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ABSTRACT: The mutation rate of mitochondrial DNA (mtDNA) is 17 times higher than nuclear DNA, and these mutations can cause mitochon-
drial disease in 1 of 10.000 people. The T10609C mutation was identified in type 2 diabetes mellitus (T2DM) patients and the C10676G mutation
in cataract patients, with both mutations occurring in the ND4L gene of mtDNA that encodes NDA4L protein. ND4L protein, a subunit of complex
I'in the respiratory complex, has been shown to play a role in the proton translocation process. The purpose of this study was to investigate the
effect of both mutations on the proton translocation mechanism. Mutation mapping showed changes in amino acids M47T (T10609C) and C69W
(C10676G). The 100ns molecular dynamics (MD) simulations performed on native and mutants of ND4L-ND6 subunits. It is revealed that the
native model had a similar proton translocation pathway to that of complex | from other organisms. Interestingly, the mutant M47T and C69W
showed the interruption of the translocation pathway by a hydrogen bond formation between Glu34 and Tyr157. It is observed that the muta-
tions were restricting the passage of water molecules through the transmembrane region. These results could help to develop the computational
assay for the validation of a specific genetic biomarker for T2DM and cataracts.
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Introduction
Sequence variations of mitochondrial DNA (mtDNA) have
pivotal implications associated with clinical outcomes of various
diseases, with most hypervariable regions in the mtDNA
genome consisting of 16.569-long nucleotide sequences.
MtDNA is maternally inherited in the mitochondrion and not
entirely influenced by recombination events. Moreover, owing
to the absence of DNA repair mechanisms, the genome causes
an increased mutation rate of 10- to 17-fold higher than that
observed in nuclear DNA.2 Furthermore, several of these vari-
ants may contribute to mitochondrial functional defects leading
to the susceptibility to various diseases.! Indeed, mtDNA muta-
tions are responsible for ~80% of mitochondrial diseases in
adults, whereas they are only found in 20% to 25% of child-
hood-onset diseases. Childhood-onset mitochondrial diseases
have a prevalence of 5 to 15 cases, with adult-onset disease vary-
ing between 2.9 and 9.6 per 100.000 individuals. The preva-
lence can vary in specific populations, such as those with genetic
founder mutations or those with high consanguinity.?
Mutations in mtDNA can alter the function of respiratory
chain complex proteins that play a role in the electron transfer
and proton translocation process.* It is leading to the defi-
ciency of ATP production, which affects the energetics of cells
in transduction mechanisms and metabolic pathways, as well as

the regulation of enzyme, channel, and receptor activities,
resulting in mitochondrial dysfunction.>¢ Clinical presentation
of mitochondrial diseases can be in the form of neurological or
nonneurological disorders, but most mitochondrial diseases
related to mtDNA mutations have neurological characteristics,
including MELAS (mitochondrial myopathy, encephalopathy,
lactic acidosis, and stroke-like episodes), ataxia, CPEO (chronic
progressive external ophthalmoplegia), LHON (Leber heredi-
tary optic neuropathy), and MIDD (maternally inherited dia-
betes and deafness).” The A3243G mutation in the tRNAL
gene (UUR) is the most common pathogenic mtDNA muta-
tion and is correlated with highly variable and heterogeneous
disease phenotypes.®?

Intriguingly, the A3243G was also found in patients with
pure cataract, a nonneuromuscular disease,'? and hence maybe
a potential biomarker specifically for cataracts as a result of the
metabolic disruption of ATP metabolism due to the mutations
in the respiratory complex. Other secondary mutation that also
occur in the genome carrying A3243G is T10609C, which is
found in type-2 diabetes mellitus (T2DM) patients but also
has been reported to be related to LHON disease in a Kuwait
family,™ and C10676G found in cataract patients. Both muta-
tions occur in the gene encoding ND4L protein, one of the
respiratory complex I (NADH dehydrogenase) subunits. In
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Escherichia coli and Thermus thermophilus, ND4L protein is
associated with the proton translocation pathway.!"4 The pre-
vious study showed that the fourth proton channel at the inter-
face of Nqo10 and Nqo11 was homologous with ND4L-ND6
subunits.'>'%17 This study aims to investigate the effect of
T10609C and C10676G mutations on the fourth proton
translocation pathway of respiratory complex I using molecular
dynamics. The simulation of subunit ND4L-ND6 was per-
formed using Amber18. Furthermore, the simulation data were
analyzed with the visualization program VMD.

