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Abstract

Diabetes mellitus is a metabolic disease characterized by hyperglycemia. Type 2 diabetes mellitus
patients are known to have mutations in their mitochondrial DNA (mtDNA). mtDNA easily undergoes
mutations because it does not have histone proteins for protection and lacks a proofreading mechanism
during its replication. The mtDNA mutations T15663C found in type 2 diabetes mellitus patients sufferers
with a cataract disease. This mutation was found to occur in the cytochrome b gene, one of the gene in the
complex III respiratory chain. In this study we investigate the effect of this mutation on the structure of
cytochrome b using molecular dynamics simulations using PDB ID: SXTE as a template and carrying out
simulations for 250 ns. The models of wild type and mutant protein structure were constructed using
CHARMM-Gui so that, the protein was looked like in the mitochondrial membrane. The results of the
molecular dynamics simulation show that the potential energy of the wild type model is lower than the
mutant model, the RMSD value of the wild type model is more stable at 114 - 180 ns, and the RMSF value
in the wild type model does not fluctuate as much as the mutant model. In addition, the hydrogen bond (H
bond) analysis of the mutant model has a higher H bond number than the wild type model, which means
that the mutant model is more rigid. The simulation results were visualized using VMD, and new hydrogen

bonds were found in the mutant model.
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Introduction

Mitochondrial DNA has a higher mutation rate, approximately 10 to 17-fold higher than that of
chromosomal DNA, primarily due to insufficient DNA repair mechanisms to counteract oxidative damage
[1,2]. In addition, mitochondrial DNA lacks histone proteins, rendering it more susceptible to mutation.
Mutations that occur in mitochondrial DNA [3]. In July 2018, 349 pathogenic point mutations were
reported, and by Novermber 2023 this number increased by 32 % to 461 [3,4].

Mitochondria function as energy producers in the form of adenosine triphosphate (ATP) through
oxidative phosphorylation (OXPHOS). ATP is the source of free energy to perform chemical reactions that
require energy in the cells, such as protein biosynthesis, cell growth and muscle work [5]. When the
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production of ATP in mitochondrial is disrupted which can be caused by mutations of the genes in mtDNA,
it will lead to various diseases, such as type 2 diabetes mellitus, cataracts, Leber’s hereditary optic
neuropathy (LHON), maternally inherited diabetes and deafness (MIDD) mitochondrial
encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS), progressive external
ophthalmoplegia (PEO), myoclonic epilepsy with ragged-red fibers (MERRF), Kearns-Sayre syndrome
(KSS), Alzheimer’s disease, Parkinson’s disease and cancer [2,6].

DNA mutations have been identified using several methods of damp lab activities, including high-
performance liquid chromatography (HPLC), dot-blot hybridization, pyrosequencing, electrochemical
biosensors, radio-labeled polymerase chain reaction (PCR), ligation-mediated PCR (LM-PCR), PCR-
amplification of specific alleles (PASA), PCR-restriction fragment length polymorphism (PCR-RFLP) and
quantitative PCR (qPCR) [6-17]. In silico studies related to DNA mutations have also been performed using
dynamic molecular simulations, including an understanding of the effect of T10609C and C10676G
mutations on proton translocation in ND4-ND4L protein complex I and the effect of dimerization of
A3243G mutations on its stability [19,20].

A new point mutation has been discovered in individuals with type 2 diabetes mellitus and cataract
phenotypes, one of which was T15663C [20]. This mutation occurs in the cytochrome b gene, a constituent
of complex III respiratory chain. Bioinformatics studies have been carried out for this mutation type using
Accelrys Discovery Studio, employing PDB ID: ILOL (Bos taurus) and PDB ID: 5XTE (Homo sapiens) to
assess the effect of mutation on protein structure, including the loss of hydrogen bonds and hydrophobic
interactions, as well as trajectory analysis. However, molecular dynamics simulations have not been
performed previously [4,22]. The molecular dynamics simulations are needed to study the effect of
mutations on the stability of protein structure and to determine the relationship between the mtDNA
mutation and the cause of the disease. Systems at the molecular level can be simulated using computational
chemistry methods or in silico methods because this method can reveal the interactions of a system that
cannot be simulated by another method [22]. This study uses molecular dynamics simulations to investigate
the effects of the mtDNA T15663C mutation on cytochrome b structure.

