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Mitochondria maintain a distinct pool of ribosomal machinery,
including tRNAs and tRNAs activating enzymes, such as mito-
chondrial tyrosyl-tRNA synthetase (YARS2). Mutations in YARS2,
which typically lead to the impairment of mitochondrial protein
synthesis, have been linked to an array of human diseases
including optic neuropathy. However, the lack of YARS2 mutation
animal model makes us difficult to elucidate the pathophysiology
underlying YARS2 deficiency. To explore this system, we gener-
ated YARS2 knockout (KO) HeLa cells and zebrafish using
CRISPR/Cas9 technology. We observed the aberrant tRNA™
aminoacylation overall and reductions in the levels in mitochon-
drion- and nucleus-encoding subunits of oxidative phosphoryla-
tion system (OXPHOS), which were especially pronounced effects
in the subunits of complex I and complex IV. These deficiencies
manifested the decreased levels of intact supercomplexes overall.
Immunoprecipitation assays showed that YARS2 bound to specific
subunits of complex I and complex IV, suggesting the post-
translational stabilization of OXPHOS. Furthermore, YARS2
ablation caused defects in the stability and activities of OXPHOS
complexes. These biochemical defects could be rescued by the
overexpression of YARS2 cDNA in the YARS2X cells. In zebrafish,
the yars2© larva conferred deficient COX activities in the retina,
abnormal mitochondrial morphology, and numbers in the
photoreceptor and retinal ganglion cells. The zebrafish further
exhibited the retinal defects affecting both rods and cones. Vision
defects in yars2© zebrafish recapitulated the clinical phenotypes
in the optic neuropathy patients carrying the YARS2 mutations.
Our findings highlighted the critical role of YARS2 in the stability
and activity of OXPHOS and its pathological consequence in
vision impairments.
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*For correspondence: Min-Xin Guan, gminxin88@zju.edu.cn, Pingping
Jiang, ppjiang@zju.edu.cn.
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Defects in mitochondrial protein synthesis are associated
with a wide spectrum of human diseases, with a diversity of
etiologies, ages of onset, involved organ systems and clinical
presentations (1-3). Mitochondrial translation deficiencies
resulted from defects in two rRNAs or 22 tRNAs, encoded by
mitochondrial DNA (mtDNA), or alterations in the compo-
nents of mitochondrial translation machinery (ribosomal
proteins, ribosomal assembly proteins, aminoacyl-tRNA syn-
thetases, tRNA-modifying enzymes, tRNA methylating en-
zymes, initiation, elongation, and termination factors),
encoded by nuclear genes (3-9). In particular, all 19 mito-
chondrial aminoacyl-tRNA synthetases (mt-aaRSs) were syn-
thesized in the cytosol and subsequently imported into
mitochondria. These mt-aaRSs are a group of enzymes that
catalyze a two-step reaction where they first activate the
cognate amino acid with ATP to form an aminoacyl-adenylate,
then subsequently transfer the aminoacyl group of the
aminoacyl-adenylate to the bound tRNA for protein synthesis
(8—10). In addition to their central roles in the translation,
these aminoacyl-tRNA synthetases may have other functions,
as in the case of cytoplasmic aminoacyl-tRNA synthetases
(11-13). Defects in nuclear genes encoding mt-aaRSs have
emerged as an important cause of mitochondrial disorders
linked to diverse clinical presentations, usually with an early
onset and transmitted as autosomal recessive traits (8—10,
14-16). Remarkably, the pathologies linked to defects in mt-
aaRSs display a marked bias for the central nervous system,
including the leukodystrophy, encephalopathy, Perrault syn-
drome, sensorineural deafness, and visual impairment (17-23).
However, the pathophysiology of these disease-linked mt-aaRS
mutations, especially the pleiotropic and tissue-specific effects,
remains poorly understood.

Mutations of YARS2 gene encoding mitochondrial tyrosyl-
tRNA synthetase were responsible for the myopathy, lactic
acidosis, and sideroblastic anemia (MLASA) with

J. Biol. Chem. (2021) 296 100437 1

© 2021 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jbc.2021.100437
https://orcid.org/0000-0003-3070-6285
https://orcid.org/0000-0002-1898-8366
https://orcid.org/0000-0002-4975-4861
https://orcid.org/0000-0001-5067-6736
mailto:gminxin88@zju.edu.cn
mailto:ppjiang@zju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2021.100437&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Critical roles of mitochondrial tyrosyl-tRNA synthetase

mitochondrial respiratory chain complex deficiencies (24—30).
Recently, we demonstrated that the YARS2 p.Gly191Val mu-
tation contributed to the phenotypic expression of Leber’s
hereditary optic neuropathy (LHON)-associated mtDNA mu-
tations or deafness-associated tRNAS" VN 7511A > G mu-
tation (31, 32). The primary defects in these YARS2 mutations
were the deficient aminoacylation of tRNA™" (30-32). The
aberrant tRNA™" metabolism impaired mitochondrial trans-
lation, especially for the synthesis of polypeptides with high
content of tyrosine codon such as ND4, ND5, ND6, and CO2
in cell lines carrying YARS2 mutations (24, 29, 31, 32). Strik-
ingly, cell lines carrying the YARS2 mutations exhibited
marked reductions in the nucleus-encoding mitochondrial
proteins: NDUFS3 and NDUFB8 [subunits of NADH:ubiqui-
none oxidoreductase (complex I)] and COX10 [subunit of
cytochrome ¢ oxidase (complex IV)] (24, 29, 32). These
implied that YARS2 may play an important role in the
biogenesis of oxidative phosphorylation (OXPHOS) system
(1). To test this hypothesis, we used CRISPR/Cas9 genomic
editing approach in HeLa cells to produce the targeted dele-
tion in YARS?2 gene. To further confirm the defects of YARS2
knockout (KO) (YARS2XC) in the HeLa cells, we transferred a
plasmid carrying the full-length YARS2 cDNA into the YAR-
520 Hel.a cells. The YARS2X cell lines were assessed for the
effects of YARS2 mutations on the biogenesis of OXPHOS, by
western blot analysis using the subunits of OXPHOS and

activity of respiratory chain complexes. To examine whether
YARS2 interacts with the OXPHOS, we performed the
immunoprecipitation assay using FLAG and HA antibodies in
mitochondria of HeLa cell lines. To investigate whether defects
in yars2 caused the visual impairment in vivo, we investigated
the yars2 knockout zebrafish produced by genome editing
using the CRISPR/Cas9 system.

Results
Generation of YARS2 knockout HelLa cell lines

To gain overall information on how the YARS2 deficiency
affected the mitochondrial functions, we used CRISPR/Cas9
genomic editing approach to produce the targeted deletion in
YARS2 gene in the HeLa cells. As a result, an allele, YARS2%/ /%7,
was generated by introducing a 14 bp deletion in the exon 1 of
YARS2 (homozygous cells were described as YARS2X? and wild
type as WT). The 14 bp deletion resulted in a frameshift from
codon 10, the introduction of a premature stop at codon 25
(p-Pro25*), and truncated protein with 24 amino acids (Fig. 14,
Fig. S1). This allele was confirmed by Sanger sequencing, re-
striction fragment length polymorphism (RFLP) with digested
with BstNI (Fig. S1) and western blot analysis (Fig. 1B).

