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ABSTRACT

Mitochondrial translation is of high significance for
cellular energy homeostasis. Aminoacyl-tRNA syn-
thetases (aaRSs) are crucial translational compo-
nents. Mitochondrial aaRS variants cause various
human diseases. However, the pathogenesis of the
vast majority of these diseases remains unknown.
Here, we identified two novel SARS2 (encoding mito-
chondrial seryl-tRNA synthetase) variants that cause
a multisystem disorder. ¢.654—14T > A mutation in-
duced mRNA mis-splicing, generating a peptide in-
sertion in the active site; ¢.1519dupC swapped a
critical tRNA-binding motif in the C-terminus due
to stop codon readthrough. Both mutants exhib-
ited severely diminished tRNA binding and aminoa-
cylation capacities. A marked reduction in mito-
chondrial tRNAS®"(AGY) was observed due to RNA
degradation in patient-derived induced pluripotent
stem cells (iPSCs), causing impaired translation and
comprehensive mitochondrial function deficiencies.
These impairments were efficiently rescued by wild-
type SARS2 overexpression. Either mutation caused
early embryonic fatality in mice. Heterozygous mice
displayed reduced muscle tissue-specific levels of
tRNAS®'s. Our findings elucidated the biochemical
and cellular consequences of impaired translation
mediated by SARS2, suggesting that reduced abun-

dance of tRNASe"(AGY) is a key determinant for de-
velopment of SARS2-related diseases.
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INTRODUCTION

Mitochondria provide ATP to cells via oxidative phospho-
rylation (OXPHOS). Mitochondria are dynamic organelles
that undergo constant fusion and fission (1,2); they are also
the main source of ROS (3). Several quality control mech-
anisms, including mitochondrial autophagy (mitophagy)
(4,5), ensure functional mitochondria in cells.
Mitochondrial translation is pivotal for proper mito-
chondrial and cellular function by generating 13 essen-
tial subunits for respiratory chain complexes, while other
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subunits are encoded by nuclear DNA (nDNA) (6-8).
Aminoacyl-tRNA synthetases (aaRSs), divided into two
classes (9), charge tRNAs with cognate amino acids to gen-
erate aminoacyl-tRNAs for mRNA translation (10). tRNA
charging is performed via two reactions for most aaRSs:
amino acid activation and aminoacylation (10,11).

Two sets of nDNA-encoded aaRSs are required to meet
cytoplasmic and mitochondrial translation in human cells
(12,13). Mutations in aaRS genes cause many tissue-specific
human diseases, primarily affecting the central and periph-
eral nervous system, heart and muscle (12,14-17). The com-
prehensive effect of most mitochondrial aaRS (mito-aaRS)
mutations on protein architecture, protein function, mito-
chondrial translation, and mitochondrial function remains
poorly understood. Elucidation of etiology of individual
aaRS disease—causing mutation is pivotal for patient diag-
nosis, treatment and prognosis.

SARS2 encodes class II mitochondrial seryl-
tRNA synthetase (SerRS) (18), which aminoacylates
two tRNAs, human mitochondrial tRNAS(AGY)
(hmtRNAS(AGY)) and hmtRNAS"'(UCN) (Figure 1A).
hmtRNAS(AGY) is a highly unique tRNA in humans,
lacking D-stem and D-loop structures; hmtRNAS"(UCN)
maintains canonical tRNA domains (6,18-20). Several
mutations in SARS2, including c.1169A > G (p.D390G),
c.667G > A (p.V223M), c.1031G > A (p.R344Q),
c.1205G > A (p.R402H), c.1347G > A (causing mRNA
mis-splicing), and ¢.1343A > T (p.H448L), have been as-
sociated with conditions such as HUPRA (hyperuricemia,
pulmonary hypertension, renal failure, and alkalosis)
syndrome (OMIM #613845) or progressive spastic paresis
(21-26). These studies reinforce that SARS?2 is highly asso-
ciated with human diseases; however, detailed information
regarding pathogenesis of S4RS2-related diseases remains
elusive.

In this study, we examined a Chinese family with multi-
system SA4 RS2-related disorders, with both overlapping and
distinct phenotypes of HUPR A syndrome and spastic pare-
sis, and investigated the biochemical and cellular pathogen-
esis. Selective degradation of hmtRNAS(AGY) stood out
as a primary and key determinant in inducing profound cel-
lular deficiencies. We suggest that hmtRNAS"(AGY) is par-
ticularly susceptible to RNA degradation if uncharged or
unprotected by SARS?2, likely because of its unstable struc-
ture. Our data provide a valuable basis for the onset, devel-
opment, and diagnosis of S4RS2-related diseases.

MATERIALS AND METHODS
Whole exome sequencing (WES) and variant verification

Genomic DNA was extracted from peripheral blood leuko-
cytes using a Gentra Puregene Blood Kit (Qiagen, Hilden,
Germany). DNA samples (3 ng of patient DNA) were sub-
jected to WES using a SureSelect XT Human All Exon V6
reagent kit (Agilent Technologies, Santa Clara, CA, USA).
The original sequencing data were assessed using FastQC
(version0.11.2) for quality control. Sequence reads were
aligned to the reference human genome (GRCh37/hgl9)
using NextGENe (SoftGenetics, StateCollege, PA, USA).
All single-nucleotide variants and indels were saved in VCF

format and uploaded to the Translational Genomics Ex-
pert platform (Flash Interpretation Biological Technology
Company, Shanghai, China) for annotation, analysis, and
prioritization (27). Variations in SARS2 detected by WES
were further verified in the pedigree by PCR amplification
and Sanger sequencing.

