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PURPOSE. To investigate the mechanism underlying the synergic interaction between
Leber’s hereditary optic neuropathy (LHON)-associated ND1 and mitochondrial tyrosyl-
tRNA synthetase (YARS2) mutations.

METHODS. Molecular dynamics simulation and differential scanning fluorimetry were used
to evaluate the structure and stability of proteins. The impact of ND1 3635G>A and YARS2
p.G191V mutations on the oxidative phosphorylation machinery was evaluated using
blue native gel electrophoresis and enzymatic activities assays. Assessment of reactive
oxygen species (ROS) production in cell lines was performed by flow cytometry with
MitoSOX Red reagent. Analysis of effect of mutations on autophagy was undertaken via
flow cytometry for autophagic flux.

RESULTS. Members of one Chinese family bearing both the YARS2 p.191Gly>Val and
m.3635G>A mutations exhibited much higher penetrance of optic neuropathy than
those pedigrees carrying only the m.3635G>A mutation. The m.3635G>A (p.Ser110Asn)
mutation altered the ND1 structure and function, whereas the p.191Gly>Val mutation
affected the stability of YARS2. Lymphoblastoid cell lines harboring both m.3635G>A
and p.191Gly>Val mutations revealed more reductions in the levels of mitochondrion-
encoding ND1 and CO2 than cells bearing only the m.3635G>A mutation. Strikingly, both
m.3635G>A and p.191Gly>Val mutations exhibited decreases in the nucleus-encoding
subunits of complex I and IV. These deficiencies manifested greater defects in the stabil-
ity and activities of complex I and complex IV and overproduction of ROS and promoted
greater autophagy in cell lines harboring both m.3635G>A and p.191Gly>Val mutations
compared with cells bearing only the m.3635G>A mutation.

CONCLUSIONS. Our findings provide new insights into the pathophysiology of LHON aris-
ing from the synergy between ND1 3635G>A mutation and mitochondrial YARS2 muta-
tions.

Keywords: Leber’s hereditary optic neuropathy, ND1 gene, mitochondrial tyrosyl-tRNA
synthetase, mutations, oxidative phosphorylation

Mutations in mitochondrial DNA (mtDNA) have been
associated with Leber’s hereditary optic neuropathy

(LHON), leading to severe visual impairment or even blind-
ness due to the death of retinal ganglion cells.1–5 Among
these mutations, the ND1 3460G>A, ND4 11778G>A, and
ND6 14484T>C) mutations, which affect three core subunits
of respiratory chain complex I (NADH dehydrogenase),
accounted for the majority of LHON cases worldwide.6–11

Most recently, we identified the LHON-associated ND5
12338T>C and ND1 3394T>C, 3866T>C, and 3635G>A
mutations in a large cohort of Han Chinese patients with
LHON.12–14 The matrilineal relatives carrying the LHON-
associated mtDNA mutations exhibited a wide range of
phenotypic heterogeneity, including severity, age at onset,
and penetrance of optic neuropathy.15–17 Biochemical anal-
yses revealed that cells bearing the mtDNA mutations exhib-
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ited mild defects in complex I activity.18–20 The incomplete
penetrance and gender bias in patients presenting with
optic neuropathy suggest a role for the nuclear modifier
genes in the phenotypic expression of LHON-associated
mtDNA mutations.21 Our recent study demonstrated that
several LHON families were manifested by synergic interac-
tion between the m.11778G>A mutation and mutated modi-
fiers YARS2 encoding mitochondrial tyrosyl-tRNA synthetase
and X-linked modifier PRICKLE3 encoding a mitochondrial
protein linked to biogenesis of ATPase.22,23 Notably, complex
I deficiency impaired by biallelic mutations in DNAJC30
caused recessive Leber’s hereditary optic neuropathy in 29
Caucasian families.24 However, the physiology of LHON
remains poorly understood.

The m.3635G>A mutation caused a change of highly
conserved serine at position 110 with asparagine (S110N)
in ND1, the structural component of complex I.25,26 There-
fore, the m.3635G>A mutation may alter both the struc-
ture and function of complex I, thereby causing mitochon-
drial dysfunction. The severity, age at onset, and pene-
trance of optic neuropathy among these families bearing
the m.3635G>A mutation implicated the role of genetic
modifiers in the phenotypic expression of m.3635G>A
mutation.11,13 Sanger sequencing of the YARS2 gene iden-
tified the known variant (c.572G>T, p.191Gly>Val) in a
three-generation Chinese family with higher penetrance of
optic neuropathy. In this present study, we further inves-
tigated the impact of the m.3635G>A mutation on the
structure and function of complex I. The functional conse-
quences of the YARS2 p.191Gly>Val and m.3635G>A muta-
tions were further assessed with regard to the stability and
activities of oxidative phosphorylation system (OXPHOS)
complexes, the production of reactive oxygen species
(ROS), and autophagy through the use of lymphoblastoid
mutant cell lines derived from members of the Chinese
family (individuals carrying only the m.3635G>A muta-
tion or both m.3635G>A and heterozygous or homozygous
p.191Gly>Val mutations), as well as genetically unrelated
control subjects lacking these mutations.

