N 1018 1019 1018 1021 1018
Number of no variable sites 995 1004 1007 1013 998
Number of variable sites 23 15 11 8 20
Non-informative variables 17 11 7 4 16
Number of mutations Eta 24 15 11 8 21
Informative variables 6 4 4 4 4

A 27.8% 27.8% 27.8% 27.8% 27.8%

T/U 25.1% 25.1% 25.1% 25.1% 25.2%
Nucleotide frequencies

C 35% 35% 35% 35% 35%

G 12% 12% 12% 12.1% 12%
Mutation rate R 1,125 1,125 1,125 1,123 1,127
Average number of nucleotide differences k 3,234 3,385 2,818 2,964 3,386
Number of haplotypes h 18 11 9 7 16
Haplotypic Diversity Hd 0.954 0.956 0.955 0.964 0.965
Nucleotide diversity Pi 0.00319 0.00332 0.00277 0.00290 0.00333

synonym substitution

No synonym substitution

0.008 +0.003 0.007 +£0.003  0.009 + 0.003  0.010 £ 0.004  0.007 + 0.003

0.002 £ 0.001  0.002 £0.001  0.001 £0.001 0.001 £0.001 0.002 £ 0.001

population over time and test its goodness of fit. A p-value of <0.05 was consid-
ered statistically significant. With regard to the genetic structure of the popula-
tions, analysis of molecular variance (AMOVA) implemented in the Arlequin
software (version 3.5.1.3) was used. AMOV A estimates indices of genetic struc-
ture using information on the allelic content of haplotypes (allele frequencies).
Analysis of genetic structure revealed a low genetic distance within populations.
For intergroup distances, the values are broadly similar across age groups and be-
tween subjects of different sexes. They also show higher molecular variance within
populations (98.27; 100.87) than between populations (1.73; —0.87). Similarly, the
differentiation coefficient (FST) is statistically insignificant for both groups, with
p-values greater than 0.05. The results are presented in Table 6. Within each pop-
ulation group, demographic tests show negative and insignificant values for Ta-
jima’s D and negative but significant values for Fu’s Fs (Table 6).

The Mistmatch test shows that the SSD and Rag values are positive but not sig-
nificant. The non-significant p-values from the Z-test indicate that the MTCYB
gene is undergoing neutral evolution under the assumption of neutrality and un-

der the assumption of positive selection at the population level (Table 7). How-
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ever, under the assumption of negative selection, the p-values are significant; this

shows that the MTCYB gene is under negative selection in the population.

Table 6. Distance and genetic structuring.

Nei’s genetic distance

T Parameters Lo
X — Percentage of variations EST
Populations T IntraxSE Inter + SE
<30 ans 0.002 + 0.001 Enter pop. 1.73
Age 0.002 + 0.001 0.01729 (0.23340)
=30 ans 0.001 + 0.001 Enter ind. 98.27
Men 0.001 + 0.001 Enter pop. -0.87
Sex 0.001 = 0.001 0(0.53711)
Women 0.002 = 0.001 Enter ind. 100.87
Table 7. Genetic evolution.
Tests Z-test
Tajima Fu’s Fs N dS<dN ds >dN
-1.6517 = 0.02 -8.1345+0 0.067 1 0.033
-1.1715 £ 0.09 —6.1396 £ 0
0.072 1 0.034
—0.9416 = 0.19 -7.01941 + 0
—-0.1898 + 0.42 —-3.2839 + 0.01 0.076 1 0.046
The graphical representation of the genetic distances between pairs of individ-
uals shows a unimodal curve. This is illustrated in the following Figure 1.
A By SSD=0.01252 (0.265)
024 7 °
; ---e-- Obs
Rag = 0.05052 (0.261)
0.15 1
0.1{ .
0.05 1. e
GoE T
0- ‘@--8--8--B--B @B TETTEEEE—a—
0 5 10 15 20
Pairwise Differences
Figure 1. Graph of the Mistmatch distribution curve.

4. Discussion

¢ Impact on protein stability and function
The novel variants of the MTCYB gene identified in this case series, located at

highly conserved residues and predicted to affect the structure and function of the

cytochrome b protein, provide a preliminary basis for exploring the potential role