Generation and identification of induced pluripotent stem
cells (iPSCs)

Nucleofection and generation of iPSCs were performed
with peripheral blood mononuclear cells (PBMCs) as previ-
ously described (28). Briefly, pEV SFFV-OCT4-E2A-SOX?2
(0S), pEV SFFV-MYC-E2A-KLF4 (MK) and pEV SFFV-
BCL-XL (Bcl-XL) episomal vectors were mixed and trans-
ferred to the cell pellet (1 x 10° cells). After nucleofec-
tion, the cells were transferred to a culture plate pre-
seeded with feeder cells. The cells were cultured in repro-
gramming medium composed of knockout DMEM/F12
medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 10% KnockOut™ Serum Replacement (Invitrogen),
1% L-glutamine (Invitrogen), 2 mM nonessential amino
acids (Invitrogen), 1% penicillin/streptomycin (Invitrogen),
1% 2-mercaptoethanol (Invitrogen), and 20 ng/ml FGF2
(PeproTech, Cranbury, NJ, USA) for 7 days. The cells were
then cultured in PSCeasy medium (Cellapy, Beijing, China)
until iPSCs were generated. The iPSCs were characterized
by karyotyping, analysis of the expression of embryonic
stem cell markers, teratoma formation, and SARS2 se-
quencing.

Cell culture

PBMC:s collected by Ficoll-Paque density gradient centrifu-
gation were expanded for 6-10 days in serum-free erythroid
culture medium (ECM) as described previously (28). Hu-
man iPSCs were cultured on Matrigel-coated plates (BD
Biosciences, San Diego, CA, USA) in PSCeasy medium
(Cellapy), which was changed daily. The iPSCs were pas-
saged with EDTA (5 x 10~* M) when reaching 60% con-
fluence. Human embryonic kidney 239T (HEK293T) cells
were obtained from the American Type Culture Collection
(Manassas, VA, USA) and maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10%
(v/v) fetal bovine serum (FBS) in a humidified atmosphere
of 5% CO, atmosphere at 37°C.

Mitochondrial respiratory complex (MRC) activity

Mitochondria were isolated from iPSCs as previously de-
scribed (29). A Bradford Protein Assay Kit (Beyotime,
Shanghai, China) was used to quantify the mitochondrial
samples. The activity of the MRC complexes was assessed
by colorimetry using commercial kits (Abbkine, Wuhan,
China) with a SynergyNEO Multi-Mode Reader (BioTek,
Winooski, VT, USA) following manufacturer instructions.

Pulse-chase experiments

Pulse-chase experiments were conducted as previously de-
scribed (30). For pulse labeling, iPSCs were pre-incubated
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Figure 1. Two SARS2 mutations identified in a Chinese pedigree with a multisystem disorder. (A) Secondary structures of human mitochondrial tRNAS's,
(B) Pedigree of the Chinese family. Half-solid symbols represent individuals carrying heterozygous S4 RS2 mutations. Solid symbols represent the affected
individual. The slash-through symbol represents a deceased individual. The proband is indicated by the arrow. (C) Cerebral MRI results of the patient
showing normal findings at 19 months, diffuse edema at 3.5 years, and atrophy at 4.5 years of age. (D) DNA sequence identifying c.654-14T > A and
¢.1519dupC mutations in SARS2. (E) Scheme showing the impact of the ¢.654-14T > A and ¢.1519dupC mutations on SARS?2 transcription. (F) Primary
sequence alignment showing the impact of ¢.654-14T > A and ¢.1519dupC mutations on the SARS2 amino acid sequence. Hs cyto, human SARSI; Sc,
Saccharomyces cerevisiae cytoplasmic ThrRS; other sequences represent SARS?2 from various species (Hs, Homo sapiens; Bt, Bos taurus; Gg, Gallus gallus;
Pt, Pan troglodytes; Mm, Mus musculus; Ss, Sus scrofa; Rn, Rattus norvegicus). (G) Ectopic expression of wild-type and mutant SARS2 in HEK293T
cells. The band intensities were measured and normalized to those of GAPDH (lower panel). (H) HEK293T cells were treated with CHX at the indicated
time points. Western blot was performed on cell extracts using anti-Myc and anti-GAPDH antibodies. The band intensity was measured, normalized to
GAPDH, and plotted as a percentage of the initial band intensity (right panel). (I) Detection of dimerization of wild-type and mutant SARS2 by Co-IP
analysis. The red arrow indicates decreased homodimerization of Ins12-FLAG/Ins12-Myc. The coprecipitated FLAG-tagged proteins were measured and
normalized to enriched Myc-tagged proteins (WT/WT dimer was defined as 1). (J) Tm values of purified mature SARS2 and mutants determined by
TSA. Results in (G), (H) and (I) represent mean + SD (n = 3-4), and P values were determined by unpaired two-tailed z-tests. **P < 0.01, ***P < 0.001,

***% P < (0.0001, ns: not significant.
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in methionine- and cysteine-free medium and treated with
100 pwg/mL emetine to block nDNA translation. The iP-
SCs were then incubated in 200 u.Ci/ml PRO-MIX ([¥S]-
methionine and [*°S]-cysteine, PerkinElmer, Waltham, MA,
US) to label the mitochondrial translation products. For
chase labeling, 40 pg/ml chloramphenicol was added to the
cell culture in advance. The labeling was carried out as de-
scribed in the pulse labeling section, except that 100 pg/ml
cycloheximide (CHX) was substituted for emetine. After la-
beling for 2 h, iPSCs were cultured in PSCeasy medium
for 18 h (Chase). Protein samples were separated on 12—
20% gradient SDS-polyacrylamide gels. Radioactive signals
were detected by phosphor screens using the FLA-9000 flu-
orescent and radioisotope science imaging systems (Fijifilm,
Tokyo, Japan) and quantified using ImageQuant v5.0 soft-
ware (GE Healthcare, Chicago, IL, USA).

In vitro transcription of hmtRNAS"(AGY) and

hmtRNAS (UCN)

The T7 promoter sequence and the hmtRNAST(AGY)
and hmtRNAS(UCN) genes were directly synthesized and
cloned into the pTrc99b vector. The pTrc99b recombinant
vector was used to amplify transcription template by PCR.
tRNAs were transcribed as described previously (31). The
obtained hmtRNAS" (AGY) and hmtRNASe" (UCN) were
incubated at 8§5°C for 10 min, and then naturally cooled to
room temperature. Biotin-labelled tRNAs were obtained as
described previously (32).