MATERIALS AND METHODS

Subjects and Ophthalmological Examinations

A Han Chinese pedigree (WZ513) was recruited from the
eye clinic of Zhejiang Provincial Eye Hospital, as described
previously.11,13 A comprehensive history and physical exam-
ination for these participants were performed at length to
identify personal medical histories of visual impairment and
other clinical abnormalities. The ophthalmic examinations of
family members were undertaken as detailed previously.11,12

The degree of visual impairment was defined according to
the visual acuity as follows: normal, >0.3; mild, 0.3 to 0.1;
moderate, <0.1 to 0.05; severe, <0.05 to 0.02; and profound,
<0.02. This study was in compliance with the tenets of the
Declaration of Helsinki. Informed consent, blood samples,
and clinical evaluations were obtained from all participat-
ing family members under protocols approved by the ethic
committee of Zhejiang University School of Medicine.

Sanger Sequence Analysis

Genomic DNA was isolated from whole blood of family
members and control subjects by using the QIAamp DNA
Blood Mini Kit (51104; Qiagen, Hilden, Germany). The entire

mitochondrial genomes of family members were polymerase
chain reaction (PCR) amplified in 24 overlapping fragments
using sets of light-strand and heavy-strand oligonucleotide
primers, and they were analyzed as described previously.27

Sanger sequence analyses of the YARS2 gene spanning five
exons and flanking sequences from all family members were
performed as detailed previously.22

Cell Cultures and Culture Conditions

Lymphoblastoid cell lines were immortalized by transforma-
tion with the Epstein–Barr virus, as described elsewhere.28

Patients who carried both m.3635G>A and homozygous
YARS2 p.G191V mutations were identified as II-3 and
II-6. Patients who were asymptomatic and carried both
m.3635G>A and heterozygous p.G191V mutations were
identified as III-4 and III-5. Patients harboring only the
m.3635G>A mutation were identified as III-10 and III-
11. Two genetically unrelated control individuals (C1 and
C2) lacked these mutations and had the same mtDNA
haplogroup (Supplementary Table S1). Cell lines derived
from these patients were grown in RPMI 1640 Medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum.

Molecular Dynamics Simulations

The coordinates of wild-type ND1 were obtained from the
cryo-electron microscopy (EM) structure of human mito-
chondrial respiratory complex I (Protein Data Bank [PDB]
5xtd).29 The positively charged residue K262 was treated
as the deprotonated form, and the terminal residues were
set to a charged state. The coordinates of S110N mutant
were generated by the mutagenesis module of PyMOL (http:
//www.pymol.org), and protein–membrane systems were
built using CHARMM-GUI Membrane Builder (http://www.
charmm-gui.org). A constant 50-mM NaCl was added to
neutralize the system with 55,646 to 55,649 atoms, includ-
ing the wild-type or mutant ND1 molecule, 180 palmitoyl-
oleoyl-phosphatidylcholine (POPC) molecules, 8796 water
molecules, seven Na+ molecules, and five Cl− molecules.
Molecular dynamics (MD) simulations were performed with
the GROMACS 4.5.5 package (https://www.gromacs.org/)
utilizing CHARMM 36 force field.30 Energy minimization
was performed to remove unfavorable steric clashes. In
the equilibration steps, each system was gradually heated
from 0 K to 310 K in two 25-ps NVT ensembles with posi-
tional constraints on the heavy atoms of the protein and
phosphorus atoms of POPC. Each system was then equi-
librated in 162.5-ns NPT ensembles with decreasing posi-
tional constraints at a temperature of 310 K and pressure of 1
bar. After equilibrations, the MD production were carried out
for 100 ns with time steps of 2 fs. Electrostatics were calcu-
lated using the particle mesh Ewald method. Root-mean-
square deviation (RMSD) curves were obtained using R 3.4.1
(R Foundation for Statistical Computing, Vienna, Austria).
The trajectory of each system was observed using visual
molecular dynamics, and all molecular figures from simu-
lations were obtained with PyMOL.

Differential Scanning Fluorimetry

The wild-type and mutant human YARS2 cDNAs were ampli-
fied by PCR and cloned in-frame with a C-terminal His
tag into the pET-28a vector. Recombinant wild-type and
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mutant YARS2 were produced as His tag fusion proteins
in Escherichia coli Rosetta (DE3), as detailed elsewhere.31

The proteins were purified using a nickel–nitrilotriacetic
acid column (Qiagen). The stability of proteins was assessed
using a Protein Thermal Shift dye kit (Life Technologies,
Carlsbad, CA, USA), and unfolding temperature (melting
temperature, Tm) tests were performed on a 7900HT Fast
Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA, USA), according to the modified manufacturer’s instruc-
tions. The data were analyzed as detailed elsewhere.32 The
Tm value was estimated from the transition midpoint of the
fluorescence curve, which corresponds to the temperature
at which half of the protein population unfolded.