Methods
Mutation mapping

Mutation mapping was performed on the sequence of mito-
chondrial ND4L gene from NCBI with access number
NC_012920.1 using the Genome Data Viewer. The amino
acid changes that occurred due to the mutations (1T10609C
and C10676G) were also determined.18

Homology modeling

The structure of the human respiratory complex I (transmem-
brane arm) was obtained from the Protein Data Bank (PDB
ID: 5XTC). This structure has the highest level of homology
to ND4L and ND6 gene sequences from MITOMAP (https://
www.mitomap.org/MITOMAP), with 98% of identity, and
hence is the most suitable template for homology modeling.
The modeling was performed using MODELLER 9.21, and
the lowest DOPE score of 50 models for native and each
mutant was used for further analysis.

Model evaluation

The evaluation of the protein models was done using
PROCHECK? and QMEANBrane,?0 as well as the DOPE
profile comparison of the model and template.?! These meth-
ods were used to rule out impossible protein structures with
inappropriate stereochemical properties such as steric hin-
drance, improper hydrogen bonds, and distorted bond angles.

Transmembrane system building

The ND4L-ND6 subunits were placed in a hydrophobic envi-
ronment in the form of a lipid bilayer membrane entirely com-
posed of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC),
the largest constituent of the inner membrane of mitochondria,
which is ~ 40% as found from the experimental study.?? The
lipid bilayer was built by Membrane Builder in the CHARMM-
GUI (http://www.charmm-gui.org). Through a generalized
and automated building process, including system size deter-
mination, as well as generation of pore water, bulk water, and
ions, a realistic membrane system can be generated in 5 min-
utes to 2hours depending on the system size.?>?* The explicit
solvents were also used in the form of TIP3P water molecules,?

as well as K™ and CI- ions with a concentration of 150 mM as
a physiological salt solution.?

Molecular dynamics simulation

A 100ns MD simulation was conducted using Amber18
through several minimization steps to reach the lowest energy.
Then, heating was performed in 3 stages from 0K and increas-
ing per 100K up to 310K to resemble the human body tem-
perature, which is around 37°C. The equilibration processes
were adapted according to the protocol of Ng et al,?” employ-
ing a timestep of 2 fs. The long-range electrostatics were
treated with the use of particle mesh Ewald technique (PME),
together with the force field for protein, lipids, water, and ions.
The results of MD simulation are visualized using Visual
Molecular Dynamics (VMD) to observe the alleged fourth
proton translocation pathway in the interface of the
ND4L-ND6 subunit and the effect of both mutations on those
pathways. The trajectories were analyzed by RMSD and
RMSF in the cpptraj program of Amber18.

Hydrogen bond calculations

A further observation showed the possible pathway involved
the Glu34 residue from ND4L and Tyr157 residue from ND6.
The hydrogen bond was calculated by hbond command in the
cpptraj program. The results showed the number of hydrogen
bonds formed between those 2 residues with a short-range cut-
off of 3.0 A in 10000 frames of 100 ns MD simulation.

Results
T10609C (M47T) mutation analysis

Based on the results of mutation mapping, it was found that
the transition from thymine to cytosine in the position of
10609 ND4L gene causes a codon to change from ATA for
methionine to ACA for threonine (M47T) (Figure 1). The res-
piratory complex I from Thermus thermophilus (PDB 1D:
5XTC) with 98% of identity was used for homology modeling,
resulting in 50 models for each native and mutants, with one
model with the lowest DOPE value selected and evaluated.
The Ramachandran plot analysis of all 3 models showed more
than 90% of residues are plotted in the most favorable regions,
which also had transmembrane energy characteristics and a
well-defined structure according to the template.