Gene expression and protein purification

A construct expressing the full-length mature form of
SARS?2 with a C-terminal Hisg-tag was developed accord-
ing to a previous report (33). Constructs expressing Ins12
and dupC were generated using mutagenesis kits (TOY-
OBO, Osaka, Japan). Escherichia coli BL21-Codon Plus
(DE3)-RIL cells were transfected with plasmids encoding
wild-type and mutant human SARS2. A single clone was
selected and cultured in Luria Broth at 37°C. When the cells
reached the mid-log phase (OD value 0.6-0.8), isopropyl 3-
D-thiogalactoside was added at a final concentration of 100
wM to induce expression at 18°C for ~16 h. Cells were col-
lected by centrifugation at 5000 rpm and 4°C. Protein pu-
rification was performed as described previously (34). For
crystallization purpose, the coding sequence of N-terminal
Met!-Val'®-truncated SARS2 (WT or Ins12) was inserted
in a pET28a vector which expressed a Hisg-tag at the N-
terminal end of the SARS2 protein. The truncated proteins
were initially purified using NTA affinity chromatography
(Qiagen) and then further purified with an ion-exchange
column (Cytiva, Uppsala, Sweden), followed by gel filtra-
tion using a Superdex 200 column (GE Healthcare) equili-
brated with 20 mM Tris-HCl (pH 8.0), 150 mM NacCl, and
5 mM 2-mercaptoethanol. The peak fractions were concen-
trated for crystallization. All purification steps were per-
formed at 4°C.

Structure determination

Crystal diffraction data were obtained from the National
Facility for Protein Science in Shanghai at the Shanghai

Synchrotron Radiation Facility. The dataset was processed
using the HK1.2000 program (35). The structures were de-
termined by molecular replacement using Molrep (36). The
bovine SARS?2 structure (PDB No. IWLE) was used as the
search model. Iterative model building and refinement were
performed using Coot (37) and Phenix (38). The data col-
lection and refinement statistics were presented in Supple-
mentary Table S2.

Study approval

The study was approved by the ethics committee of the
Shanghai Children’s Medical Center (Shanghai, China). In-
formed consent was obtained from the parents of the child
included in this study. All procedures involving animals
were reviewed and approved by the Institutional Animal
Care and Use Committee of Shanghai Children’s Medical
Center.

Further information about the methodology is included
in Supplemental Information.

RESULTS
Clinical presentation

The patient was a female aged 8.5 years, born to a noncon-
sanguineous Chinese couple (Figure 1B). A series of clinical
phenotypes began to emerge in her first year of life, includ-
ing brain atrophy observed by cerebral magnetic resonance
imaging (MRI) at 4.5 years of age (Figure 1C). Detailed
clinical manifestations were presented in the ‘Clinical man-
ifestation’ subsection of the Supplemental Information.

Compound heterozygous SA RS2 mutations were identified

To identify the causal gene, we performed WES and identi-
fied sixteen candidate single nucleotide variants in 14 genes
(Supplementary Table S1). Among these, SARS2 was rec-
ognized as the most likely causal gene because of its func-
tional and clinical relevance. Two heterozygous variants of
SARS2, (NM_017827.4) ¢.654-14T > A and c.1519dupC
(p.R507Pfs*41), were detected in the patient. Sanger se-
quencing of family members revealed that c.654-14T > A
and ¢.1519dupC were paternally and maternally inherited,
respectively (Figure 1B, D). The SARS2 variants (c.654—
14T > A and ¢.1519dupC) had not been previously reported
in public databases, such as the Human Genome Muta-
tion Database (http://www.hgmd.cf.ac.uk), ClinVar (https:
/Iwww.ncbi.nlm.nih.gov/clinvar), or the Genome Aggrega-
tion Database (gnomAD, http://gnomad-sg.org/), and were
also absent from our local database (for individuals of the
same ethnicity).

The two mutations caused mRNA mis-splicing and
frameshifting

The c.654-14T > A variant was located at the 3’ end of in-
tron 6 (Figure 1E). This paternal variant may potentially
cause mRNA mis-splicing due to the presence of a 3’ splice
site, AG, after mutation. Analyses of cDNA from peripheral
leukocytes showed that wild-type mRNA accounted for ap-
proximately 60% of paternal RNA (Figure 1E). Consider-
ing the wild-type SARS?2 allele in paternal cells, it suggested
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that the allele with the ¢.654-14T > A mutation still gener-
ated ~10% normal transcripts. In addition, 36.5% mRNA
(SV1) contained a 12-bp intron retention, showing that the
mutation indeed led to mRNA mis-splicing (Figure 1E).
We also detected two other mRNA isoforms, one derived
from the activation of an upstream 3’ splice site in intron
6 causing a 39-bp intron retention (SV2), and the other
causing 12-bp intron retention and a 39-bp truncation in-
volving partial exons 7 and 8 (c.757-¢.795) (SV3) (Figure
1E). SV2 and SV3 only accounted for the 4% of total mR-
NAs (Figure 1E). Aberrant S4 RS2 transcripts were not de-
tected in a healthy control sample. Therefore, the ¢.654—
14T > A variant caused aberrant mRNA splicing, and SV1
was further investigated because of its overwhelming abun-
dance. Translation of SV1 resulted in the SARS2 K218R
mutation plus an insertion of four amino acids (NLSP) be-
tween positions Q217 and R218 (Figure 1F, Supplementary
Figure S1A). The SVI-encoded mutant was named Ins12.
Class IT SARS2 has three class-defining motifs in its active
site (9,39) (Figure 1F, Supplementary Figure S1A). In the
bovine SARS2 structure with serine adenylate (Ser-AMS)
(PDB No. 1WLE) (19), a highly flexible loop in motif 1T
(designated loop A), ranging from 329YRAETDTGKEP-
WGLYRVH346, extensively interacts with the adenosine
moiety (Supplementary Figure S1A). Of note, a glycine at
the tip of this loop, G341, uses its main chains to inter-
act with side chain of Q217, which is in a spatially oppo-
site loop (ranging from 217QKRLSHVSGHRSY?229, des-
ignated loop B) (Figure 1F, Supplementary Figure S1A). In
the Ins12 mutant, a four-amino acid peptide (NLSP) was
inserted between Q217 and R218 (Figure 1F, Supplemen-
tary Figure S1A), likely causing loss of Q217-G341 inter-
action. The maternal SARS?2 ¢.1519dupC mutation led to
a frameshifting and stop codon readthrough, replacing of
the last 12 residues with an extended peptide of 40 amino
acids (Figure 1E, F). The c.1519dupC-encoded mutant was
named dupC.