Defects in tRNA aminoacylation of tRNA™" were assessed
by using electrophoresis in an acid polyacrylamide/urea gel
system to separate uncharged tRNA species from the
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Figure 1. Generation of YARS2 knockout Hela cell lines using CRISPR/Cas9 system. A, schematic representation of CRISPR/Cas9 target site at exon 1 as
used in this study. An allele, YARS29€114bP \yas produced by a 14 bp delete in the exon 1 and a truncated nonfunctional protein with 24 amino acids. B,
western blot analysis of YARS2 in various cells. Twenty micrograms of total cellular proteins of each cell line was electrophoresed through and hybridized
with antibodies specific for YARS2 (1:1000 dilution) and with TOM20 (1:2000 dilution) as a loading control. WT, wild-type cells; KO, YARS2/C; KO+YARS2,
exogenous YARS2 expression in YARS2XC; KO+vector, vector transfected in YARS2/C. Three independent experiments were performed. C, in vivo amino-
acylation of mitochondrial tRNA assays. Ten micrograms of total cellular RNAs purified from various cell lines under acid conditions was electrophoresed
through an acid (pH 5.2) 10% polyacrylamide-7 M urea gel, electroblotted, and hybridized with DIG-labeled oligonucleotide probe specific for the tRNA™",
tRNARUUUR and tRNAT, respectively. Samples for WT cells were deacylated (DA) by heating for 10 min at 60 °C at pH 8.3, electrophoresed, and hybridized
with DIG-labeled oligonucleotide probes as described above. Three independent experiments were performed.
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corresponding charged tRNA, electroblotting and hybridizing
with DIG-labeled probes specific for tRNATY, tRNALH VYR,
and tRNA™, As shown in Figure 1C, the slower migrating
band (upper band) in WT cells represents the charged tRNA,
and the faster migrating band (lower band) represents un-
charged tRNA. However, only one lower band in the tRNA™"™
but two bands of tRNA"*VY® and tRNA™ were detected in
the YARS2X® cells, indicating that the ablation of YARS2 led to
the complete loss of aminoacylation of tRNA™" but did not
affect the aminoacylation of tRNA*VYUR) and tRNA™. To

further distinguish nonaminoacylated tRNA from amino-
acylated tRNA, samples of tRNAs were deacylated after heat-
ing for 10 min at 60 °C (pH 8.3) and then run in parallel. As
shown in Figure 1C, the deacylated samples gave only one
band (uncharged tRNA) in both mutant and control cell lines.
To further confirm the ablation of YARS2 in HeLa cells, we
transferred a plasmid carrying the full-length YARS2 cDNA
into the YARS2XC cells. Indeed, the overexpression of YARS2
reversed the deficient aminoacylation of tRNA™" in the
YARS2XC cells.
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Figure 2. Western blotting analysis of mitochondrial proteins. A and C,

twenty micrograms of total cellular proteins from various cell lines was elec-

trophoresed through a denaturing polyacrylamide gel, electroblotted, and hybridized with antibodies for 17 subunits of OXPHOS (4 encoded by mtDNA
and 13 encoded by nuclear genes), and TOM20 as a loading control, respectively. B and D, quantification of mitochondrial proteins: four mtDNA-encoding
subunits (B) and 13 nucleus-encoding subunits (D). Average relative each polypeptide content per cell was normalized to the average content per cell of
Tom20 in each cell line. The values for the latter are expressed as percentages of the average values for the WT Hela cell line. The calculations were based
on three independent determinations. The error bars indicate two standard deviations (SD) of the means. p indicates the significance, according to the
t-test, of the differences between mutant and control cell lines. *p < 0.05; **p < 0.001; ***p < 0.0001; ns, not significant. E, average levels of subunits from

each complex of OXPHOS (5 of complexes I, 2 of II, 3 of lll, 4 of IV, and 3 of

V). The calculations were based on three independent determinations. Graph

details and symbols are explained as above. F, western blot analysis of Clpp involved in mitochondrial ribosome assembly and LONP1 that is a nuclear-

encoded mitochondrial protease.
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YARS2"© cells exhibited the reductions in the levels in the
subunits of OXPHOS, reversible by overexpression of YARS2

To assess the effect of YARS2 mutation on the OXPHOS
biogenesis, we carried out the western blotting analysis to
examine the levels in 17 subunits of OXPHOS complexes in
YARS2"? and WT cells using TOM20 as a loading control.
These subunits included four mtDNA-encoding polypeptides
(ND6, CYTB, CO2, and ATPS8), 13 nucleus-encoding proteins:
NDUFS1, NDUFS3, NDUFAY9, and NDUFBS8 (subunits of
complex I), SDHA and SDHB [subunits of succinate dehy-
drogenase (complex II)], UQCRC1 and UQCRC2 [subunits of
ubiquinol-cytochrome ¢ reductase (complex III)], COX5A,
COX10, and COX16 (subunits of complex IV), and ATP5C
and ATP5F1 [subunits of H+-ATPase (complex V)] (1). As
shown in Figure 2, A and C, the various decreases in the levels
of 13 mitochondrial proteins (but not of SDHA, COX10,
ATP5C, and ATP5F1) were observed in the YARS2XC cells, as
compared with the WT cells. As shown in Figure 2B, the levels
of ND6, CYTB, CO2, and ATPS in the YARS2XC cells were
71%, 58%, 23%, and 59%, with an average of 53%, relative to the
mean values measured in the WT cells. As shown in the
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Figure 2D, the levels of NDUFS1, NDUFS3, NDUFA9,
NDUFB8, SDHA, SDHB, UQCRC1, UQCRC2, COX5A,
COX10, COX16, ATP5C, and ATP5F1 in YARS2X? cells were
50%, 40%, 42%, 30%, 118%, 48%, 78%, 47%, 80%, 115%, 48%,
95%, and 103%, relative to the mean values measured in the
WT cells, respectively. Notably, the average levels in the sub-
units of complexes I, I, III, IV, and V in the YARS2XC cells
were 47%, 82%, 60%, 66%, and 85% of average values measured
in the WT HelLa cells, respectively (Fig. 2E). However, the
overexpression of YARS2 elevated the levels of these subunits.

To test whether the YARS2 deficiency affected the mito-
chondrial proteostasis, we measured the levels of Clpp
involved in mitochondrial ribosome assembly (33) and LONP1
that is a nuclear-encoded mitochondrial protease crucial for
organelle homeostasis (34) in the YARS2XC and WT cells. As
shown in Figure 2F, the levels of Clpp and LONPI in the
YARS2X® cells were 63% and 64% of those in the WT cells,
respectively. These indicated that YARS2 deletion impaired
mitochondrial proteostasis.