In the native model, oxygen atoms from the Met47 amino
acid backbone can form 3 hydrogen bonds with 2 amine groups,
each on Thr51 and Asn50, and one with a hydroxyl group on the
side chain of Thr51. The conformation of Thr51 can also form 2
other hydrogen bonds with Ser53; these bonds form a loop
structure and turn to the next helix (Figure 2A). The M47T
mutant model shows the loss of one hydrogen bond and the con-
formational change of Thr51 so that it no longer forms another
hydrogen bond with Ser53 (Figure 2B). Amino acid changes

from methionine to threonine and causes a significant alteration
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Figure 2. Alteration of interaction in the M47T (B) mutant model compared with (A) native. The green dashed line shows the hydrogen bond.

Figure 3. Alteration of the intramolecular interaction in the M47T mutant
model. The pink dashed line shows hydrophobic interactions, the red
helix is the ND4L subunit, and green is the ND2 subunit.

via the loss of hydrophobic interactions that occur between

Met47 (ND4L) and Met79 of ND2 subunits (Figure 3).
M47T mutations occur at the end of the helical region adja-

cent to the loop, causing conformational changes in the loop.

The polar amino acid, threonine, forms a new hydrogen bond
with Thr51 and makes the previously hydrogen bond between
Thr51 and Ser53 disappear (Figure 4A). These changes make
the loop structure of the mutant model longer than the native

model (Figure 4B).

C10676G (C69W) mutation analysis

The transversion from cytosine to guanine in the 10676 of the
ND4L gene also causes changes in the codon from TGC that
encodes cysteine to TGG, which encodes tryptophan (C69W)
(Figure 5). The native model has 2 hydrogen bonds, one from
the sulfur atoms of Cys69 residue with the hydrogen atom of
the hydroxyl group on the Thr257 side chain and the other one
from the backbone of Val65 residue. There is also a hydrophobic
interaction between Cys69 and Leu258 because they are non-
polar residues (Figure 6A). However, the change of cysteine to
tryptophan resulted in a stronger interaction between the amino
acid residues. Tryptophan forms a strong hydrophobic interac-
tion with Val73 and Ile264 (Figure 6B) so the conformation of
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Figure 4. Loop conformation changes due to the new hydrogen bond caused by the M47T mutation. The main chain of ND4L-ND6 subunit is shown by
the gray spiral, green: charged amino acids, and white: uncharged or nonpolar amino acids; the blue dashed line shows the hydrogen bond.

Figure 5. The C10676G mutation causes the conversion of (A) cysteine to (B) tryptophan, which is a bulky amino acid with a larger molecule size.
Cysteine is more hydrophobic than tryptophan.
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Figure 6. Alteration of the interaction in the (B) mutant C69W model compared with the (A) native model. The green dashed line shows the hydrogen
bond; pink shows the hydrophobic interaction. ND4L subunit: red helix, ND6 subunit: yellow helix.

E

the ND4L-ND6 subunit tends to be more stable when com- S2), with the 3 hydrophobic interactions in the C69W mutant
pared with the native model. There were also slight changes in model changing the conformation of the helix to become more
the RMSD and RMSF values (Supplemental Figures S1 and organized compared with its native model (Figure 7A-B).
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Figure 7. Helix conformations become more organized due to the strong hydrophobic interaction caused by the C69W mutation. The main chain of the
ND4L-ND6 subunit is shown by the gray spiral, green: charged amino acids, and white: uncharged or nonpolar amino acids, blue dashed line: hydrogen

bond, pink: hydrophobic interaction.

Figure 8. Proton translocation pathway of the native and mutant ND4L-ND6 subunit models involving polar and charged amino acid residues. In the (A)
native model, water molecules are recruited by Glu34 to pass through the membrane, whereas in the (B-C) mutant model, the conformation of Glu 34
changes results in a new hydrogen bond between Glu34 and Tyr157, thereby limiting the passage of the water molecules.