Structural determination suggested Ins12 and dupC exhibited
defects in dimerization and tRNA binding

To understand the potential effects of mutations on the
structure, we crystallized the N-terminal Met!-Val'8-
truncated SARS2 and Insl2 (Supplementary Table S2).
Full-length proteins could not be crystallized, nor could
full-length or truncated dupC. In wild-type and Ins12 crys-
tal structures, the electron densities of a few regions, in-
cluding 218-227, 263-301, 331-340 and 495-518 residues,
were untraceable (Supplementary Figure S1B). Where the
crystal structures were defined, Ins12 showed a very similar
structure to the wild-type, with a root-mean-square devia-
tion (RMSD) as low as 0.177 A (over 209 Ca atoms). In
addition, both wild-type and Ins12 showed high similarity
to the bovine SARS2 structure (PDB No. IWLE) (19), with
RMSD values of 0.442 A (over 203 Ca atoms) and 0.383 A
(over 198 Ca atoms), respectively (Supplementary Figure
S1B). These results indicate that the Ins12 mutation altered
the local, rather than global, structure of SARS2.

Because the Ins12 mutation occurs in loop B, which lacks
electron density, we could not directly compare it with the
wild-type protein from the determined structures. There-
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fore, we developed structural models of SARS2, Ins12, and
dupC using AlphaFold (40,41). The calculated models of
wild-type and Ins12 fit very well onto the determined crys-
tal structures, with RMSD values of 0.470 A (over 200
Ca atoms) and 0.421 A (over 210 Ca atoms) (Supplemen-
tary Figure S1C, D), respectively, indicating high confidence
of the models. The AlphaFold-calculated structures reveals
that the Ins12 mutation is located at the dimer interface. The
peptide insertion enlarged the original loop B and may in-
troduce an extra steric hindrance for SARS2 dimerization
(Supplementary Figure S1E). In addition, loop A is located
on the opposite side of the mutation site and is essential for
ATP binding (Supplementary Figure S1E). To further study
the effect of the Ins12 mutation on tRNA binding, we super-
imposed AlphaFold models onto the Thermus thermophilus
SerRS-tRNA structure (PDB No. ISER) (39). In wild-type
SARS2, K218 was close to the tRNA base 67. The substi-
tution of K218 with the extended loop ‘NLSPR’ may cause
a clash with tRNA at bases 67 and 68 (Supplementary Fig-
ure S1F). Therefore, the Ins12 mutation may have affected
dimerization and substrate-binding.

Similarly, we superimposed the dupC model onto the
SARS2 dimer model and 7. thermophilus SerRS-tRNA
structure (PDB No. ISER) (39) (Supplementary Figure
S1G). The region with replacement and extension of the C-
terminus in dupC was predicted to be a long loop, likely os-
cillating over a large space in solution and potentially inter-
fering with SARS2 dimerization and tRNA binding (Sup-
plementary Figure S1G).

Ins12 was defective in homodimerization

We ectopically expressed genes encoding C-terminal Myc-
tagged SARS2 (SARS2-Myc), Ins12 (Insl2-Myc) and
dupC (dupC-Myc) in HEK293T cells. The steady-state pro-
tein abundance of both Ins12-Myc and dupC-Myc was sig-
nificantly lower than that of wild-type SARS2-Myc (Fig-
ure 1G). No obvious protein aggregates were observed for
Ins12-Myc or dupC-Mye, indicating their relatively stable
structures in vivo. Moreover, the CHX chase assay revealed
that the in vivo stability of both mutants was comparable
with that of SARS?2, suggesting that decreased amounts of
Ins12-Myc and dupC-Myc were not attributable to acceler-
ated protein degradation (Figure 1H). Immunofluorescence
analysis using anti-Myc suggesting that the two mutations
did not influence proper cellular localization (Supplemen-
tary Figure S2).

Dimerization of class II SARS2 is required for tRNA
aminoacylation (9,10). The capacity of Ins12 and dupC to
form homodimers or heterodimers in vivo was also deter-
mined. Three proteins, dupC, Ins12, and wild-type SARS2
(encoded by the paternal ¢.654-14T > A allele), co-existed
in the patient cells. Genes encoding C-terminal FLAG-
tagged SARS2 (SARS2-FLAG), Ins12 (Ins12-FLAG), or
dupC (dupC-FLAG) were co-expressed with genes encod-
ing SARS2-Myc, Ins12-Myc, or dupC-Myc in HEK293T
cells. Co-immunoprecipitation (Co-IP) analysis clearly
showed that homo- or heterodimerization between SARS2-
FLAG/dupC-Myc, SARS2-FLAG/Ins12-Myc, and dupC-
FLAG/Ins12-Myc was not obviously impaired while ho-
modimerization between dupC-FLAG/dupC-Myc was in
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Table 1. Binding affinities of SARS2, Ins12 and dupC for hmtRNAS"(AGY) and hmtRNAST(UCN)

enzyme tRNA Kp (M) kon*10% (WM~ 1s~1) kor 104 (s71) Fold/SARS2
SARS2 hmtRNAST(AGY) 0.03 £ 0.01 2.55 + 0.03 7.77 £ 0.08 1
Ins12 0.11 & 0.01 0.82 + 0.01 8.79 + 0.05 ~3.7
dupC 0.33 + 0.03 0.16 + 0.01 5.29 + 0.04 11
SARS2 hmtRNASe"(UCN) 0.08 + 0.01 1.22 + 0.01 9.43 + 0.04 1
Insl12 0.08 + 0.01 1.08 + 0.01 8.69 + 0.05 1
dupC 0.28 + 0.02 0.22 + 0.01 6.17 £ 0.04 3.5

Mean + SD, n = 6.