Western Blot Analysis

Western blot analysis was performed as detailed else-
where.22,33 Twenty micrograms of cellular proteins was
electrophoresed through 10% Bis-Tris SDS-polyacrylamide
gels (Thermo Fisher Scientific) and then transferred to
a polyvinylidene difluoride membrane. The primary anti-
bodies used for this experiment were obtained from
Abcam (Cambridge, UK), including YARS2 (ab127542), ND1
(ab74257), CO2 (ab110258), TOM20 (ab56783), and total
OXPHOS human WB antibody mixture (ab110411), and
from Proteintech (Rosemont, IL, USA), including NDUFS1
(12444-1-AP), NDUFA9 (20312-1-AP), NDUFS3 (15066-1-AP),
SDHA (14865-1-AP), UQCRC1 (21705-1-AP), COX5A (11448-
1-AP), ATP5B (17247-1-AP), and VDAC (55259-1-AP). Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH; AB-M-M
001) was obtained from Hangzhou Goodhere Biotechnol-
ogy Co., Ltd. (Hangzhou, China), and light chain 3 (LC3;
4108) from Cell Signaling Technology (Danvers, MA, USA).
Peroxidase AffiniPure Goat Anti-Mouse IgG and Goat Anti-
Rabbit IgG (The Jackson Laboratory, Bar Harbor, ME, USA)
were used as a secondary antibody, and protein signals
were detected using the ECL Western Blotting Analysis
System (MilliporeSigma, Billerica, MA, USA). Quantification
of density in each band was performed as detailed previ-
ously.22,33

Blue Native Gel Electrophoresis

Blue native gel electrophoresis was performed by isolating
mitochondrial proteins from various cell lines, as detailed
elsewhere.20,34 Samples containing 30 μg of mitochondrial
proteins were separated on 3% to 11% Bis-Tris native
polyacrylamide gel. The primary antibodies applied for
this experiment were a totally human OXPHOS antibody
cocktail with a voltage-dependent anion-selective channel
(VDAC) as a loading control. Alkaline phosphatase-labeled
goat anti-mouse IgG and goat anti-rabbit IgG (Beyotime,
Jiangsu, China) were used as secondary antibodies, and
protein signals were detected using a 5-bromo-4-chloro-
3-indolyl-phosphate (BCIP)/nitro blue tetrazolium alkaline
phosphatase color development kit (Beyotime).

Assays of Activities of OXPHOS Complex

The enzymatic activities of complexes I, II, III, and IV
were assayed as described previously.11,35 Citrate synthase
activity was analyzed by the reduction of 5,5′-dithiobis-2-
nitrobenzoic acid (DTNB) at 412 nm in the assay buffer
containing 0.1-mM DTNB, 50-μM acetyl coenzyme A, 250-μM
oxaloacetate, and 5 μg mitochondria. Complex I activity was

analyzed by the decrease of decylubiquinone (DB) at 340 nm
in the assay buffer including 130-μM NADH, 20-μM DB, and
10 μg mitochondria. Complex II was monitored by tracking
the secondary reduction of 2,6-dichlorophenolindophenol
(DCPIP) with DB at 600 nm in the assay buffer. Complex III
activity was determined with the reduction of cytochrome
c at 550 nm in the presence of 50-μM cytochrome c, 10-
μM reduced decylubiquinone (DBH2), 1-mM n-dodecyl β-D-
maltoside (DDM), and 5 μg mitochondria. The complex IV
activity was measured through the oxidation of cytochrome
c at 550 nm in the buffer containing 0.6 mg/mL, 450-μM
DDM, and 5 μg mitochondria. All assays were performed
using a Synergy H1 multifunctional microplate reader
(BioTek, Winooski, VT, USA). Complex I to IV activities were
normalized by citrate synthase activity, as detailed previ-
ously.35

ROS Measurements

MitoSOX Red reagent (excitation, 510 nm; emission, 580 nm
in the FL-2 channel; Thermo Fisher Scientific) is a live-cell
permeant that is rapidly and selectively targeted to the mito-
chondria. It can be oxidized by superoxide and exhibits
red fluorescence when in the mitochondria. Lymphoblas-
toid cells were cultured in 5-mM MitoSOX Red reagent for
10 minutes at 37°C, then washed gently three times accord-
ing to the modified manufacturer’s instructions.14 The fluo-
rescence signals of labeled cells were analyzed by a Novo-
Cyte flow cytometer (Agilent, Santa Clara, CA, USA). A mini-
mum of 10,000 cells were examined for each assay at a flow
rate of <100 cells/s. Data were analyzed using FlowJo X
(https://www.flowjo.com/).22,36

Flow Cytometry for Autophagic Flux

Lymphoblast cell lines were treated with a Cyto-ID
Autophagy Detection Kit (ENZ-51031; Enzo Life Sciences,
Farmingdale, NY, USA) according to the manufacturer’s
instructions. Briefly, cells were washed twice with 1× assay
buffer and stained with Cyto-ID at 37°C for 30 minutes while
being protected from light. Cells were then washed again
and analyzed by flow cytometry.20,37 The negative control
and positive control cells were prepared using vehicle treat-
ment or treatment in rapamycin and chloroquine.