Proton translocation interferences

The conformational changes in Glu34 occur in both mutant
models, which reverses the direction toward the top. Hence, the
acidic Glu34, which has negatively charged oxygen atoms, can
be stabilized by the polar Tyr157, which has hydroxyl groups,
through hydrogen bonds. The interaction between these 2 resi-
dues blocks the passage of water molecules (Figure 8B-C). The
difference between the M47T mutant and native is also con-
sidered by the hydration area, and it is assumed that the change
in the length of the loop near the point mutation will affect the
stability of the helix itself and contributes to the conforma-
tional change of the loop at the bottom side, which limits the
recruitment of water molecules. However, the structure of the
C69W mutant is considered more stable compared with the
M47T mutant and its native model, but the conformational
changes still affect the proton translocation pathway. It was
observed in the hydrogen bonds analysis between the Glu34

and Tyr157 residues that the M47T mutant has 85.49%, and
the C69W mutant was considered stable with 28.99% of the
total frame, which is very high compared with 0.16% in the
native model (Figure 9).

Discussion

The T10609C mutation was found in patients with T2DM car-
rying the primary mutation A3243G.28?% In 2014, Behbehani
et al. also reported that this mutation was related to the LHON
ofa family in Kuwait, based on the sequencing of several mtDNA
lineages. The T10609C variant was also present in 12.4% of the
sampled population of Han Chinese.3® LHON has 3 primary
mutations as the main cause of about 90% of cases, G11778A,
G3460A, and T14484TC, which cause abnormalities in the
structure of respiratory complex I proteins that play a role in the
respiration chain in mitochondria. This change in protein func-
tion is likely to cause a decrease in ATP synthesis, but the most
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Figure 9. Hydrogen bond analysis showing the probability of a hydrogen bond between Glu34 and Tyr157 calculated by hbond in cpptraj Amber18.

significant is free radical production that leads to oxidative
stress.3! The C10676G mutations have not been associated with
any disease, but in this study, it was found as a secondary muta-
tion in cataract patients who also carry A3243G.28? Both muta-
tions occur in the ND4L gene, which encodes one of the subunits
of respiratory complex 1. Until now, mtDNA mutations related
to nonneuromuscular diseases, such as cataracts and T2DM, are
still rarely reported so this finding is of interest for further
research.

As in silico study of the proton translocation pathway in the
human respiratory complex I has not been reported, therefore,
an approach using the model of E. co/i, Y. lipolytica, and T ther-
mophilus is essential due to the similar structure and functions
to those found in humans.141617 Besides, based on the endos-
ymbiosis theory, mitochondria in eukaryotes originate from
aerobic bacteria that have evolved.?? The role of the ND4L
subunit in human respiratory complex I has not been further
investigated, but it is thought that there is a fourth proton
translocation pathway in the interface of the ND4L-ND6 sub-
unit of respiratory complex 1.12141> Proton translocation in res-
piratory complex I has been studied using various experimental
techniques, and according to the current consensus, proton
translocation occurs with a 4H*/2e" stoichiometry.334 Each of
the 3 respiratory complex I subunits, ND2, ND4, and ND5,
translocates one proton as all those 3 subunits are homologous
with the Na*/H* antiporter and have several charged amino
acid residues that are conserved and located in the middle of
the subunit.’*>37 The 3 antiporter-type subunits (ND2, ND4,
NDS5) are represented for the 3H*/2e" stoichiometry. However,
the consensus has stated that respiratory complex I can pump 4
protons; hence, it is thought that there is a fourth proton trans-
location path. Haapanen and Sharmal# reported that 2 amino
acid residues have a crucial role in the fourth proton transloca-
tion pathway, namely, Glu32 and Tyr59, both of which are con-
served in 1 thermophilus and E. coli'® The observations on the
human ND4L-ND6 subunits also indicate the presence of
these 2 amino acids.