To further examine the effect of YARS2 mutation on the
OXPHOS, we undertook the western blotting analysis to
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Figure 3. Analysis of stability and activity of OXPHOS complexes. A, assembly and stability of OXPHOS complexes. Mitochondria extracted from various
cell lines were solubilized with n-dodecyl-B-D-maltoside, electroblotted, and hybridized with antibody cocktail specific for subunits of five OXPHOS
complexes and with TOM20 as a loading control. B, quantification of the levels of complexes |, I, Ill, IV, V and supercomplexes (SC) in mutant and wild-type
cell lines. The calculations were based on three independent determinations. C, in-gel activity of respiratory chain complexes |, Il, and IV. A total of 20 ug of
mitochondrial proteins (8 g/g digitonin/protein ratio) from various cell lines was used for BN-PAGE, and the activities of complexes were measured in the
presence of specific substrates (NADH and NTB for complex |, sodium succinate, phenazine methosulfate, and NTB for complex Il, DAB and cytochrome c for
complex IV). Coomassie staining was used as a loading control. D, enzymatic activities of respiratory chain complexes. The activities of respiratory complexes
were investigated by enzymatic assay on complexes |, Il Ill, IV, and V in mitochondria isolated from various cell lines. The calculations were based on three
independent experiments. Graph details and symbols are explained in the legend to Figure 2.
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Figure 4. Deficient oxidative phosphorylation. A, an analysis of O, con-
sumption in the various cell lines usin% different inhibitors. The rates of O,
(OCR) were first measured on 2 x 10™ cells of each cell line under basal
condition and then sequentially added to oligomycin (1.5 mM), carbonyl
cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP) (0.5 mM), rotenone
(1.0 mM), and antimycin A (1.0 mM) at indicated times to determine
different parameters of mitochondrial functions. B, graphs presented the
basal OCR, ATP-linked OCR, proton leak OCR, and maximal OCR in cell lines.
Basal OCR was determined as OCR before oligomycin minus OCR after
rotenone/antimycin A. ATP-lined OCR was determined as OCR before oli-
gomycin minus OCR after oligomycin. Proton leak was determined as Basal
OCR minus ATP-linked OCR. Maximal was determined as the OCR after FCCP
minus nonmitochondrial OCR. C and D, measurement of whole-cell and
mitochondrial ATP levels using bioluminescence assay. Cells were incubated
with 10 mM glucose or 5 mM 2-deoxy-d-glucose plus 5 mM pyruvate to
determine ATP generation under mitochondrial ATP synthesis. Average
rates of ATP level per cell line and are shown: (C) ATP levels in total cells. D,
ATP levels in mitochondria. Three independent experiments were made for
each cell line. Graph details and symbols are explained in the legend to
Figure 2.

determine the levels in 15 subunits of OXPHOS complexes
using lymphoblastoid cell line (I-1) bearing homozygous
YARS2 p.191Gly>Val mutation and control cell line (A61)
lacking the mutation (32). These subunits included four
mtDNA-encoding polypeptides (ND6, CYTB, CO2, and
ATPS8), 13 nucleus encoding proteins: NDUFS1, NDUFS3,
NDUFB8, NDUFA9, SDHA, SDHB, UQCRC1, UQCRC2,
COX5A, COX16, and ATP5F1. As shown in Fig. S2, A and C,
the various decreases in the levels of 11 mitochondrial proteins
(but not of NDUFB8, SDHA, COX16, and ATP5F1) were
observed in the mutant cell line carrying the p.191Gly>Val

SASBMB

mutation, as compared with those in control line. As shown in
Fig. S2B, the levels of ND6, CYTB, CO2, and ATP8 in the
mutant cell line were 75%, 84%, 72%, and 89%, with an average
of 80%, relative to the mean values measured in the control
line. As shown in the Fig. S2D, the levels of NDUFS],
NDUEFS3, NDUFB8, NDUFA9, SDHA, SDHB, UQCRCI],
UQCRC2, COX5A, COX16, and ATP5F1 in the mutant cell
line were 72%, 66%, 106%, 84%, 106%, 54%, 98%, 87%, 126%,
78%, and 131%, relative to the mean values measured in the
control line, respectively. Notably, the average levels in the
subunits of complexes I, II, III, IV, and V in the mutant cell
line were 82%, 80%, 90%, 92%, and 110% of average values
measured in the control line, respectively (Fig. S2E).

Deletion of YARS2 altered the stability and activity of OXPHOS
complexes

We analyzed the consequence of YARS2 deletion on the
oxidative phosphorylation machinery. Mitochondrial membrane
proteins isolated from YARS2XC and WT cell lines were sepa-
rated by BN-PAGE, electroblotting, and hybridizing with human
OXPHOS antibody cocktail consisting of NDUFBS, ATP5A,
UQCRC2, CO2, and SDHB. As illustrated in Figure 3A, the
YARS2X cells exhibited the instability of intact supercomplexes,
complexes L, IL, III, IV, and V. As shown in Figure 3B, the levels
of supercomplexes, complexes I, II, III, IV, and V in the YAR-
52€ cells were 9.8%, 20.2%, 48.7%, 35.7%, 38.4%, and 42.3% of
those average values in WT cells, respectively. Furthermore, we
carried out the in-gel activity assays to verify the YARS2
deletion—induced alterations in complexes I, II, and IV (35, 36).
As shown in Figure 3C, the in-gel activities of complexes I, II,
and IV were drastically decreased in the YARS2C cells, as
compared with the WT cells. We further measured the activities
of OXPHOS complexes by the use of isolating mitochondria
from mutant and control cell lines (36-38). The activity of
complex I (NADH ubiquinone oxidoreductase) was determined
through the oxidation of NADH with ubiquinone as the electron
acceptor. The activity of complex II (succinate ubiquinone
oxidoreductase) was examined the activity of complex II
through the artificial electron acceptor DCPIP. The activity of
complex III (ubiquinone cytochrome c oxidoreductase) was
assessed through the reduction of cytochrome c (III) by using D-
ubiquinol-2 as the electron donor. The activity of complex IV
(cytochrome c oxidase) was monitored through the oxidation of
cytochrome c (II). The activity of complex V (F1-ATP synthase)
was explored through the NADH oxidation via conversion of
phosphoenolpyruvate to lactate by two step reaction. As shown
in Figure 3D, the average activities of complexes I, II, III, IV, and
V in YARS2X cells were 24%, 37%, 78%, 44%, and 80% of the
mean value measured in WT cells, respectively. However, the
overexpression of YARS2 cDNAs in the YARS2XC cells restored
the defects in the activities of these complexes.