Materials and methods

Materials

Nucleotide sequence of cytochrome b gene were obtained from the National Center for Biotechnology
Information (NCBI) with accession number NC 012920 using Genome Data Viewer. Cytochrome b
templates were obtained from MITOMAP. Subsequently, the sequences were aligned using the Basic Local
Alignment Search Tool (BLAST) with the PDB (Protein Data Bank) database to acquire templates. The
result showed SXTE as the protein template with the highest homology. The mutant sequences were
generated by duplicating wild type data and substituting the amino acid from isoleucine to threonine at
position 306.

Methods

Model preparation

The wild type and mutant models of cytochrome b were constructed using Modeller10.4 with SXTE
as a template, generating fifty models for each wild type and mutant. A model with the lowest DOPE
(Discrete Optimised Protein Energy) score was chosen as the most reliable and likely to the wild type
structure. Subsequently, the model was checked using the Phi (¢) and Psi (3) distributions in the
Ramachandran Plot generated with the PROCHECK program (https://saves.mbi.ucla.edu/). The presence
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of > 90 % residues (amino acids) in the favored region indicated the high quality and stability of the protein
model.

The Membrane Builder tool in CHARMM-Gui (https://charmm-gui.org/) was used to construct the
phospholipid bilayer system [24,25]. However, the structures in .pdb format could not be read by
CHARMM-Gui because they lacked orientation information on membrane proteins. Therefore, it was
necessary to superimpose homology results on pre-oriented protein structures from the Orientations of
Proteins in Membrane database (OPM) (https://opm.phar.umich.edu/). The lipid used was 1-palmitoyl-2-
oleoylphosphatidylcholine (POPC), one of the most prevalent lipids in the inner mitochondrial membrane
(IMM) [25]. Additionally, the system was solvated using the transferable intermolecular potential with 3
points (TIP3P) and 150 mM of K*/Cl™ ions were added to the system to neutralize the amount of charge
and ensure a physiologically relevant ionic content [26]. Then, the system was converted into Amber format
using the Python charmmlipid2amber.py program in Amber20. Then, the structure from CHARMM-Gui
could be read using Load, Energy and Minimize Protein (LEaP) [27].

Molecular dynamics (MD) simulation

Molecular dynamics (MD) simulation was conducted on an Intel Xeon CPU with 16 GiB of memory
using Amber20. The protein complex structure was input into the LEaP program. The force fields used are
ff14SB, lipid14, gaff2 and tip3p. The system underwent 3 stages of minimization: The minimization of
water molecules only, the minimization of proteins and the minimization of the entire system [19,28]. All
systems were heated from 0 to 300 K after the minimization process. The system was then equilibrated at
constant temperature and pressure to allow for the relaxation of the water molecules. All simulations were
performed at constant temperature for 250 ns. The trajectories, including potential energy, Root Mean
Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF) and hydrogen bonds (H bonds)
obtained from the simulation results were analyzed using Amber20 and visualized with Visual Molecular
Dynamics (VMD).

Results and discussion

Cytochrome b is a constituent of complex III in the respiratory chain and plays a crucial role in
electron transfer. Cytochrome b comprises 2 components, namely 2 heme groups and iron-sulfur (Fe-S)
centers, which capture electrons from ubiquinol (QH) and release them to ubiquinone (Q) via heme. The
T15663C mutation in cytochrome b can potentially impact its function. To assess the functionality of the
wild type and mutant protein, it must exhibit a structural form that appropriate to its physiological
conditions, enabling the determination of whether the protein is functioning properly. Therefore, to compare
the wild type and mutant models, this study evaluates the potential energy, Root Mean Square Deviation
(RMSD), Root Mean Square Fluctuation (RMSF) and hydrogen bonds (H bonds) of the cytochrome b.

In this study, the wild type and mutant models of cytochrome b were constructed using the homology
modeling method, employing the wild type cytochrome b sequence obtained from NCBI as the target
protein. The cryo-EM structure of human respiratory complex III (cytochrome bel complex), with the PDB
ID: 5XTE and a resolution of 3.4 A, was selected as the template model. Utilizing high-resolution
reconstruction (< 4 A) ensures detailed atomic-level models, including both the placement of backbone and
sidechain atoms [29]. Homology modeling was implemented with the help of the Modeller10.4 program to
generate 3-dimensional structures for both the wild type and mutant cytochrome b proteins. The program
was directed to produce 50 models, with a primary assessment based on the DOPE score. Subsequently,
the model with the lowest DOPE score was chosen. Specifically, the DOPE score was determined to be -
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49,685.57031 for the wild type model and —49,424.15625 for the mutant model.