Table 2. Kinetics of SARS2, Ins12 and dupC for Ser and ATP in ATP-PPi exchange reaction

Enzyme Substrate K [MM (Ser), uM (ATP)] keat 371 keat/ Km (WM~ Tmin—1) Relative keat/ K (%)
SARS2 Ser 240 + 0.04 2.11 + 0.03 0.88 100

Ins12 1.66 + 0.03 0.98 + 0.02 0.59 67

dupC 1.28 + 0.08 1.88 + 0.07 1.47 167

SARS2 ATP 112.83 + 10.54 1.87 + 0.05 16.57 100

Ins12 64.69 + 4.48 0.91 + 0.01 14.07 84.9

dupC 61.37 £ 2.20 1.50 + 0.03 24.44 147.5

Mean + SD, n = 3.

fact even higher; however, homodimerization of Insl2-
FLAG/Ins12-Myc was significantly decreased (Figure
1I). This observation was consistent with the results of
AlphaFold-based Ins12 model (Supplementary Figure S1E)
and the fact that loop B directly mediates dimer formation
(19).

We have successfully purified mature SARS2 from E. coli
(32,33). We obtained mature forms of wild-type, Ins12, and
dupC, and then performed thermal shift assays (TSA) to
determine the stability of purified proteins in vitro (42). The
apparent melting temperature (Tm) value of dupC (54.0°C)
was comparable with that of SARS2 (54.2°C); however, that
of Ins12 (52.1°C) was lower, suggesting a more relaxed con-
formation in solution (Figure 1J).

The above data showed that the two mutants displayed
a decreased steady-state abundance when overexpressed,
without impairment of in vivo stability or mitochondrial
localization. Furthermore, homodimerization of Ins12 was
impaired, implying a reduction in tRNA aminoacylation.

SARS2 mutants exhibited weakened tRNA binding capaci-
ties and abolished or impaired tRNA charging activities at
the aminoacylation level

We determined the tRNA-binding affinity of SARS2 and
the two mutants by measuring Kp values. Insl2 and
SARS2 exhibited the same Kp value (0.08 wM) for
hmtRNAS(UCN); however, that of dupC was evidently
elevated (0.28 wM) (Table 1). For tRNA>(AGY), the Kp
value of Insl2 increased approximately 3.7-fold, and that
of dupC increased approximately 11-fold. These data sug-
gest that Ins12 exhibited an impaired tRINA binding affinity
for tRNAS(AGY), whereas dupC displayed dramatically
impaired binding for both tRNAs, highlighting the crucial
role of the C-terminus in tRNA binding (19). Alteration in
Kp values was mainly derived from k,, constants. Further-
more, the different effects of Ins12 on binding between the
two tRINAs suggested that their acceptor ends were differ-
ently accommodated into the active site.

SARS? activates Ser and transfers it to tRNAS"s. Amino
acid activation kinetics in ATP-PPi exchange reactions (Ta-
ble 2) showed that both mutants exhibited simultaneous
decreases in K, and k¢ values for ATP and Ser, sug-
gesting that local structural rearrangement altered ATP
and Ser binding. The resultant catalytic efficiency (kcu/
Ky) of dupC for both substrates was not negatively im-
paired; however, that of Insl12 was slightly decreased. The
aminoacylation kinetics (Table 3) showed that those of
Ins12 for both hmtRNAS"(AGY) and hmtRNAS(UCN)
were too low to be determined accurately. Meanwhile,
For hmtRNAS"(AGY), dupC exhibited a nearly 6-fold in-
crease in K, and 3-fold decrease in k., leading to only
~5% activity when compared with that of SARS2. For
hmtRNAS(UCN), the catalytic efficiency of dupC de-
creased by ~60% due to an increase in K, and a decrease in
keat, although the changes were less pronounced than those
for hmtRNAS(AGY).

Together, these data showed that both Ins12 and dupC,
particularly the latter, exhibited impaired tRNA binding ca-
pacities. In addition, both mutants displayed abolished or
impaired tRNA aminoacylation activity in vitro.

A significant decrease in hmtRNAS"(AGY) due to selective
degradation impaired mitochondrial mnRINA translation in pa-
tient cells

To understand whether these two mutations could affect mi-
tochondrial translation in vivo, we constructed four lines of
iPSCs (Supplementary Figure S3) using peripheral blood
samples from the patient, her parents, and a healthy con-
trol (28).

We raised an antibody against SARS2 using purified
SARS? as the antigen. The steady-state level of SARS2 was
detected, showing that dupC, with its large molecular mass,
could be readily detected in both patient and maternal sam-
ples in comparable levels. The abundance of Ins12 and/or
SARS?2 (indistinguishable in size) was dramatically reduced
in patient cells when compared with SARS2 from other
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Enzyme tRNA Km (WM) ket (min~1) keat/Km (@M~ min—1) Relative kear/Kim (Vo)
SARS?2 hmtRNAS"(AGY) 1.03 + 0.07 1.71 £ 0.06 1.66 100

Ins12 ND ND

dupC 576 + 1.12 0.51 + 0.04 0.09 5.4
SARS2 hmtRNAST(UCN) 0.82 + 0.27 0.87 + 0.04 1.06 100

Ins12 ND ND

dupC 1.27 £ 0.37 0.53 £ 0.10 0.42 39.6

ND, not accurately determined due to low activity. Mean + SD, n = 3.

three cells (Figure 2A). Maternal cells harbored a wild-type
or a mutant allele in each chromosome; however, the level
of dupC was only ~6.3% that of wild-type SARS2 (Figure
2A).