Computer Analysis

Statistical analysis was carried out using the unpaired,
two-tailed Student’s t-test contained in Excel (Microsoft,
Redmond, WA, USA). For each independent in vitro exper-
iment, at least three technical replicates were used, and a
minimum number of three independent experiments were
performed to ensure adequate statistical power. In all of
the analyses, group differences were considered statistically
significant at P < 0.05.

RESULTS

Clinical Presentation and Mutation Analysis of
YARS2 Gene in One Han Chinese Family

One Han Chinese family carrying the m.3635G>A muta-
tion was identified among 1281 Chinese LHON probands,
but it was absent in 478 Chinese vision-normal controls.11,13

As shown in Figure 1, the Chinese family exhibited rela-

https://www.flowjo.com/
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FIGURE 1. Clinical and genetic characterization of one Chinese family. (A) LHON in three generations of a Han Chinese family. Vision-
impaired individuals are indicated by black symbols. Individuals who harbored homozygous (–/–), heterozygous (+/–), or wild-type (+/+)
YARS2 p.G191V mutations are indicated. (B) Fundus photographs (Cannon CR6-45NM) of Chinese patients, carriers, and control (married)
subjects.

tively higher penetrance of vision impairment. As shown in
Supplementary Table S2, six of 16 matrilineal relatives exhib-
ited a variable degree of vision impairment (one with mild
vision loss, one with moderate vision loss, two with severe
vision loss, and two with profound vision loss), whereas
none of other members in this family had vision impair-
ment. The age at onset of vision impairment ranged from
14 to 28 years, with an average age of 18 years. There was
no evidence that any of other members of this family had any
other factor that would account for the visual impairment.
These matrilineal relatives showed no other clinical abnor-
malities, including cardiac failure, muscular diseases, visual
failure, and neurological disorders. Further analysis showed
that the m.3635G>A mutation was present in homoplasmy
in all matrilineal relatives but not in other members of this
family (data not shown).

To test if the YARS2 mutation influenced the pheno-
typic manifestation of m.3635A>G mutation, we performed
Sanger sequence analyses of the YARS2 gene spanning entire
coding regions as detailed previously.22 Of these family
members, the known homozygous YARS2 p.G191V nutation
was present in three symptomatic matrilineal relatives, and
the heterozygote YARS2 p.G191V nutation occurred in three
symptomatic and five asymptomatic matrilineal relatives, as
well as three members lacking the m.3635G>A mutation
(Fig. 1, Supplementary Table S2). These findings highlighted
the role of the p.G191V nutation in the phenotypic expres-
sion of LHON-linked mtDNA mutations.

m.3635G>A Mutation Perturbed the Structure
and Stability of ND1

To further evaluate the impact of m.3635 A>G mutation
on the structure and stability of ND1, we performed MD

simulation analyses. Based on the rational initial structure
(PDB 5xtd),29 both wild-type (blue) and mutated (yellow)
ND1 were evaluated by 100-ns all-atom MD simulations. As
shown in Figures 2A and 2B, the local changes of confor-
mation were induced by the absent interhelical interactions
between the E143 in helix 4 (H4) and the S110 or Y114 in
helix 3 (H3) when serine 110 was replaced by asparagine,
whereas a new intrahelical interaction was formed by a
new hydrogen bond between N110 and Y114 in H3. As
shown in Figure 2C, the RMSD curve of ND1 with 110N has
smoother fluctuations than that of ND1 with 110S, suggest-
ing that the ND1 110N mutant molecule was less stable
than the wild-type counterpart. These data indicated that
m.3635G>A mutation perturbed the structure of ND1.

To determine if the m.3635G>A mutation affects the
stability of ND1, we examined the level of ND1 protein
using western blot in the mutant cell lines carrying only the
m.3635G>A mutation and control cell lines lacking these
mutations. As shown in Figure 2D, the level of ND1 in mutant
cell lines carrying only the m.3635G>A was 78.2% relative
to the average values of control cell lines. However, there
was no difference in the level of CO2 between mutant and
control cell lines.