Deficient oxidative phosphorylation

Oxygen consumption rate (OCR) is an indicator of mito-
chondrial respiration (39). Using the Seahorse Bioscience
XF-96 Extracellular Flux Analyzer, we measured the OCRs of

J. Biol. Chem. (2021) 296 100437 5
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Figure 5. Immunoprecipitation analysis of YARS2 with subunits of OXPHOS complexes. A, co-immunoprecipitation of YARS2-FLAG and subunits of
OXPHOS. Hela cells transiently expressing with or without YARS2-FLAG were solubilized with a lysis buffer and lysate proteins were immunoprecipitated
with immunocapture buffer (left) (input) and FLAG-antibody (right) (IP), respectively. Inmunoprecipitates were analyzed by SDS-PAGE and western blotting
using anti-FLAG, anti-subunits of OXPHOS (NDUFS1, NDUFS3, NDUFA9 and NDUFB8 for complex |, SDHB for complex I, UQCRC1 and UQCRC2 for complex
ll, CO2, COX4, COX5A, COX10, COX16, and COX17 for complex IV, ATP8 and ATP5F1 for complex V) and GAPDH antibodies, respectively. B and C, co-
immunoprecipitation of YARS2-HA and NDUFS1, CO2 using anti-HA, anti-NDUFS1, CO2, and GAPDH antibodies, respectively. D, co-immunoprecipitation
of YARS2-HA and NDUFS9A-FLAG using anti-HA, anti-FLAG, and GAPDH antibodies, respectively. E, co-immunoprecipitation of HARS2-FLAG and
NDUFS1, NDUFA9, CO2 in lysates of Hela cells transfected with plasmids containing HARS2 using anti-FLAG, anti-NDUFS1, NDUFA9, and CO2 antibodies

respectively.

various cell lines, including basal respiration, O, consumption
attributing to ATP production, proton leak, maximum respi-
ratory rate, reserve capacity, and nonmitochondrial respiration
(39, 40). As shown in Figure 4A, the average basal OCRs in the
YARS2XC cells were 40% (p < 0.001) of the mean values
measured in WT cells. To further investigate which of the
enzyme complexes of the respiratory chain was affected in the
YARS2XC cells, OCR was monitored after the sequential
addition of oligomycin (to inhibit the ATP synthase), FCCP (to
uncouple the mitochondrial inner membrane and allow for
maximum electron flux through the ETC), antimycin A (to
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inhibit complex III), and rotenone (to inhibit complex I). As
shown in Figure 4B, the ATP linked OCR, proton leak OCR,
and maximal OCR in YARS2%®cells were 36% (p < 0.01), 50%
(p < 0.05), and 49% (p < 0.05) relative to the mean values
measured in the WT cells, respectively. As expected, the
overexpression of YARS2 cDNAs in the YARS2XC cells rescued
the respiratory deficiency.

We then used the luciferin/luciferase assay to examine the
capacity of oxidative phosphorylation in mutant and wild-type
cell lines. Populations of cells were incubated in the media in
the presence of glucose and 2-deoxy-D-glucose with pyruvate
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Figure 6. The proposed model of YARS2 interacting with the OXPHOS
supercomplex. The partial OXPHOS supercomplex was derived from
(MCI,lILIV,, PDB: 5XTI) (41). The structure of Thermus thermophilus tryosyl-
tRNA synthetase and tRNA™" complex (PDB ID: 1H3E) was used as an
original templet for construction of the model of humanYARS2-tRNA™"
complex. The structure of YARS2 was extracted from the crystal structures of
human mitochondrial tyrosyl-tRNA synthetase (PDB ID: 2PID) (42). The
model of human YARS2-tRNA™" complex was generated using PyMOL
molecular visualization system (PyMOL Molecular Graphics System, Version
2.3.3, Schrodinger, LLC). A model of YARS2 interacting with the OXPHOS
supercomplex was proposed as the YARS2 homodimer-tRNA™" complex
interacts with CO2 of CIV, NDUFS1 and NDUFA9 of membrane arm of Cl in
the megacomplexes ,lIl;IV,, respectively.

(40). As shown in Figure 4C, the level of total ATP production
in YARS2XC cells, with the presence of glucose, was compa-
rable with those measured in WT cells. In contrast, the level of
mitochondrial ATP production in YARS2XC cells, with the
presence of 2-deoxy-D-glucose and pyruvate to inhibit the
glycolysis, was 70% relative to the mean value measured in WT
cells (Fig. 4D).

YARS2 may interact with NDUFS1, NDUFA9 of complex I, and
CO2 of complex IV

To test whether YARS2 interacted with the OXPHOS
complex, we performed the immunoprecipitation assay using
FLAG antibodies in mitochondria of HeLa cell lines overex-
pressed with human FLAG-tagged YARS2. As shown in
Figure 5A, the YARS2-FLAG antibody reciprocally immuno-
precipitated to NDUFS1, NDUFA9 of CI subunits, and CO2 of
CIV subunit, but did not bind to NDUFB8 and NDUEFS3 of CI
subunits, SDHB of CII subunit, UQCRC1 and UQCRC2 of
CIII subunits, COX4, COX5A, COX10, COX16, and COX17
of CIV subunits, ATP8 and ATP5F of CV subunits, respec-
tively. These data indicated the potential interactions of
YARS2 with complex I and complex IV by binding to
NDUES1, NDUFA9, and CO2, respectively. These interactions
of YARS2 with these three subunits were verified by the fact
that antibodies against NDUFS1, FLAG-NDUFAY, and CO2
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co-immunoprecipitated with the HA-tagged YARS2. However,
the CO-IP signal of NDUFS1 with YARS2 was much weaker
than those of CO2, suggesting that the interaction of YARS2
with NDUFS1 may be very weak and unstable. Furthermore,
Flag-tagged mitochondrial histidyl-tRNA synthetase (HARS2)
was overexpressed in HeLa cells for immunoprecipitation as a
negative control. As shown Figure 5E, FLAG-HARS2 did not
co-immunoprecipitate NDUFS1, NDUFA9, or CO2, indicating
no interaction of HARS2 to these subunits. Moreover,
immunofluorescence staining experiments showed that a
carboxy terminus FLAG or HA-tagged YARS2 displayed the
overlap with CO2, NDUFS1, NDUFA9, and NDUFS3,
respectively, with a significant correlation (Pearson’s coeffi-
cient of 0.59, 0.71, 0.73, and 0.45, respectively) (Fig. S3). These
data suggested the potential direct interaction of YARS2 with
NDUES1, NDUFA9, and CO2, respectively.

The overall structure of supercomplexes (MCILIIILIV,,
PDB: 5XTI) showed that the NDUFSI, interacting with
NDUFAY, were the components of matrix arm of CI (41). As
shown in Figure 6, there was a pocket formed by CO2 of CIV
together with NDUFS1 and NDUFA9 of membrane arm of
CI in the megacomplexes I,III,IV,. This pocket may provide
an interspace for the interactions of YARS2 with complex I
and complex IV. As YARS2 functioned usually as a homo-
dimer (PDB: 2PID) (42), we proposed that the YARS2
homodimer with tRNA™" complex resided at the pocket as a
component of supercomplexes by interacting with CI and
CIV. Therefore, YARS2 may play a critical role in the for-
mation of the megacomplex in mitochondrial respiratory
chain.