We then compared the steady-state abundance of
hmtRNAS'(AGY) and hmtRNAS'(UCN) in various
cell lines using northern blot and found that level
of hmtRNAS'(AGY) was obviously decreased to ap-
proximately 25% in patient cells when compared with
that in control cells (Figure 2B). However, the level
of hmtRNAS"(UCN) was not significantly different be-
tween samples. Furthermore, the amounts of noncog-
nate hmtRNAT™" and hmtRNAMY(UUR), transcribed
from the same H-strand as hmtRNAST(AGY), were sim-
ilar between patient and control cells, suggesting that
hmtRNAS(AGY) in patient cells was rapidly degraded
(Figure 2B). The steady-state of hmtRNAS"(AGY) in four
iPSCs was monitored in the presence of ethidium bro-
mide (EB), a mitochondrial transcription inhibitor (43,44).
The results showed a significantly shortened lifespan of
hmtRNAS'(AGY) in patient-derived iPSCs compared to
that in other samples (Figure 2C). The half-life of patient
hmtRNAS(AGY) was estimated to be approximately 5.5
h, whereas that in other three cells was over 20 h. We
therefore concluded that the abnormal decrease in patient
hmtRNAS(AGY) was due to the high degradation rate.

Aminoacylation levels of hmtRNAS'(AGY) and
hmtRNAS(UCN) were determined under acidic condi-
tions to preserve the labile bond between Ser and A76.
Results showed that hmtRNAS'(UCN) charging was
not markedly influenced, whereas charging of resid-
ual hmtRNAS(AGY) in patient cells was slightly but
significantly lower than that in other cell lines (Figure
2D). Furthermore, aminoacylation of the noncognate
hmtRNA™  and hmtRNALY(UUR) was consistent
across samples (Figure 2D). Both the reduced amount
and aminoacylation level of hmtRNAS'(AGY) suggested
impaired mitochondrial translation. Indeed, the levels of
both mitochondrial DNA (mtDNA)-encoded MT-ND3
(complex I (CI) component) and MT-ATP8 (CV compo-
nent) were significantly lower in patient cells than in other
samples (Figure 2E). However, the levels of MT-NDI1
(CI component), MT-CYB (CIII component), MT-CO1
(CIV component), and MT-ATP6 (CV component) were
comparable. Considering no AGY codon in MT-ATPS,
we suggested that its lower amount was an indirect effect
of dysfunctional mitochondrial translation in patient
cells. We further performed quantitative reverse transcrip-
tion PCR (RT-PCR) to detect the transcript level of the

mtDNA-encoded mRNAs, revealing comparable amounts
of various mRNAs and suggesting impaired mRNA
translation, but not transcription (Supplementary Figure
S4).

To investigate potential defects in mitochondrial transla-
tion caused by SARS?2 variants, iPSCs were pulse-labeled
with [*°S]-methionine and [**S]-cysteine and nDNA trans-
lation was blocked with emetine. The overall rate of mito-
chondrial translation in patient cells was apparently higher
than that in other cells (Figure 2F). The iPSCs were then
pulse-labeled and chased for 18 h to detect the degrada-
tion rate of mitochondrial translation products. The results
showed that remaining signals of [3*S]-labelled proteins in
patient cells were weaker than those in other samples, indi-
cating a shorter half-life of mitochondrial translation prod-
ucts (Figure 2F). This suggests that, although the mitochon-
drial translation rate was higher in patient cells, possibly due
to a compensatory effect, its protein products were unstable
and prone to degradation.

The above data suggest that, in patient cells, it had a dra-
matically decreased abundance of SARS2 (or its mutants)
and hmtRNAS"(AGY) due to rapid selective degradation.
In combination with the impaired tRNA aminoacylation
activity of the mutants, Ser-hmtRNAS"(AGY) was sharply
reduced and mitochondrial translation was impaired.

Patient cells exhibited reduced complex I activity and respi-
ratory capacity

Comparable levels of mtDNA-replication and
transcription-related POLG2 and TFAM (45), other
mito-aaRSs (AARS2, IARS2, KARS, NARS2 and
TARS2) (12) and protein trafficking-associated TOM40
and TIM23 (46), were observed among four cells (Supple-
mentary Figure S5), indicating two mutations had little
effect on mitochondrial biogenesis.

OXPHOS complexes are of dual origin (47). In pa-
tient cells, a reduced abundance of NDUFSI1 (in CI) and
UQCRC?2 (in CIII) was observed; however, that of SDHA
and SDHB in CII, which harbors only nDNA-encoded
members, was consistent. In addition, normal level of
NDUFS2 (CI component) or ATP5A1 (CV component)
was observed in patient cells, suggesting selective downreg-
ulation of OXPHOS components (Figure 2G).

Activities of CI-CIV determination revealed that CI ac-
tivity in patient was significantly lower than that in all
other samples, whereas the activities of CII-CIV in patient
were not consistently lower than those of other cell lines
(Figure 3A).
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Subsequently, to evaluate whether the mutations affected
energy production, we examined the oxygen consumption
rates (OCR) of all four iPSC lines. The basal OCR, ATP
production OCR, proton leak OCR, maximal respiration
OCR, spare respiratory capacity, and nonmitochondrial
oxygen consumption in patient were significantly lower
(Figure 3B). Collectively, these results showed that patient
OXPHOS function and energy production were affected by
the two mutations.

We also measured the extracellular acidification rate
(ECAR) of the iPSCs. The non-glycolytic acid levels were
similar across cell types. Lifting of ECAR was observed
after the addition of glucose. The increase in extracellular
acidification levels in patient cells was higher than that in
the control cells. The glycolytic capacity of patient cells was
close to that of paternal and maternal cells, but reached 3-
fold that of control cells in the presence of oligomycin. Gly-
colysis in patient cells was similar with that in parent cells,
but stronger than that of the control cells (Figure 3C). These
results reflected the damaged glycolytic capacity and reserve
in patient cells.