p.G191V Mutation Caused Instability of YARS2

To further examine the impact of p.G191V on the stabil-
ity of YARS2, we analyzed the levels of YARS2 by western
blot in the mutant cell lines carrying only the m.3635G>A
mutation, both m.3635G>A and heterozygous or homozy-
gous p.G191V mutations, and one control cell line lack-
ing these mutations. These blots were then hybridized with
other nuclear encoding mitochondrial tRNA synthetases,
LARS2 and TARS2, as well as Tom20 as a loading control.
As shown in Figure 3A, the levels of YARS2 in mutant cell
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FIGURE 2. Alterations in the structure and stability of ND1. (A–C) MD simulations on the ND1 protein were based on the cryo-EM structure
of complex I from Homo sapiens (PDB 5xtd). (A) Superimposed images of the structures of wild-type (S110, blue) and mutant (N110, yellow)
proteins at the end of the simulations. The red arrow indicates the bend of helix 4. (B) The electrostatic interactions formed between Ser110
and Glu143 in the wild-type protein (blue) and that between Asn110 and Tyr114 in the mutant protein (yellow). (C) Time evolution of the
RMSD values of all Cα atoms for the wild-type (black lines) and mutant (red lines) proteins. (D) Western blot analysis; 5 μg of mitochondrial
proteins from mutant cell lines (III-10, III-11) carrying the m.3635G>A mutation and control cell lines (C1, C2) lacking the mutation were
electrophoresed through a denaturing polyacrylamide gel, electroblotted, and hybridized with ND1 and CO2 antibodies, with VDAC as a
loading control, respectively.

FIGURE 3. The instability of mutant YARS2 protein. (A) Western blot analysis; 5 μg of mitochondrial proteins from various cell lines were
electrophoresed through a denaturing polyacrylamide gel, electroblotted and hybridized with YARS2, LARS2, and YARS2 antibodies with
Tom20 as a loading control. (B) The thermal stability analysis of wild-type (G191) and mutant (V191) YARS2. �Tm indicates the difference
in melting temperature between wild-type (G191, solid line) and mutant (V191, dashed line) YARS2. The calculations were based on three
to four determinations.

lines carrying only the m.3635G>A or both m.3635G>A
and heterozygous or homozygous p.G191V mutations were
99.5%, 79.9%, and 62.3%, respectively, relative to the average
values of control cell lines. By contrast, the levels of LARS2
and TARS2 in the mutant cell lines were comparable with
those in the control cell lines. These results strongly support

the deleterious effect of p.G191V mutation on YARS2
structure.

The effect of p.G191V mutation on the stability of YARS2
was also assessed using differential scanning fluorimetry
(DSF). We used DSF to determine the Tm of YARS2, the
temperature at which the concentration of folded protein
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FIGURE 4. Western blot analysis of mitochondrial proteins. (A, C) Twenty micrograms of total cellular proteins from various cell lines were
electrophoresed through a denaturing polyacrylamide gel, electroblotted, and hybridized with antibodies for 10 subunits of OXPHOS (three
encoded by mtDNA and seven encoded by nuclear genes), with VDAC as a loading control. (B, D) Quantification of levels of mitochondrial
proteins: three mtDNA-encoding subunits (B) and seven nucleus-encoding subunits (D). The average content of each subunit was normalized
to the average content of VDAC in the mutant and wild-type cell lines. The calculations were based on three independent determinations.
The error bars indicate 2 SDs of the means. P indicates the significance (t-test) of the differences among the various cell lines.

is equivalent to that of unfolded protein. The fluorescence
changes of the orange dye occurred in the presence of 1 μg
of wild-type and mutated YARS2 over a temperature range
from 25°C to 95°C. The thermal stability of mutant protein
was compared with that of wild-type protein. As shown
in Figure 3B, the Tm value of wild-type YARS2 was 51.2°C,
whereas the Tm value of mutant YARS2 was 49.7°C. The
lower thermal stability of mutant YARS2 protein than that
of wild-type counterpart further supported that the p.G191V
mutation led to the instability of YARS2 protein.

Reductions in Levels in the Subunits of OXPHOS

To assess if the p.G191V mutation worsened the deficient
OXPHOS biogenesis associated with the m.3635G>A muta-
tion, we performed a western blot analysis to examine
the steady-state levels of nine subunits (mtDNA-encoding
ND1, CO2, and ATP8 and six nucleus-encoding proteins) of
OXPHOS in mutant cell lines carrying only the m.3635G>A
mutation, both m.3635G>A and heterozygous or homozy-
gous p.191G>V mutations, and control cell lines lack-
ing these mutations. As shown in Figures 4A and 4C,
the p.191G>V mutation caused decreased levels of ND1,
NDUFS1, NDUFS3, and NDUFA9 (subunits of NADH dehy-
drogenase). as well as CO2 and COX5A (subunits of
cytochrome c oxidase), but did not affect the levels of the
other four proteins (SDHA, QCRC1, ATP8, and ATP5B). As
shown in Figure 4B, the levels of ND1 in mutant cell lines
carrying only the m.3635G>A mutation or both m.3635G>A
and heterozygous or homozygous p.191G>V mutations
were 76%, 55%, and 52%, respectively, of average levels of
the control cell lines, whereas the levels of CO2 in these

mutant cell lines were 102%, 97%, and 70%, respectively, of
those in the control cell line. Strikingly, the levels of NDUFS1,
NDUFS3, NDUFA9, and COX5A in the mutant cell lines bear-
ing both m.3635G>A and homozygous p.191G>V mutations
were 64.5%, 70.8%, 62.5%, and 60.4%, respectively, relative
to the mean values measured in the control line. By contrast,
the levels of these mitochondrial proteins in the mutant cell
lines bearing only the m.3635G>A mutation were compara-
ble with those in the control cell lines.