Generation of yars2 knockout zebrafish using CRISPR/Cas9
system

To investigate the pathological impact of yars2 deficiency
in vivo, we used the CRISPR/Cas9 technology to produce
zebrafish mutant lines as described elsewhere (43, 44). A
single-guide RNA (sgRNA) targeting exon 1 of yars2 was
coinjected with Cas9 mRNA into wild-type one-cell stage
embryos (Fig. S4). As a consequence, a 5 bp deletion at posi-
tions (c.117 T to c.121 G) in the exon 1 was produced (het-
erozygous and homozygous zebrafish were described as
yars2"'"~, yars2™”'~, and wild type as yars2*'*). In fact, this
deletion introduced a premature stop at codon 42 (p.L42*) and
subsequently propagated after the confirmation of the muta-
tion by Sanger sequencing and western blot analysis (Fig. S4).
The yars2™~ zebrafish were larval lethal before 10 dpf, while
yars2*'~ zebrafish were adult-viable. As shown in Figure 7, A
and B, marked reductions of black-stained organ in the
abdomen were observed in the yars2”/~ larva at 5 dpf, as
compared with those in the WT and yars2*'~ larva. However,
we did not see significant changes of the body lengths in
yars2”~ and yars2*'~ larval at 5 dpf (Fig. 74, Fig. S5). As an
assay of function, we also analyzed heart beat rates in 32 s at
yars2™", yars2"'~, and wild-type larval at 5 dpf. As shown in
Fig. S5B, there were no significant differences in the heart beat
rates between yars2*'*and yars2™~ or yars2*'~ larval.
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Figure 7. Deletion of yars2 caused the eye defects in zebrafish. A, the lateral views of yars2™~, yars2*~, and yars2*"*

zebrafish at 5 dpf, and the eye

morphologies of zebrafish were illustrated under a Leica microscope with an objective magnification of 20x. Asterisk indicated the eye pigments. B, the
dorsal views of the yars2*'*, yars2*/~, and yars2~~ zebrafish at 5 dpf. C-E, quantification of the area and length of eyes as well as area of lens of yars2*"* (n =
10), yarsz”‘ (n=12), and yarsZ‘/‘ (n = 14) zebrafish, as detailed elsewhere (47). The values for the mutants were expressed as percentages of the average
values for the wild type. Graph details and symbols are explained in the legend to Figure 2.

Loss of yars2 caused the retinal defects in zebrafish at 5 dpf

Zebrafish is visually responsive by 72 h post fertilization and
has functional retina at 5 dpf (45). The retina of zebrafish is
composed of five layers [outer nuclear layer (ONL), outer
plexiform layer (OPL), inner nuclear layer (INL), inner plexi-
form layer (IPL), and ganglion cell layer (GCL)] (46). As shown
in Figure 7A, yaars2™'~ larvae at 5 dpf exhibited faint pigments,
as compared with those in WT larvae. We then evaluated the
sizes of eyes and lens in the zebrafish at 5 dpf (46). As shown in
Figure 7, C, D and E, yaarsZ’/ " larvae revealed significant de-
creases in the average areas (72.8%) of eyes, average areas
(59.7%) of lens, and average lengths (88.7%) of eyes, as
compared with those in the yars2*'* larvae, respectively.
However, there were no differences of those parameters be-
tween yars2 "'~ and yars2*'* larvae.

We then assessed whether the loss of yars2 altered the
thickness of layers in zebrafish retina using hematoxylin
and eosin (H&E)-stained retinal sections from larvae at 5
dpf. As shown in Figure 84, the ablation of yars2 did not
change the thickness in layers of pigmented epithelium
(RPE), INL, IPL, and GCL, whereas the ONLs (containing
the rod and cone granules: photoreceptor cells) in yars2™'~
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larvae were reduced 20%, as compared with those in the
yars2*'* larvae.

We further examined the morphology of cones and rods by
immunolabeling with their specific markers, peanut agglutinin
lectin (PNA-488) for cone and rhodopsin (prototypical G-
protein-coupled receptor) for rods, respectively. As shown in
Figure 8B, the outer segments of cones (staining with PNA-
488) in the yars2™'~ larvae were much shorter than those in
the yars2*'* larvae (47). Moreover, the outer segments of rods
(staining with rhodopsin) in the yars2~/~ larvae were much less
than those in yars2*'* larvae, indicating that the loss of yars2
may affect the cone and rod developments (47). Furthermore,
drastic changes of the layer below the rods were observed in
the yars2™'~ larval, as compared with those in the yars2*'*
larval. However, there were no significant differences of
morphology of cones and rods between yars2*'~ and yars2*'*
larvae. These data implied that the yars2 deficiency led to the
defects of retina, especially for photoreceptor degeneration.

Mitochondrial defects in retina

Mitochondrial dysfunctions in retina were assessed by the
enzyme histochemistry (EHC) staining for SDH and COX in
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Figure 8. Retina defects in zebrafish. A, hematoxylin and eosin (HE) staining of retinas in the yars2*'*, yars2*~, and yars2™~ zebrafish at 5 dpf. GCL,
ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer; RPE, retinal pigment epithelium.
The angle brackets colored in red denoted the ONL. Scale bar, 50 um. Shorter outer segments in the cones and rods were indicated. B, cones and rods in the
retinal cross sections of yarsZ*/*, yarsZ*/’, and yars2™'~ zebrafish at 5 dpf, stained with lectin PNA-488 (green, yellow arrows) and 1D4/Rhodopsin (red, white

arrows) and DAPI (blue) staining for nuclei. Scale bar, 10 um.

the frozen sections of retina in the yars2™”", yars2"~, and
yars2"'" larvae at 5 dpf. As shown in Figure 9, A and B,
markedly reduced staining of COX but mildly decreased
staining of SDH were observed in yars2™", as compared with
those in the yars2*'* larvae. However, the activities of COX
and SDH in yars2™~ were much lower than those in yars2™".
These results indicated that the loss of yars2 caused the pro-
nounced deficiency of complex IV.

Mitochondrial defects in the retina of larvae at 5 dpf were
further evaluated by using transmission electron microscope.
Mitochondria were usually confined solely to the ellipsoid
region of photoreceptors in the zebrafish (48). As shown in
Figure 9, C and D, the photoreceptor cells and retinal ganglion
cells (RGC) in the yars2”'~ zebrafish displayed less numbers
and abnormal morphology of mitochondria, including
enlarged mitochondria and the partial loss of cristae, as
compared with those in the yars2"* larvae. As shown in
Figure 9, C and E, mitochondrial numbers of photoreceptor
cells in the yars2™'~ (n = 25) and yars2"'~ (n = 20) mutant
larvae were 52% and 92%, related to the mean values of
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yars2*'* larvae (n = 20), respectively. As shown in Figure 9, D
and F, mitochondrial numbers of RGC cells in the yars2™'~
(n = 25) and yars2+/ ~ (n = 24) zebrafish larvae were 77% and
108%, related to the average values of those in yars2™'* larvae
(n = 32), respectively.