A normal membrane potential (MMP) is a prerequisite
for producing ATP (48). Flow cytometry results indicated
that the MMP of parent-derived cells was ~40% lower than
that of the control, whereas MMP of patient-derived cells
was 87.5% lower than that of the control (Figure 3D). This
suggests that parental cells exhibited a certain degree of mi-
tochondrial depolarization.

High ROS levels were generated in patient-derived iPSC cells

We analyzed the level of superoxide, a representative ROS,
in various iPSCs using the mitochondrial superoxide indi-
cator mitoSOX. The results showed that, in a basic environ-
ment, levels of superoxide free radicals among the four cell
lines were almost identical, with only slightly high levels in
patient- and mother-derived cells (Figure 3E). After treat-
ment with H,O,, the superoxide content in patient cells ob-
viously increased (Figure 3E). Superoxide levels in maternal
cells also increased noticeably in the presence of H,O,. ROS
production, as detected by the fluorescence intensity, in pa-
tient and maternal cells was slightly higher than other two
cells (Figure 3F). Western blot results showed that levels of
the ROS scavenging-related protein, SOD2 (49), was signif-
icantly elevated in patient cells. However, no significant dif-
ference in the level of ROS production-related proteins, such
as OGDH (50), was observed among the four cells (Figure
3@G), implying that ROS were mainly produced by perturbed
electron transport. Analysis of protein carbonylation, me-
diated by excessive ROS (51), showed that protein carbony-
lation level in patient-derived iPSCs was apparently higher
than that in other cell lines (Figure 3H).

Based on higher ROS and lower MMP in the patient cells,
we further investigated the apoptosis level. Both the early
apoptotic and late apoptotic or necrotic cell populations
increased significantly, whereas the level of viable cells was
lower in the patient-derived iPSCs. A slight increase in the
number of late apoptotic or necrotic cells and a slight de-
crease in the number of viable cells were also observed in
maternally-derived cells (Figure 31).

The two mutations led to change in mitochondrial dynamics
and activated mitophagy

We further compared the amount of several key regulators
during mitochondrial dynamics, including DRP1 (for mito-
chondrial division) (2), MFN1, and MFN2 (for mitochon-
drial fusion) (1). Abundance of both DRP1 and MFN2 was
notably decreased in patient cells; MFNI levels were com-
parable between iPSCs from the patient, maternal, and con-
trol cells, but higher in paternal cells (Figure 4A). Mito-
chondria in various iPSCs were further observed via trans-
mission electron microscopy (TEM) (Figure 4B). In the cy-
toplasm of paternal, maternal, and control cells, mitochon-
dria presented a clear and dense double-membrane struc-
ture with visible, inwardly folded cristae structures and a
round, oval, or elongated stick-shaped appearance. In pa-
tient cells, however, many mitochondria were swallowed
likely by autophagosomes or autolysosomes, and the inner
membrane structure was destroyed, with disordered vac-
uoles (Figure 4B). These differences indicate that mitochon-
drial morphology was affected by impairments in fusion
and/or fission processes.

Due to the observed potential autophagosomes, we fur-
ther detected the mitophagy (52). No significant difference
was observed in LC3 I1/1 levels between the four cell lines,
but patient cells exhibited significantly lower p62 levels than
other samples (Figure 4C). Considering that LC3II may be
depleted by autophagy-lysosomal degradation, the levels of
LC3II/I and p62 were further analyzed after the cells were
treated with an autophagy inhibitor bafilomycin Al (Baf
A1) (53). The results of the autophagy flux assay revealed
significantly increased LC3II and p62 levels in patient iP-
SCs, suggesting a high abundance of autophagosomes and
an active autophagic flux in patient cells (Figure 4D). Ex-
amination of mitochondrial autophagy-related protein lev-
els among cells showed that both Parkin and BCL2L13 lev-
els in patient cells were significantly higher than other cells
(Figure 4E), indicating that both Parkin-dependent (4) and-
independent (5) mitophagy were activated.

Overexpression of wild-type SA4RS?2 rescued the comprehen-
sive defects in patient-derived iPSCs

To understand whether SA4 RS2 malfunction is the predom-
inant driver for the above pleiotropic effects, we stably ex-
pressed the wild-type SARS2 in patient-derived iPSCs and
obtained a cell line referred to as P-WT. SARS2 was more
expressed in P-WT cells than in the other four iPSCs (Figure
SA).

We investigated whether the sharp decrease in pa-
tient hmtRNAS(AGY) levels could be reversed. A
remarkable increase (3-4-fold) in the steady-state level
of hmtRNAS(AGY) was observed in P-WT, reaching a
level comparable to that in other cells (Figure 5B). No
significant changes were seen in the steady-state levels of
hmtRNAS(UCN), hmtRNA™" or hmtRNAMY(UUR),
suggesting a specific effect of SARS2 variants on
hmtRNAST(AGY) abundance. The steady-state level
of hmtRNAS"(AGY) in P-WT remained consistent
over 24 h and was more stable than that in maternal
cells, indicating that SARS2 overexpression protected
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Figure 5. Overexpression of the wild-type SA4RS2 rescued hmtRNAS'(AGY) levels and corrected mitochondrial translational defects. (A) Expression of
SARS?2 in iPSCs, as detected by western blot assay using anti-SARS2 antibody. GAPDH was used as a loading control. (B) Steady-state abundance of
mitochondrial tRNAs detected by northern blot; 5S rRNA was used as the loading control. Data were normalized to those of normal control iPSCs (right
panel). (C) iPSCs were treated with EB for the indicated time points. Northern blot was performed to detect steady-state abundance of hmtRNAST(AGY).
The band intensity was measured, normalized to 5S rRNA, and plotted as a percentage of the initial band intensity (lower panel). The asterisks showed
statistical differences between P-WT and patient iPSCs. (D) Western blot analysis of mtDNA-encoded MT-ND3 and MT-COI. The band intensities were
measured and normalized to those of HSP60 (right panel). (E) Synthesis and stability of mtDNA-encoded proteins, as determined by pulse-chase analysis.
The lane of the patient is indicated with a red asterisk. The lane of P-WT is denoted by a blue asterisk. The loaded volume was normalized by G250
staining. (F) Expression of NDUFSI, UQCRC2, and DRPI, as detected by western blot. GAPDH was used as a loading control. Data were normalized
to those of normal control iPSCs (right panel). Values are expressed as mean £ SD (n = 3-6). P indicates significance according to the unpaired two-tailed
t-test. ¥*P < 0.05, ¥*P < 0.01, ¥***P < 0.001, **** P < 0.0001.