Defects in Stability and Activity of OXPHOS
Complexes

We analyzed the consequence of m.3635G>A and p.G191V
mutations on the oxidative phosphorylation machinery.
Mitochondrial membrane proteins isolated from mutant and
control cell lines were separated by blue native PAGE, elec-
troblotting, and hybridizing with a human OXPHOS anti-
body cocktail consisting of NDUFB8, ATP5A, UQCRC2, CO2,
and SDHB. As illustrated in Figure 5A, the mutant cell lines
m.3635G>A and homozygous p.191G>V exhibited instabil-
ity of complexes I and IV. As shown in Figure 5B, the levels
of complexes I to V in the mutant cell lines (m.3635G>A and
homozygous p.191G>V) were 80%, 102%, 98%, 59%, and
99%, respectively, of the average values in the control cell
lines cells. However, the levels of these complexes in other
mutant cell lines were comparable to those in the control
cell lines.

We further measured the activities of respiratory chain
complexes by isolating mitochondria from mutant and
control cell lines as detailed elsewhere.20,35 As shown
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FIGURE 5. Defective stability and activities of complexes I and
IV. (A) Blue native gel analysis of OXPHOS complexes, showing
the steady-state levels of five OXPHOS complexes. Thirty micro-
grams of mitochondrial proteins from mutant and control cell lines
were electrophoresed through a blue native gel, electroblotted, and
hybridized with an antibody cocktail specific for the subunits of
each OXPHOS complex, with VDAC as a loading control. (B) Quan-
tification of levels of complexes I, II, III, IV, and V in mutant and
control cell lines. The calculations were based on three independent
experiments. (C) Enzymatic activities of OXPHOS complexes. The
activities of respiratory complexes were investigated by enzymatic
assay on complexes I, II, III, and IV in mitochondria isolated from
various cell lines. The calculations were based on three indepen-
dent experiments. Graph details and symbols are explained in the
legend to Figure 4.

in Figure 5C, the activities of complex I in mutant cell lines
carrying only the m.3635G>A mutation or both m.3635G>A
and heterozygous or homozygous p.191G>V mutations
were 79%, 78%, and 63% of average levels of the control
cell lines, respectively, whereas the activities of complex IV
in these mutant cell lines were 86%, 66%, and 54%, respec-

tively, of those in the control cell lines. However, the activ-
ities of complex II and III in these mutant cell lines were
comparable to those in the control cell lines.

ROS Production Increase

Respiratory deficiency can increase the production of ROS.38

We assessed ROS production in mutant and control cell
lines via flow cytometry, comparing baseline staining inten-
sity for each cell line to that upon oxidative stress in order
to obtain a ratio corresponding to ROS generation.36,39

Geometric mean intensity was recorded to measure the
levels of mitochondrial ROS (mito-ROS) for each sample.
The relative levels of geometric mean intensity in each
cell line were calculated to delineate the levels of mito-
ROS in mutant and control cells. As shown in Figures
6A and 6B, the levels of ROS generation in the mutant
cell lines carrying only the m.3635G>A mutation or both
m.3635G>A and heterozygous or homozygous p.191G>V
mutations were 111.3%, 116.3%, and 145.8%, respectively, of
the mean values measured in the control cell lines. Further-
more, we examined the levels of catalase and superoxide
dismutase proteins (SOD1 and SOD2) in mutant and control
cell lines by western blot analysis.20,38 Figures 7C and 7D
show the variable levels of these proteins observed in the
mutant cell lines as compared with those in the control
cell lines. In particular, the levels of SOD2 in the mutant
cell lines carrying only the m.3635G>A mutation or both
m.3635G>A and heterozygous or homozygous p.191G>V
mutations were 88%, 129%, and 183%, respectively, relative
to the mean values measured in the control cell lines. The
levels of SOD1 in these mutant cell lines were 92.5%, 103%,
and 134%, respectively, of the average levels for the control
cell line. However, slightly reduced levels of catalase in the
cell lines harboring both m.3635G>A and heterozygous or
homozygous p.191G>V mutations were observed, whereas
there were no difference in catalase levels between control
and cell lines bearing only the m.3635G>A mutation.