Discussion

The impacts of YARS2 on the mitochondrial translation and
the stability of OXPHOS

YARS2, like other human mitochondrial tRNA synthetases,
has a central role in the aminoacylation of tRNA™" and
mitochondrial translation. In fact, human cytoplasmic
aminoacyl-tRNA synthetases have a number of noncanonical
functions, including transcriptional regulation, inflammation,
angiogenesis, apoptosis, and mitochondrial bioenergetics
(11-13, 49, 50). These aminoacyl-tRNA synthetases were
present in a free form or part of a high-molecular-weight
multisynthetase complex and three scaffold proteins (11,
51). However, the nontranslational functions of human
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Figure 9. Mitochondrial defects in the zebrafish retina. A and B, assessment of mitochondrial function in the retina by enzyme histochemistry (EHC)

staining for COX (A) and SDH (B) in the frozen sections of retina in the yarsz"/+

, yars2*~, and yars2™~ larvae at 5 dpf. Scale bar, 100 um. C and D, mito-

chondrial morphology from photoreceptors (PR) (C) and RGC (D) of transmission electron microscopy. Ultrathin sections were visualized with 25,000x
magnification. Scale bar, 1 um. e, ellipsoid; m, mitochondrion; n, nucleus; os, outer segment of photoreceptors. £ and F, quantification of mitochondrial
numbers of photoreceptors (E) from yars2** (n = 20), yars2*’~ (n = 20), and yars2™~ (n = 25) and RGC (F) from yars2*"* (n = 32), yars2*’~ (n = 24), and
yars2™~ (n = 25) zebrafish at 5dpf. Graph details and symbols are explained in the legend to Figure 2.

mitochondrial aminoacyl-tRNA synthetases remain poorly
understood. In the present investigation, we demonstrated that
the YARS2 deficiency caused the pleiotropic effects in the
HeLa mutant cells: impairment of mitochondrial translation
and instability of OXPHOS complexes. As expected, the pri-
mary defects in the YARS2 deficiencies were the aberrant
aminoacylation of tRNA™" and impaired synthesis of mtDNA-
encoding 13 OXPHOS subunits (24, 29, 31, 32). The reduced
levels among 13 mtDNA-encoding OXPHOS subunits in the
cells bearing the YARS2 mutations or deletions were correlated
with the tyrosine codon usages of polypeptides, especially
marked reductions in the ND1, ND4, ND5, ND6, CO1, and
CO2 with high contents of tyrosine codon (24, 29, 31, 32).
Strikingly, YARS2 mutant cells displayed various reductions in
nucleus-encoding OXPHOS subunits, NDUFS1, NDUEFS3,
NDUFA9, NDUFB8, SDHB, UQCRC1, UQCRC2, COX5A,
and COX16. The mitochondrial translational defects may
result in the imbalances between the increased levels of de
novo protein synthesis and decreased folding capacity for the
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mtDNA- and nucleus-encoded mitochondrial proteins (52,
53). It was worthwhile to note that YARS2 deficiency impaired
mitochondrial proteostasis, evidenced by the decreased levels
of Clpp and LONP1 in the YARS2XC cells. Furthermore, the
ablation of YARS2 could affect the association of YARS2 and
mRNA and regulate the translation of nucleus-encoding
OXPHOS subunits (54). Alternatively, YARS2 may interact
with NDUFS1, NDUFAO9 of complex I and CO2 of complex IV
to provide further stabilization of OXPHOS complexes (41, 55,
56). Notably, WARS2 deficiency abolished its interaction with
COX11 and led to noncanonical effects on mitochondrial
function (57). These deficiencies gave rise to the instability of
complexes L, I, III, IV, and V as well as intact supercomplexes
observed in YARS2”'~ cell lines. In fact, each OXPHOS com-
plex is a multisubunit machine integrated into the mitochon-
drial inner membrane, comprising mtDNA-encoded
subunit(s) and nuclear-encoded subunits, except complex II
(56). These mtDNA-encoded subunits appear to act as seeds
for building new complexes, which requires nuclear-encoded
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subunit import and assembly with the assistance of assembly
factors (55, 56). As a consequence, these defects yielded the
reduced activities of these respiratory chain enzyme com-
plexes. Strikingly, the variations in the average lower concen-
trations of OXPHOS (complexes I, II, III, IV, and V) proteins
in the YARS2® line showed a significant correlation with the
variations in the reduced activities in the respiratory chain
complexes (r = 0.98, p = 0.0034) (Fig. S6). Therefore, our data
demonstrated that YARS2 has profound impacts on the sta-
bility of OXPHOS complexes.

The critical role of YARS2 in the vision function

The retina is a part of the central nervous system and
shares the characteristically high metabolism of the brain
(58, 59). In particular, the photoreceptor cells and RGCs are
the biggest ATP demand cells in the retina (58, 60). In fact,
aberrant mitochondrial tRNA metabolism, caused by mu-
tations in mitochondrial tRNA or mitochondrial tRNA
synthetases, is associated with visual impairment as sole
phenotype or associated with other clinical presentations
(31, 61-65). Notably, defects in mt-aaRSs resulted in the
respiratory deficiency, deficient ATP synthesis, and subse-
quent failure of cellular energetic process (14, 15). In fact,
inhibition of wars2 resulted in trunk vessel deficiencies,
disordered endocardial-myocardial contact, and impaired
heart function in the zebrafish (57). In this study, it was
hypothesized that the mitochondrial dysfunctions caused by
YARS2 deficiency particularly ablated the function of retina
in zebrafish. These mitochondrial dysfunctions were evi-
denced by pronounced reduced activities of COX in the
retina, abnormal morphology, and reduced numbers of
mitochondria in the photoreceptor cells and RGCs of
yars2”'~ mutant zebrafish. Indeed, zebrafish at 5 dpf have
functional retina, composed of five layers (ONL, OPL, INL,
IPL, and GCL) (45, 46). These mitochondrial dysfunctions
caused by the deletion of yars2 led to the pathological
consequence of vision function. At 5 dpf, yars2™'~ mutant
larvae exhibited significant decreases in the average area
and length of eyes, indicating that the loss of Yars2 altered
the embryonic eye development. The vision deficiencies
were further evidenced by the fact that the yars2™~ mutant
zebrafish exhibited the reduced thickness of ONL contain-
ing the rod and cone granules: photoreceptor cells.
Furthermore, yars2™'~ larvae displayed shortened outer
segments of cones and rods, indicating that the loss of yars2
affected the development and functions of cones and rods.
Therefore, we demonstrated that the yars2 deficiency led to
the retinal defects, as in the case of tissue-specific effects in
the DARS2 and WARS2 mutations (52, 53).

In summary, our findings demonstrated that YARS2 has
the critical roles in the OXPHOS stability and vision
functions. Aside from its central function in the mito-
chondrial protein synthesis, YARS2 may regulate the
mitochondrial proteostasis and activity of OXPHOS com-
plexes via its potential interacting with NDUEFS],
NDUFA9, and CO2. The mitochondrial dysfunctions
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induced by the loss of Yars2 led to the alterations in the
eye development and retina defects in the zebrafish. Our
findings highlight the critical roles of mitochondrial
aminoacyl-tRNA synthetase in the stability and activity of
OXPHOS complex and their pathological consequences in
visual impairment.