To validate the structure created as a result of homology modeling, it is necessary to align the template
sequence with the mutant. Using Pairwise Sequence Alignment (PSA), the results obtained show an identity
and similarity of 99.7 % and the position of the difference mutation point, namely the change in the amino

acid isoleucine to threonine at position 306 (Figure 1).

Length: 378
Tdentity: 377/378 (99.7%)
Similarity: 377/378 (99.7%)

1 KTPMRKTNPLMKLINHSFIDLPTPSNISAWWNFGSLLGACLILQITTGLF 50

LEEEEEEErrrr et e e e e e et e e e e e e e e e e e e e e e e
1 KTPMRKTNPLMKLINHSFIDLPTPSNISAWWNFGSLLGACLILQITTGLF 50

51 LAMHYSPDASTAFSSIAHITRDVNYGWIIRYLHANGASMFFICLFLHIGR 160

LEEEEEEErrrr et e e e e e et e e e e e e e e e e e e e e e e
51 LAMHYSPDASTAFSSIAHITRDVNYGWIIRYLHANGASMFFICLFLHIGR 1600

101 GLYYGSFLYSETWNIGIILLLATMATAFMGYVLPWGOMSFWGATVITNLL 158

LEEEEEEErrrr et e e e e e et e e e e e e e e e e e e e e e e
101 GLYYGSFLYSETWNIGIILLLATMATAFMGYVLPWGQMSFWGATVITNLL 158

151 SAIPYIGTDLVOWIWGGYSVDSPTLTRFFTFHFILPFITAALATLHLLFL 200

EEREEEETTEr e e e e e e e e e e e e e e e e e e e e
151 SAIPYIGTDLVQWIWGGYSVDSPTLTRFFTFHFILPFIIAALATLHLLFL 208

201 HETGSNNPLGITSHSDKITFHPYYTIKDALGLLLFLLSLMTLTLFSPDLL 250

EEREEEETTEr e e e e e e e e e e e e e e e e e e e e
201 HETGSNNPLGITSHSDKITFHPYYTIKDALGLLLFLLSLMTLTLFSPDLL 258

251 GDPDNYTLANPLNTPPHIKPEWYFLFAYTILRSYVPNKLGGYLALLLSILT 300

EEREEEETTEr e e e e e e e e e e e e e e e e e e e e
251 GDPDNYTLANPLNTPPHIKPEWYFLFAYTILRSVPNKLGGVLALLLSILI 308

301 LAMIRI| HMSKQQSMMFRPLSQSLYWLLAADLLILTWIGGQPYVSYPFTII 350

LRt e e e e e e e e e e e e e e e e e
301 LAMIATLHMSKQQSMMFRPLSQSLYWLLAADLLILTWIGGQPVSYPFTII 358

351 QVASVLYFTTILILMPTISLIENKMLEKRW 378

NN RN RN RN RR RN
351 QVASVLYFTTILILMPTISLIENKMLKW 378

Figure 1 Pairwise sequence alignment of the template and mutant cytochrome b. Red box shows the
location of differences in mutations in the form of amino acids.
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The modeling results are shown in Figure 2 with differentiation of mutation points based on amino
acids. Thus, both models were analyzed using the PROCHECK program, with data extracted from the
Ramachandran Plot. In Figure 3, the results indicated that both protein models exhibited more than 90 %
of their residues in the most favorable region, with only 1 residue in the disallowed region. Specifically, in
the wild type model, the residue I1e267 was located in this disallowed region, while in the mutant model,
the residue Asn285 occupied a similar position. These residues are situated within loop structures and at
the termini of helices, suggesting minimal impact on overall structural stability. Nonetheless, an
optimization process was conducted to refine the structural models further. Loop optimization was
performed to eliminate residues within regions categorized as disallowed. This optimization procedure was
executed using Modeller10.4 and repeated iteratively until all residues were situated within the most
favored regions. This ensured the lowest DOPE score, indicative of the model’s optimal structure.
Following optimization, all residues were found within the most favored regions, 95.1 % for the wild type
model and 94.8 % for the mutant model. The plot is shown in Figure 3, indicate the models’ stereochemical
integrity.