Alteration in Autophagy

The alterations in OXPHOS and mitochondrial membrane
potential affected the mitophagic removal of damaged
mitochondria.20,40 To assess whether the m.3635G>A and
p.G191V mutations regulated autophagy, the autophagic
states of various mutant and control cell lines were analyzed
using both fluorescence-based cytometry and western blot
assays. First, Cyto-ID Autophagy Detection Kits were used
with flow cytometry to examine the degree of autophagy of
mutant and control cell lines. As shown in Figures 7A and 7B,
significant shifts in the fluorescence peak to high intensity
occurred in the mutant cell lines harboring both m.3635G>A
and homozygous p.191G>V mutations, as compared with
those in the control cell lines. The levels of autophagy in
the mutant cell lines carrying only the m.3635G>A muta-
tion or both m.3635G>A and heterozygous or homozygous
p.191G>V mutations were 94%, 99%, and 130%, respectively,
of the mean values measured in the control cell lines. To
further evaluate the effect of these mutations on mitophagy,
we performed a western blot analysis using two mark-
ers: microtubule-associated protein 1A/1B light chain 3B
(LC3B) and ubiquitin-conjugating enzyme for the LC3 lipi-
dation process (ATG3) in various cell lines.41,42 As shown
in Figures 7C and 7D, the average levels of LC3II/I+II in
the mutant cell lines carrying only the m.3635G>A muta-
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FIGURE 6. Assays for mitochondrial ROS production. (A) Ratio of geometric mean intensity between levels of ROS generation in the
vital cells. The rates of production in ROS from four cell lines were analyzed using a BD LSR II flow cytometer system with MitoSOX
Red reagent (B) The relative ratio of intensity was calculated. The averages of three independent determinations for each cell line are
shown. (C) Western blot analysis of antioxidative enzymes SOD2, SOD1, and catalase in six cell lines with GAPDH as a loading control.
(D) Quantification of SOD2, SOD1, and catalase. Average relative values of SOD2, SOD1, and catalase were normalized to the average
values of β-actin in various cell lines. The values for the latter are expressed as percentages of the average values for control cell line C1.
The averages of three independent determinations for each cell line are shown. Graph details and symbols are explained in the legend
to Figure 4.

tion or both m.3635G>A and heterozygous or homozy-
gous p.191G>V mutations were 92.5%, 103.0%, and 139.9%,
respectively, of the mean values measured in the control cell
lines. Furthermore, the average levels of ATG in the mutant
cell lines harboring only the m.3635G>A mutation or both
m.3635G>A and heterozygous or homozygous p.191G>V
mutations were 92.1%, 149.5%, and 168.6%, respectively, of
the mean values measured in the control cell lines.

DISCUSSION

In this study, we further investigated the molecular mech-
anism of the LHON-associated ND1 3635G>A mutation.
Indeed, the occurrence of the m.3635G>A mutation in
these genetically unrelated pedigrees affected by LHON
from different ethic backgrounds strongly suggest that this
mutation is involved in the pathogenesis of LHON.11,13,43–45

The m.3635G>A (p.S110N) mutation changed a serine at
position 110 with asparagine in ND1, which is an essen-
tial subunit of complex I.25,46 Complex I is composed
of 45 subunits, including seven subunits encoded by
mtDNA and 38 subunits encoded by nuclear genes.25 Based
on MD stimulation data, serine 110 being replaced by
asparagine induced a new intrahelical interaction between
N110 and Y114 in H3 in the ND1 structure, suggesting that
the 3635G>A mutation altered structure and function of
complex I.25,46 In this investigation, the instability of mutated

ND1 was further evidenced by the reduced levels of ND1
observed in mutant cell lines bearing only the m.3635G>A
mutation. The instability of ND1 were responsible for 20%
reductions in the activity of complex I observed in mutant
cell lines carrying only the m.3635G>A mutation, as in
the cases of cell lines bearing LHON-associated m.3866T>C
and m.3394T>C mutations.20,47 The respiratory deficiency
resulted in decreased efficiency of mitochondrial adeno-
sine triphosphate (ATP) synthesis and increased the gener-
ation of ROS.13,14 However, the low penetrance of LHON
and mild mitochondrial dysfunction strongly suggests that
the m.3635G>A mutation is the primary contributor to the
development of LHON but is insufficient to produce a clini-
cal phenotype.