Experimental procedures
Generation of YARS2*C Hela cell line and culture condition

The HeLa cell lines were grown in Dulbecco’s Modified
Eagle Medium (DMEM) (Life Technologies) (containing
4.5 mg of glucose, 0.11 mg pyruvate/ml, and 50 pg of uridine/
ml), supplemented with 5% FBS. Lymphoblastoid cell lines (I-
1) bearing the homozygous YARS2 p.191Gly>Val mutation
and control (A61) lacking these mutations were grown in the
RPMI 1640 medium (Invitrogen) supplemented with 10% fetal
bovine serum (32).

YARS2 %© HelLa cell lines were generated by utilizing the
Lenti CRISPR 458 plasmid (Addgene) containing the sgRNAs
(66). sgRNAs were designed using the CRISPR design tool
(http://crispr.mit.edu) to minimize potential off-target effects.
The sequences of sgRNAs that ultimately produced successful
deletion clones were 5’CAGGAAAAGGACCGCAAGAT3S.
HeLa cells were transfected with Lenti CRISPR 458 plasmid
(Addgene) containing the sgRNAs using jetPRIME (Polyplus-
transfection SA, Illkirch, France), according to the manufac-
turer’s instructions. After 24 h, the cell cultures in the same
media were treated with 1 pg/ml of puromycin for 3 days. The
cells were then collected and plated in DMEM (containing
4.5 mg of glucose, 0.11 mg pyruvate/ml, and 50 pg of uridine/
ml), supplemented with 10% FBS. Subsequently, cells were
cloned by limiting dilution, and individual clones were
isolated.

Fragments spanning five exons and flanking sequences in
each clone were PCR amplified, purified, and subsequently
analyzed by Sanger sequencing, as detailed previously (31).
These sequence results were compared with the YARS
genomic sequence (RefSeq NC_000012.12). The genotyping
for the YARS2'"P%°! mutation in each clones was PCR
amplified for 354 bp fragment spanning partial promoter re-
gion and exon 1 and followed by Sanger sequence analysis and
subsequently RFLP analysis by the digestion of BstNI. In fact,
the YARS2'#P%! mutation abolished the site of BstNI in this
fragment. The forward and reverse primers for this genotyping
analysis were 5-ACCTTCCCTAGGAGCTGTAAGTAG-3’
and 5AGATGACCCACATGAAGCGAGTC-3, respectively.

For the rescuing of YARS2X® cells, the full-length coding
region of YARS2 cDNA was obtained by RT-PCR amplification
using the high-fidelity Pfu DNA polymerase (Promega) and
total RNA isolated from HeLa cells as template, with primers
with EcoRI site: 5-GGAATTCCATGGCGGCGCCCAT-
3(nt.24-38) and BamHIl sitez CGGGATCCCGTCA-
CAACTGAAGCCATTTTATAA-3'(nt.1435-1457) (GenBank
accession no. NM_001040436.3) (67). The PCR products were
cloned by using the TA Cloning Kit (TAKARA) and
analyzed by Sanger sequencing and then subcloned into a
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pCDH-puro-cMyc Vector (Addgene plasmid 46970). The
YARS2XC HelLa cell lines were transfected with pCDH-puro-
cMyc Vector with YARS2 cDNA, pMD2.G (Addgene), and
psPAX2 (Addgene) plasmids in DMEM (10569-010) using
Lipofectamine 3000 (Life Technologies) (68, 69).

Mitochondrial tRNA analysis

Total RNAs were obtained from HeLa cell lines (~1.0 x
10® cells), as described previously (70). For tRNA amino-
acylation analysis, 10 ug of total RNAs was electrophoresed at
4 °C through an acid (pH 5.2) 10% polyacrylamide/8 M urea
gel to separate the charged and uncharged tRNA as detailed
elsewhere (71-73). The gels were electroblotted onto a
positively charged nylon membrane (Roche) for the hybridi-
zation analysis with oligodeoxynucleotide probes specific
tRNATY, tRNAMUYR) and tRNA™, as detailed elsewhere
(71-73).

Experimental fish and maintenance

AB wild-type strain and myocardium-specific transgenic Tg
(cmlc2: egfp) zebrafish (Danio rerio) were used for this inves-
tigation. The animal protocols used in this investigation were
approved by the Zhejiang University Institutional Animal Care
and Use Committee. All fishes were kept in recirculating water
at 28 °C and fed with commercial pellets at a daily ration of
0.7% of their body weight. Embryos were reared at 28.5 °C
according to standard protocols (74). Embryos were staged by
hours post fertilization (hpf) and days post fertilization (dpf)
(75).

Yars2-knockout zebrafish line generated by CRISPR/Cas9
system

The zCas9 expression plasmid pSP6-2sNLS-spCas9 was
linearized by Xba I and used as a template for Cas9 mRNA
in vitro synthesis with mMESSAGE mMACHINE mRNA
transcription synthesis kits (Ambion). The sequence of
sgRNAs was designed according to criteria as described pre-
viously (66, 76). The gRNA transcription plasmid was pT7-
gRNA. We used the CRISPR/Cas9 design tool (http://zifit.
partners.org) to select specific targets to minimize off-target
effects. The sequences of sgRNAs that ultimately produced
successful deletion clones were: 5GGACTCTTTCCCG-
GAGGTCGCGG3 (GenBank accession no.
NM_001143920.1). Cas9-encoding mRNA (300 ng/ul) and
gRNA (200 ng/ul) were coinjected into one-cell-stage wild-
type embryos. Injected embryos were incubated at 28.5 °C and
collected for making genomic DNA for genotyping at 50 hpf.
Genomic DNA of the 50 hpf injected embryo was used as
template to amply DNA segments carrying the partial exol
sequence in the yars2 carrying the 5 bp deletion at position
117 by using the following two primers: 5-:AAA-
CATCCGCCAAACCTCCC-3 (forward) and 5-AGGA-
GACCCCGGTTATGGAG-3 (reverse) (GenBank accession
no. NM_001143920.1). The genotyping for the yars2**’?%
mutation in each fish was PCR amplified for 170 bp fragment
in the partial exon 1 and followed by Sanger sequence analysis
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and subsequently PAGE analysis. The forward and reverse
primers for this genotyping analysis were described as above.

Western blotting analysis

Western blot analysis was performed on samples from the
human cell lines and zebrafish larvae at 5 dpf, as detailed
elsewhere (31, 32, 43). Fishes were sacrificed after anesthesia
and homogenized in RIPA reagent (Invitrogen) using a ho-
mogenizer. In total, 20 pg of proteins was electrophoresed
through 10% bis-Tris SDS-polyacrylamide gels and then
transferred to a polyvinyl difluoride membrane. The antibodies
used for this investigation were from Abcam [YARS2
(ab127542), ND6 (ab81212), NDUFBS (ab110242), TOM20
(ab56783), SDHB(ab14714), UQCRC?2 (ab14745), total human
OXPHOS antibody cocktail (ab110411)], Proteintech
[NDUFS1 (12444-1-AP), NDUFA9 (20312-1-AP), NDUFS3
(15066-1-AP), SDHA (14865-1-AP), CYTB (55090-1AP),
UQCRC1 (21705-1-AP), CO2 (55070-1-AP), COX17 (11464-
1-AP), COX16 (19425-1-AP), COX10 (10611-2-AP), COX5A
(11448-1-AP), ATP8 (26723-1-AP), ATP5C (10910-1-AP),
ATP5F1 (15999-1-AP) and Clpp (15698-1-AP)], LONP1
(15440-1-AP) and COX4 (diagbio, db15), GAPDH (Hangzhou
Goodhere Biotechnology Co, Ltd, AB-M-M 001), Anti-HA
antibody (Rakland, 600-401-334), and Flag-tagged mono-
clonal antibody (GNI, GNI4110)]. Peroxidase Affini Pure goat
anti-mouse IgG and goat anti-rabbit IgG (Jackson) were used
as a secondary antibody. Quantification of density in each band
was performed as detailed previously (31).