The T15663C mutation involves a substitution of thymine (T) to cytosine (C) at position 15,663
corresponding to substitution of isoleucine (Ile) to threonine (Thr) at position 306 in the mitochondrial
cytochrome b complex III subunit proteins. Ile is a nonpolar and hydrophobic amino acid, while Thr is
polar due to the presence of a hydroxyl group in its side chain. In the wild type model, a hydrogen bond
exists between the nitrogen atom of 11e306 and the oxygen atom of Met303, along with a hydrophobic
interaction between [1e306 and Met303 (Figure 4). The hydrophobic interaction is lost in the mutant model,
although hydrogen bond between the nitrogen atom of Thr306 and the oxygen atom of Met303 is retained
following the amino acid substitution. Hydrophobic interactions occur between nonpolar molecules, such
as Met and Ile, whereas Thr is polar. Consequently, this interaction is present in the wild type model but
absent in the mutant model (Figure 4). The loss of this interaction adversely affects the stability of the
structure, as such interactions play a crucial role in stabilizing protein structures. This observation aligns
with previous research, highlight the significance of hydrophobic interactions in maintaining the stability
of helical chains [4].

Figure 2 The wild type (left) and mutant (right) model of cytochrome b, were generated using Modeller
10.4 with the lowest DOPE score.
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Figure 3 Ramachandran Plot after loop optimization of wild type (a) and mutant model (b).

Figure 4 Changes in interactions in the wild type (left) and mutant cytochrome b (right) models. A green
dashed line indicates hydrogen bond and hydrophobic interactions are indicated by a purple dashed line.
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The structural models were then embedded in a lipid bilayer or mitochondrial membrane using the
CHARMM-Gui program, facilitating Molecular Dynamics (MD) simulations. Molecular dynamics
simulations enable the analysis of atomic-level motion over time, providing insights into protein behavior
and stability [30]. The embedded models were then used analysed the potential energy, Root Mean Square
Deviation (RMSD), Root Mean Square Fluctuation (RMSF) and hydrogen bonds (H bonds).

The potential energy can be used to determine the quality and stability of the protein structure, whether
it is optimal, suboptimal, or flawed based on its energy value. Optimal structures generally exhibit lower
energy values, whereas suboptimal or flawed structures tend to have higher values [31]. In Figure 5, the
potential energy of the mutant model is higher than that of the wild type model, indicating that the quality
of the wild type structure is better.

POTENTIAL ENERGY OF CYTOCHROME B WILDTYPE

AND MUTANT
0 50 100 150 200 250
244000
=
T -246000
g
= 248000
el
&0 mutant
a -250000
53] wildtype
E -252000
]
3
& -254000
-256000
Time (ns)

Figure 5 The potential energy of wild type and mutant cytochrome b. Red line: Wild type; blue line: Mutant
model. The wild-type model has lower energy than the mutant model.

RMSD is one of the important parameters to measure protein structural stability [32]. RMSD analyzes
movements based on time, indicating whether a structure remains stable on a simulated time scale or
deviates from its initial coordinates during simulation. RMSDs were calculated for the mutant model and
compared with those obtained for the wild type model. The RMSD graph shows all residues of both models
in Figure 6. Overall, the mutant model exhibits more significant fluctuations than the wild type model.
Specifically, during the 114 - 180 ns timeframe, the mutant model fluctuates within the range of 16.73 -
25.22 A, whereas the wild type model fluctuates within the range of 19.64 - 27.81 A.

RMSD ANALYSIS OF CYTOCHROME B WILDTYPE AND
MUTANT

2,5
2
- H’l
= 1,5 o
a ﬂ 'm.l, —— mutant
5 wildtype
0,5
1}
0 50 100 150 200 250
-0,5

Time (ns)

Figure 6 RMSD analysis of wild-type and mutant cytochrome b. Red line: Wild typewild type model; blue
line: Mutant model. The mutant model experienced larger fluctuations than a wild type model, specifically
during the 114 - 180 ns (shown in the black box).
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Furthermore, the RMSF analysis of all residues indicates that fluctuations observed in each residue
show the level of flexibility within the structure to determine the stability [33]. RMSF values for mutant
backbone residues were calculated and compared with those of the wild type model to determine how the
mutation affects the dynamic behavior of residues. Analysis of the fluctuation scores revealed alterations
in the flexibility of amino acids in the mutant model. Various high and low peaks, differing from those in
the wild type model, were observed in the mutant model, providing evidence that the presence of mutations
affects the residue stability. In Figure 7, the RMSF values for wild type residues fluctuate within the range
0f 0.54 - 3.53 A throughout the entire simulation period. Conversely, the mutant model exhibits fluctuations
within the range of 0.59 - 4.06 A. In addition, the wild type model experienced sharp fluctuations in several
areas compared to the mutant model. However, if traced around the residue that experienced the mutation,
the mutant model experienced more fluctuations, specifically at residues 243 - 345.