of mitochondrial Complex III dysfunction in atrial fibrillation. Certain mutations
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(including 15) are involved in all these different aspects simultaneously and ap-
pear to be novel. They could therefore serve as markers for the early clinical diag-
nosis of atrial fibrillation in the future. However, among the synonymous muta-
tions, the silent mutation m.15301G>A is a common mutation in most of our pa-
tients (14.54%) and has been reported as a possible factor in high-altitude diseases
[15]. Synonymous variants in protein-coding genes are generally considered to be
silent and to have no effect on protein function. However, previous studies have
shown that silent variants can significantly alter gene expression by affecting mRNA
stability and folding [16] [17], and may also influence the rate of protein transla-
tion and post-translational modification [18]. This suggests a link to the disease.
Similarly, there are nine deletions, most of which involve the pyrimidine T. These
results strongly suggest that mtDNA mutations, particularly small deletions, may
play a crucial role in atrial dysfunction in patients with AF. Several studies have
confirmed that deletions in the mitochondrial DNA of atrial tissue lead to chronic
atrial fibrillation, and that deletions detected in peripheral blood are associated
with age-related atrial structural remodeling. It has been reported that deletion mu-
tations in mitochondrial DNA (mtDNA) in human atrial tissue are associated with
chronic atrial fibrillation, suggesting that mitochondrial genetic alterations may play
arole in the pathophysiology of this condition [19]-[21].

¢ Secondary structural implications of mutated genes

Analysis of mutations in the secondary structure of proteins reveals clash effects
between two substitutions. A clash occurs when two unbound atoms come within
a distance less than the sum of their van der Waals radii, creating steric repulsion.
The clash score, calculated by the MolProbity tool, measures the number of unfa-
vorable steric contacts between unbound atoms that come within a distance less
than the sum of their van der Waals radii, with an overlap threshold set at 0.4 A
[22]. A local clash scores greater than 30, combined with an increase in the clash
score relative to the wild-type structure of 218, is considered a structural criterion
for pathogenicity according to the thresholds defined by the Missense3D tool,
which evaluates structural alerts within a 20 A radius of the Ca of the variant res-
idue [23]. The energy penalty of such a steric overlap can range from 0 to 10 kcal/mol
depending on the types of atoms involved, with severe clashes being extremely
rare in high-resolution structures [24]. The use of protein structural analysis in
the clinical classification of variants has proven effective: in a series of 99 variants
initially classified as variants of uncertain significance (VUS), 47 were reclassified
as pathogenic or likely pathogenic based on structural evidence, notably using the
ACMG’s PM1 criterion [25].

Another variant analyzed involves the replacement of a proline residue that
adopts a cis conformation in the wild-type protein. Proline is the only amino acid
whose side chain forms a ring with the peptide nitrogen, giving it unique confor-
mational properties. Unlike other amino acids, for which the cis conformation is
extremely rare, proline can adopt this conformation with a frequency of 5% - 10%,

thereby playing an irreplaceable structural role in the local architecture of pro-
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teins. In cytochrome b, cis-prolines help maintain the geometry of the loops be-
tween the transmembrane helices and the precise positioning of the bL and bH
hem groups, which are essential for electron transfer via the Q cycle. Structural
analysis using MISSENSE3D confirmed that replacing a conserved cis-proline
with a trans residue systematically results in multiple atomic collisions, indicating
a major structural disruption [22]. Comparative structural data have shown that
the substitution of a cis-proline with a non-proline residue in type I DNA poly-
merases systematically generates a structure incompatible with enzymatic func-
tion, highlighting the universal nature of this conformational constraint [22]. The
loss of this cis-proline in MTCYB is therefore predicted to be highly detrimental
to the assembly and function of Complex III.

The m.15209T>TA variant involves the replacement of a tyrosine (TYR) with a
lysine (LYS) at a position deep within the hydrophobic core of cytochrome b. The
solvent-accessible surface area (RSA) values are 6.3% for the wild-type TYR and
3.4% for the variant LYS, confirming that both residues are located within the
hydrophobic core of the protein (RSA < 20%). This type of substitution combines
three distinct destabilization mechanisms. Firstly, the introduction of a positively
charged residue (LYS, +1) into a deeply buried hydrophobic environment demon-
strates that it is thermodynamically highly unfavorable, as no water molecules or
counterions are available to stabilize the charge. Systematic mutagenesis studies
have shown that the introduction of charged residues at buried positions typically
leads to misfolding of the protein and an inactive phenotype, with lysine being
highly destabilizing in this context [26]. Secondly, large-scale analyses have con-
firmed that variations occurring in buried positions are more likely to be asso-
ciated with diseases, and that this is particularly true for charged residues [27].
Thirdly, computational studies of 20 proteins associated with hereditary diseases
have demonstrated that substitutions at known pathogenic mutation sites are sig-
nificantly more likely to destabilize the native protein folding, supporting the idea
that structural destabilization underlies the pathogenicity of a large set of missense
mutations [28]. The loss of wild-type TYR also leads to the disruption of internal
hydrogen bonds via its hydroxyl group, further exacerbating local destabilization.
¢ Functional implications for complex III and FA