Nuclear modifier genes were proposed to modulate the
phenotypic manifestation of the LHON-associated mtDNA
mutations.21–23 In this study, the penetrance of LHON in
the Chinese family harboring both m.3635G>A and YARS2
p.191Gly>Val mutations was significantly higher than in
other families carrying only the m.3635G>A mutation.11,13

The Gly191 residue lies within the catalytic domain of
YARS2, which interacts with the base-pairing (1G-72C) of
tRNATyr acceptor stem.48 Thus, the p.191Gly>Val mutation
affected the structure and function of this enzyme. The
p.Gly191Val mutation resulted in the instability of YARS2,
as evidenced by the reduced level of mutant protein
revealed by western blot analysis and the thermal instability
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FIGURE 7. Analysis of autophagy. (A) Flow cytometry histograms showing fluorescence of various cell lines using a Cyto-ID Autophagy
Detection Kit. Cells were incubated with RPMI 1640 medium in the absence and presence of rapamycin (inducers of autophagy) and
chloroquine (lysosomal inhibitor) at 37°C for 18 hours. Then, Cyto-ID Green dye was added, followed by analysis with a NovoCyte flow
cytometer. (B) Relative fluorescence intensity from various cell lines. Three independent determinations were made in each cell line. (C)
Western blot analysis for autophagic response proteins LC3-I, LC3-II and ATG3. Twenty micrograms of total cellular proteins from various
cell lines were electrophoresed, electroblotted, and hybridized with LC3 and ATG3 antibodies, with GAPDH serving as a loading control.
(D) Quantification of autophagy markers LC3-II/I and ATG3 in mutant and control cell lines was carried out as described elsewhere.21 Three
independent determinations were carried out in each cell line. Graph details and symbols are explained in the legend to Figure 4.

observed by DSF. In vitro assays showed that the p.G191Asp
mutation reduced enzymatic activity.49 YARS2 deficiencies
altered aminoacylation of tRNATyr and impaired the synthe-
sis of 13 mtDNA-encoding OXPHOS subunits.22,49,50 The
reduced levels among the 13 mtDNA-encoding OXPHOS
subunits in the cells bearing the YARS2 mutations were
correlated with the tyrosine codon usage of polypeptides,
with especially pronounced effects in the subunits with
higher tyrosine codon content such as ND1, ND4, ND5,
ND6, CO1, and CO2.22,49,51–53 In the present study, more
drastic reductions in the level of ND1 were observed in
the cell lines bearing both m.3635G>A and homozygous
YARS2 p.191Gly>Val mutations than in cells harboring both
m.3635G>A and heterozygous YARS2 p.191Gly>Val or only
the m.3635G>Amutation. Notably, the levels of CO2 in these
mutant cell lines bearing both m.3635G>A and homozy-
gous YARS2 p.191Gly>Val mutations, both m.3635G>A and
heterozygous YARS2 p.191Gly>Val mutations, or only the
m.3635G>A mutation were 102%, 97%, and 70%, respec-
tively, of those in the control cell line. The discrepancy
in ND1 and CO2 expression levels between cells bearing
both m.3635G>A and homozygous YARS2 p.191Gly>Val
mutations or both m.3635G>A and heterozygous YARS2
p.191Gly>Val mutations may also be due to tRNA codon
preference. In contrast with the cell lines harboring only
the m.3635G>A mutation, mutant cell lines harboring both
m.3635G>A and p.191Gly>Val mutations exhibited signifi-

cant decreases of nucleus-encoding NDUFS1, NDUFS3, and
NDUFA9 (subunits of complex I) and COX5A (subunit of
complex IV), as in the case of YARS2-knockout cell lines.50

These deficiencies resulted in the instability and decreased
activity of complexes I and IV in cell lines bearing both
m.3635G>A and homozygous YARS2 p.191Gly>Val muta-
tions, in contrast with mild defects in complex I in cell lines
bearing only the m.3635G>A mutation. These respiratory
deficiencies were responsible for more drastic increases of
ROS production in the cell lines carrying both p.191Gly>Val
and m.3635G>A mutations than in cell lines carrying only
p.191Gly>Val or m.3635G>A mutations.13,53

The impairment of OXPHOS affects the mitophagic
removal of damaged mitochondria.20,54–56 In this study,
we showed that cell lines carrying both carrying both
p.191Gly>Val and m.3635G>A mutations exhibited higher
levels of autophagy than the cell lines carrying only the
m.3635G>A mutation. Furthermore, more severe decreases
levels of ATG2 were observed in cybrid cell lines carry-
ing both p.191Gly>Val and m.3635G>A mutations than in
cell lines carrying only the m.3635G>A mutation, which
suggests a greater decrease in the capacity of double mutant
cells to generate autophagoeomes, thereby perturbing the
autophagic degradation of ubiquitinated proteins.42,56 These
data indicate that the p.191Gly>Val mutation worsened the
defective autophagy caused by the m.3635G>A mutation.
Therefore, the YARS2 p.191Gly>Val mutation aggravated
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the biochemical defects caused by the m.3635G>A muta-
tion, including the defective activity of complexes I and IV,
a decrease in mitochondrial ATP production, overproduc-
tion of ROS, and the promotion of autophagy.13,20,47 These
mitochondrial dysfunctions yielded a preferential effect on
the photoreceptor and retinal ganglion cells in the retina,
because rental functions depend on a very high rate of
ATP production.57,58 The result is dysfunction or death of
photoreceptor and retinal ganglion cells in the retina carry-
ing both p.191Gly>Val and m.3635G>A mutations, thereby
producing a phenotype of vision impairment.
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