Immunoprecipitation analysis

The pcDNA3.1-FLAG and pcDNA3.1-HA constructs were
gifts from Dr E. Wang (Chinese Academy of Sciences). The
human YARS2 cDNAs were cloned into the pcDNA3.1-FLAG
and pcDNA3.1-HA vector. The human NDUFA9 ¢cDNA was
amplified with primers: 5- GG AATTC-
CATGGCGGCTGCCGCA-3 (forward) and 5- GGCGA-
TATCGCCAAATG TTGACGGTCTTGGCCG-3’ (reverse)
and cloned into the pcDNA3.1-FLAG vector. HeLa cells were
transfected with constructs using jetPRIME (Polyplus -trans-
fection SA). After transfection for 24 h, the cells were
collected, washed by phosphate-buffered saline (PBS), and
lysed with 1 ml of ice-cold lysis buffer [50 mM Tris-HCl (pH
7.5), 150 mM NacCl, 0.5% (w/v) sodium deoxycholate, 1%(v/v)
NP-40] supplemented with a protease inhibitor cock-
tail(B14001, Selleck) for 15 min on ice. The whole-cell lysates
were collected by centrifugation at 12,000¢ for 30 min at 4 °C
and incubated with anti-FLAG tag monoclonal antibody
(GNI4110, GNI) or CO2, or NDUFS1 overnight at 4 °C. The
Protein A-Agarose beads (Roche) were washed four times with
1 ml of cold PBS buffer (pH 7.4). The beads-bound proteins
were eluted and denatured with an SDS loading buffer and
subjected to SDS-PAGE and western blot analyses (77, 78).

Blue native electrophoresis analysis

Blue native gel electrophoresis was performed by isolating
mitochondrial proteins from various cell lines, as detailed
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previously (35, 36). Samples containing 30 pg of mitochondrial
proteins were separated on 3 to 11% Bis-Tris Native PAGE gel.
The primary antibodies applied for this experiment were total
human OXPHOS antibody cocktail and TOM20 as a loading
control. Alkaline phosphatase labeled goat anti-mouse IgG and
goat anti-rabbit IgG (Beyotime) were used as secondary anti-
bodies and protein signals were detected using BCIP/NBT
alkaline phosphatase color development kit (Beyotime).

Assays of activities of OXPHOS complexes

For evaluating the activity of complexes I, II, and IV in gel,
30 pg of freshly prepared mitochondrial proteins from various
cell lines was loaded on 3 to 11% Bis-Tris Native PAGE gel,
run at 150 V in dark blue cathode buffer for 1 h, and then at
250 V in light cathode buffer for 2 h. The native gels were
prewashed in cold water and then incubated with the substrate
of with the fresh substrates of complex I [0.1 mg/m]l NADH,
2.5 mg/ml Nitrotetrazolium Blue chloride (NTB), 2 mM Tris-
HCl, pH 7.4], complex II (20 mM sodium succinate, 2.5 mg/ml
NTB, 0.2 mM phenazine methosulfate, 5 mM Tris-HCI, pH
7.4), and complex IV [0.5 mg/ml diaminobenzidine (DAB),
1 mg/ml cytochrome ¢, 45 mM phosphate buffer, pH 7.4] for
2 h at room temperature, respectively. The gel was washed
with 50% methanolthree times (36—38).

EHC staining for SDH and COX in the frozen sections from
yars2"", yars2”~, and WT zebrafish larvae at 5 dpf was per-
formed as detailed elsewhere (44, 78). Briefly, freshly dissected
retina tissues were embedded in OCT compound (Tissue-
Tek), frozen on dry ice, and sectioned to 8 pum. For SDH
staining, samples were incubated in 0.1 M phosphate buffer,
pH 7.6, containing 5 mM EDTA, 1 mM potassium cyanide,
0.2 mM phenazine methosulfate, 50 mM succinic acid, 1.5 mM
nitro blue tetrazolium at 37 °C for 25 min. For COX staining,
samples were incubated in 5 mM phosphate buffer, pH 7.6,
containing 5 mM EDTA, 1 mM potassium cyanide, 0.2 mM
phenazine methosulfate, 50 mM succinic acid, 1.5 mM nitro
blue tetrazolium at 37 °C for 60 min.

Hematoxylin and eosin (H&E) staining

For H&E staining, zebrafish larvae at 5 dpf were anes-
thetized and fixed in 4% paraformaldehyde with 0.1 M phos-
phate buffer (PFA) for 24 h at room temperature. Retinal
sections were then dehydrated, infiltrated, embedded in
paraffin, sliced 3 pm thick by pathologic microtome (RM2016,
Leica), and finally stained with H&E (Thermo) to observe
tissue architectures (78—-80).

Immunohistochemistry

Zebrafish larvae at 5 dpf were fixed with 4% PFA and per-
meabilized with 0.01% Triton X-100. Retinal sections were
cryoprotected in 8 uM and dried onto frost-free slides at 37 °C
overnight, and next blocked (1% BSA, 5% normal goat serum,
0.2% Triton-X-100, 0.1% Tween-20 in 1X PBS) in a humidified
chamber for 2 h. Cones and rods OS were labeled respectively
with anti-1D4/Rhodopsin  (1:250, Abcam ab5417) and
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anti-lectin PNA-488 (1:2000, Molecular Probes 1.21409) anti-
bodies overnight at 4 °C.

Transmission electron microscopy

The ultrastructure of zebrafish retina at 5 dpf was observed
using transmission electron microscopy (47). Retina tissues
were fixed in 2.5% glutaraldehyde, embedded in Epon 812, and
cut into 100-nm-thick slices using UC7 ultramicrotome
(Leica), then stained with 2% uranyl acetate and alkaline lead
citrate. Finally, the images of retina ultrastructure were
captured by a Hitachi-7650 transmission electron microscope
(Hitachi).

Statistical analysis

All statistical analysis was performed using the unpaired,
two-tailed Student’s ¢-test contained in the Graphpad prism 8
program (Graphpad software) and Microsoft-Excel program
(version 2016). A p value <0.05 was considered statistically
significant.

Data availability

Representative experiments are shown in the figures and
supplemental materials. For any additional information, please
contact the corresponding author.
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