RMSF ANALYSIS OF CYTOCHROME B WILDTYPE
AND MUTANT

5

20 I I\ —— mutant
5 .

X |'|' ..H'. ',l | -, wildtype

] 100 200 300
Residue Number

Figure 7 RMSF analysis of cytochrome b. Red line: Wild type model; blue line: Mutant model. At residues
243 - 345, in the mutant model it fluctuates more than in the wild type model (shown in the black box).

Table 1 Acceptor and donor intermolecular hydrogen interactions of wild type and mutant models that

occur during simulation.

Simulation
Model Acceptor H Donor Donor Frame Fraction .
time (ns)
Wild type MET 302@O  ILE 306@H ILE 306@N 2677 0.1071 26.775
Mutant ~ MET 302@O THR 306@H THR 306@N 13556 0.5422 135.55

To further gain an insight into how mutations at this position affect the interaction between subunits
of the protein, analysis of hydrogen bonds (H bonds) is carried out between the nitrogen atom of 11e306 and
the oxygen atom of Met303 for wild type model and the nitrogen atom of Thr306 and the oxygen atom of
Met303 mutant model. H bonds are one of the components responsible for a protein’s secondary and tertiary
structure. H bonds help in protein folding and stabilization and play a role in a protein’s interaction [34]. A
more significant number of H bonds indicates structural rigidity and increased covalent interactions
between the 2 subunits. A lower number of H bonds were available to participate in the protein’s interaction
with the solvent [35].
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Interactions above 10 % of the simulation time are considered to be influential in the simulation,
which indicates a prolonged involvement [28]. Table 1 shows the H bonds analysis of mutant model has
54.22 %, which is very high compared with 10.71 % in the wild type model. A slight increase in the number
of hydrogen bonds in the mutant model contributes to increased intermolecular interactions and reduced
flexibility, and additional movement or any disruption can significantly change the activity of the protein.
The reduced space for the protein to move due to the increase in the number of hydrogen bonds in the
mutant model compared to the wild type model indicates that the mutant structure is more rigid and
challenging for the protein to interact with. The structure of the simulation results was verified to confirm
the results of the hydrogen bond analysis. In the mutant model, a new hydrogen bond formed between
Thr306 and Met303, whereas it did not occur in the wild type model; it is shown in Figure 6. This indicates
that there was an increase in hydrogen bonds in the mutant model, as well as a change in structure.

Analysis of hydrogen bonds in mutant models which was higher than wild type models also occurred
in research [19], mutations that occurred in mitochondrial DNA were found to affect the protein’s function
as a proton translocation pathway. Therefore, further research is needed, such as examining the impact of

this mutation using in silico advanced methods and wet lab research.

(a) (b)

Figure 8 Interactions in wild type (a) and mutant (b) model after simulations. Hydrogen bonds appear in

the mutant model but not in the wild type model, validating the rigidity of the mutant model. A green dashed

line indicates hydrogen bonds and hydrophobic interactions are indicated by a purple dashed line.

Conclusions

Mitochondria are one of the body’s crucial organelles because they are the site of energy production
and will later be sent to other organelles for activities. A mutation is often found in the mitochondria,
especially in mitochondrial DNA (mtDNA). Substitution mutation has a significant impact on protein
stability. However, protein stability or rigidity can be observed through in silico research, one of which is
molecular dynamics simulations. This simulation was carried out to determine the differences that exist in
the wild type and mutant model, making it possible to decide on the next step regarding whether the
mutation will impact the function of the protein.

Four parameters were used in this research are potential energy, Root Mean Square Deviation
(RMSD), Root Mean Square Fluctuation (RMSF) and hydrogen bond (H bonds) analysis. The result of
simulation show the energy potential of the wild type model is lower than the mutant model and RMSD
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values for the wild type model than the mutant model. In addition, the RMSF graph shows that the mutant
model tended to fluctuate more than the wild type model. Also, the H bonds analysis showed that the mutant
number was higher than the wild type model, indicating that the mutant model was more rigid, making it
difficult to interact with other residues or proteins. Further studies are needed to validate the in silico results,

such as biochemical assays and in vivo experiments.
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