The proton transfer process occurs by using water molecules
as mediums of hopping under the Grotthuss mechanism3%3 so

the movement of the water molecules will represent the process
of proton translocation in respiratory complex I. In the native
model, a large number of water molecules are present around
the Glu34 residue of the ND4L subunit and Tyr157 of the
ND6 subunit (Figure 8A) due to the downward conformation
of the Glu34 residue that allows water molecules to pass
through and mediate the proton translocation process. This
phenomenon is similar to what was reported to occur in res-
piratory complex I of T thermophilus.*

The M47T (T10609C) mutant model shows a change in
the characteristics or properties of the amino acids that can
change the interactions that occur around it. These changes
affect the loop length near the mutation point, thereby altering
the stability of the helix itself (Figure 4B). It contributes to the
conformational change of the bottom side loop, which limits
the entry of water molecules. Apart from affecting the concen-
tration of ATP produced in the mitochondria, the mutation of
mtDNA also induces an increase in ROS due to hyperpolari-
zation or dysfunction of complex proteins in the respiratory
chain.® The previous experimental study using human cybrid
cells revealed that the T0609C mutation increases the ROS
production under hypoxic conditions and conveys susceptibil-
ity to high altitude polycythemia. The wild-type cells
(NDA4L:47Met) produced approximately 1.5-fold more H202
(DCFDA fluorescence) at 3% oxygen levels than the mutant.!
On the other phenotype which is Friedreich Ataxia (FRDA),
the downregulation of the expression of ND4L gene was
observed and affected the function of respiratory complex 1.42

In contrast to the native model, the C69W (C10676G)
mutant shows strong hydrophobic interactions between Trp69,
Val73, and Ile264, which can directly stabilize the 2 adjacent
helices (ND4L-ND6 subunits). This interaction constructs the
helices in C69W mutant to be more organized than the native
model (Figure 7B), but the position of C69W mutation is in the
helix, which is next to the helix backbone of Glu34. The change
from cysteine to tryptophan, which is a much larger amino acid
that affects the helix, causes the Glu34 conformation to change
so that water molecules cannot pass through. There is no exper-
imental evidence yet for the C10676G mutation.
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In most cases, the manifestation of the phenotype from the
mutations occurs only when the threshold level is exceeded,
and this phenomenon has been termed the “phenotypic thresh-
old effect.” It is observed at the single-cell level when wild-type
mtDNA can no longer “balance out” the mutated effects. For
example, a heteroplasmic mutation in mtDNA will result in
the co-existence of a mutated mRNA and a dysfunctional res-
piratory chain subunit along with its wild-type homologs. At
the time this wild-type level falls below the threshold, it will
cause impaired mitochondrial function.

Both mutations that occur are thought to disrupt the struc-
ture and function of the respiratory complex I, interfere the
ATP synthesis, increase ROS production, and affect calcium
metabolism that leads to ATP deficiency. In cataracts, ATP
deficiency affects the failure of the crystalline protein renatura-
tion, inducing protein aggregates to form in the lens of the eye
that can scatter light.#% Likewise, in pancreatic beta cells that
lack ATP, insulin secretion is inhibited, causing T2DM.32 A
previous in silico study on the relationship of mtDNA muta-
tions with the phenotype of T2DM and cataracts was con-
ducted by Mutia et al* via mutation modeling in respiratory
complex I using ab initio. Also, other studies regarding the
G9053A mutation in the ATP6 gene,*” the T8414G mutation
in the ATP8 gene,* and the T15458C and T15663C muta-
tions in the CYB gene® have been reported to cause structure
changes, interfering the respiration process. The methods in
this study can be developed as a computational assay for valida-
tion of mutations that serve as specific biomarkers of disease. In
this case, the computational assay is an analytical procedure in
molecular biology to qualitatively assess or quantitatively meas-
ure the presence, amount, or functional activity of the analyte
using computational methods.’®! Currently, the MD simula-
tion is often to be used as a computational assay for biological
activity’'-* so the analysis of the proton translocation pathway
as in this study also can be used as a test parameter.

Conclusions

The T10609C and C10676G mutations affect proton transloca-
tion in the mitochondrial respiratory complex I by disrupting the
tourth proton translocation path in the ND4L-ND6 subunits, as
evidenced by conformational changes in the Glu34 residue. This
alteration leads to the formation of a hydrogen bond between
Glu34 and Tyr157, which limits the passage of water molecules.
Therefore, T10609C and C10676G mutations are thought to be
related to the phenotype of T2DM and cataracts. These results
could help to develop the computational assay for the validation
of a specific genetic biomarker for T2DM and cataracts.
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