The combination of these structural arguments (replacement of cis-proline, in-
troduction of a charge at a buried position, and a high steric collision score) pre-
dicts severe dysfunction of cytochrome b and, by extension, of mitochondrial
Complex III. Pathogenic mutations in M7CYB have been associated with severe
deficiencies in the activity of Complexes I and III, due to the structural interde-
pendence between these two complexes [29]. This dysfunction of Complex III
leads to a reduction in electron transfer from ubiquinol to cytochrome c, a de-
crease in ATP production and an overproduction of ROS. In the cardiac context,
these disturbances are directly arrhythmogenic: they alter calcium homeostasis,
sarcoplasmic ionic currents and the membrane potential of atrial cardiomyocytes,

creating an electrophysiological substrate conducive to AF [30].
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The data set presented thus supports the classification of these two variants as
likely pathogenic according to the ACMG/AMP (2015) criteria, based on criteria
PS3 (functional/structural data), PM1 (location within a critical domain), and PM2
(absent or very rare in population databases) [31].

o Genetic diversity of the population

Variability in the MTCYB gene was studied according to sex and age in order
to determine the parameters of genetic diversity in the nucleotide sequences of
individuals with atrial fibrillation. The results revealed very little difference be-
tween the different sex groups and the different age groups. They show a high rate
of polymorphism within our population, with a total of 24 Eta mutations. Analysis
of the nucleotide composition revealed an unstable M7CYB gene with a higher
A+T content compared to C+G, suggesting that this gene is prone to mutations
in atrial fibrillation. Indeed, as DNA is double-stranded, the higher the A+T con-
tent, the more susceptible the gene is to mutations. MTCYB s also characterized
by high haplotype diversity and low nucleotide diversity within each population.
This indicates a signal of rapid population growth from an ancestral population
of small effective size over a period long enough for haplotype diversity to be re-
stored through mutation, but too short for significant differences between sequences
to accumulate.

The nature of mutations suggests a higher rate of transitions than of trans-
versions. Indeed, these transversions would cause a change in the conformation
of the protein structure and would be more likely to induce missense mutations.
Generally speaking, synonymous substitutions outnumber non-synonymous sub-
stitutions, suggesting that mutations in the AM7CYB gene do not have a significant
impact on protein stability. When the number of synonymous substitutions ex-
ceeds the number of non-synonymous substitutions, negative selection occurs, elim-
inating the non-synonymous substitutions. These results are confirmed by the Z-
test, where the p-values are significant under the assumption of negative selection.

Similarly, genetic distance is higher among men than among women. For in-
tergroup distances, the values are broadly similar across age groups and between
individuals of different sexes. The populations are therefore genetically identical.
The results also revealed a lack of genetic differentiation between men and women,
as well as across age groups. The values for Tajima’s D and fu’s Fs tests indicate that
the population is undergoing moderate expansion. These results are consistent
with the Mistmatch curve, whose indices (SSD and Rag) show that there is no sig-
nificant discrepancy between the observed and expected values. Large-scale epi-
demiological studies have established a direct link between mtDNA integrity and
the risk of AF.

In a prospective analysis involving 19,709 participants from three cohorts (ARIC,
MESA and CHS), a mtDNA copy number in the lowest quintile was associated
with a 13% increased risk of developing incident AF, independent of traditional
cardiovascular risk factors [32]. These findings suggest that the number of mtDNA

copies could be a potential area of interest in the investigation of atrial fibrillation;
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further studies are needed to determine its significance as a risk factor.

5. Conclusions

This case series presents, for the first time, a catalogue of novel variants in the
MTCYB gene identified in Senegalese patients with atrial fibrillation at FANN
Hospital in Dakar. The variants identified in this series are mostly previously un-
reported, as they do not appear in the major databases, notably MITOMAP, Clin-
Var and gnomAD. In silico structural and functional prediction analyses suggest
that several of these variants could potentially affect the structure and stability of
the cytochrome b protein, particularly those located at residues that are highly
conserved across species. These observations highlight the importance of studying
mitochondrial genetic variation in the context of atrial fibrillation.

Although the design of this study, which is limited to isolated cases, does not
allow conclusions to be drawn regarding pathogenicity or disease risk, the novelty
of the identified variants and their predicted structural impact provide a strong
rationale for further research. Future studies involving larger cohorts, including
appropriate control groups and employing functional validation methods, would
be necessary to determine whether these MTCYB gene variants contribute to mi-
tochondrial dysfunction and a predisposition to atrial fibrillation within the Sen-
egalese population, and to open up new avenues for genetic counselling and per-

sonalized medicine within this population.
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