against and effectively reversed the physiological degra-
dation of hmtRNAS"(AGY) in patient cells (Figure 5C).
hmtRNAS(AGY) in P-WT was efficiently aminoacylated.
Because the hmtRNAS'(AGY) in patient-derived iPSCs
was highly aminoacylated, the difference in aminoacylation
level between patient and P-WT cells was not significant
(Supplementary Figure S6). These data clearly show that
the replenished hmtRNAS'(AGY) in P-WT was readily
charged. Aminoacylation levels of hmtRNAS(UCN),
hmtRNAT" or hmtRNAMY(UUR) between samples were
comparable (Supplementary Figure S6).

MT-ND3 level was recovered in P-WT (Figure 5D),
suggestive of restored mitochondrial mRNA translation.
Pulse-chase experiments showed that the mitochondrial
translation rate in P-WT was comparable to that in parental
and control cells. Moreover, mtDNA-encoded protein sta-
bility in P-WT was similar with that in parental and control
cells, as evidenced by a higher proportion of products re-
maining stable than that in patient cells (Figure 5E). These
data suggest that SARS?2 replenishment rescued the mito-
chondrial translation dysfunction in patient cells.

NDUFSI (in CI) was significantly reduced in patient
cells, but increased by ~2 fold in P-WT to a level compa-
rable to that in other cells (Figure 5F). In addition, steady-
state levels of UQCRC?2 (in CIII) and DRP1 were evidently
increased in P-WT after SARS2 replenishment (Figure 5F).
The above results suggest that abnormal levels of nDNA-
encoded mitochondria-related proteins in patient cells were
associated with SA RS2 variants.

The CI activity of P-WT reached a level close to that of
the healthy control and was more than 1.5-fold that in pa-
tient iPSCs (Figure 6A). Meanwhile, the activity of CII-CIV
in P-WT was also greatly improved (Figure 6A), despite a
lack of obvious impairment between the patient and control
cells. Consistently, the respiratory activity of P-WT was also
improved compared to that of the patient cells. The basal,
proton leak, maximal respiration, non-mitochondrial, and
ATP production OCR values in P-WT were comparable to
control levels (Figure 6B). However, the spare respiratory
capacity of P-WT was close to that of patient cells. Rising
glycolysis and impaired glycolytic reserve could be appar-
ently improved by expressing SARS2. The ECAR in P-WT
decreased considerably after SARS2 overexpression (Fig-
ure 6C), resembling that in healthy controls. Remarkably,
the damaged glycolytic reserve seen in patient cells was ef-
ficiently repaired in P-WT. The protein carbonylation level
in P-WT dropped significantly to a level close to that of the
control cells (Figure 6D).

Autophagy flux experiments showed that, after Baf Al
treatment, the LC3II and p62 levels of P-WT were signifi-
cantly lower than those in patient cells, reaching only ~20%
and ~30% of the previously recorded levels and approach-
ing the levels in parental and control cells (Figure 6E). These
results indicate that SARS2 replenishment successfully res-
cued active autophagy in patient cells.

The morphology of the mitochondria in P-WT and pa-
tient cells was compared using TEM. Clear and dense mito-
chondrial double-layer membrane structures were observed
in P-WT, and the number of vesicle structures, autophago-
somes, and autolysosomes in P-WT cells was lower than
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that in patient cells (Figure 6F), suggesting that SARS?2 ef-
fectively rescued abnormal mitochondrial morphology.

Ins12 and dupC mutations caused embryonic lethality in mice

To further understand whether either mutation impairs mi-
tochondrial translation in model animals, we assessed the
potential influence of these two mutations on mitochondrial
tRNAS(AGY) and translation in mice.

Due to the conservation of SARS2 mRNAs between hu-
mans and mice, an allele carrying a dupC mutation was
constructed by inserting a cytosine before ¢.1519C into the
donor DNA fragment in the CRISPR /Cas9 system to yield
heterozygous dupC mice (Sars29®PC/*). Although c.654—
13T (human ¢.654-14T counterpart) was present in the cor-
responding site in mouse Sars2, only 11 nucleotides (TCT-
GTCTCCAG) were immediately upstream of the splicing
acceptor site of intron 6 (Supplementary Figure S7A), in
contrast to the 12 nucleotides (TCTGTCTCCCAG) in hu-
man SARS2. If we directly constructed a ¢.654—-13T > A
knock-in mutation, we are not sure whether the introduced
AG in Sars2 could function as a splicing acceptor site as in
human cells; the efficiency during splicing, even as an ac-
ceptor site, is unknown. Lastly and most importantly, after
intron retention, the inclusion of 11 nucleotides would lead
to frameshifting of the mutated mRNA and premature ter-
mination during translation. Based on these considerations,
we constructed an Insl2 knock-in mouse (Sars2™1%/*)
using CRISPR /Cas9 (Supplementary Figure S7B). RNA
transcribed from this allele completely contained the mu-
tant mRNA with 12 nucleotides (TCTGTCTCCCAG) be-
tween exons 6 and 7, without the wild-type version, and thus
only translated the Ins12 mutant.

Mating between Sars2™1%/* or Sars29"P¢/*  mice
did not yield the corresponding homozygous offspring
(Sars2™s12/s12- or - §ps2dupC/dupCy (Supplementary Table
S3). Furthermore, we failed to obtain Sars2™s12/4urC mjce
and Sars2™s12/4wC embryos during the embryonic stage
at E13.5 by mating Sars2™'2/* and Sars29*C/* mice
(Figure 7A, Supplementary Table S3). This phenomenon
demonstrated the embryonic lethality of Sars2™s12/dupC
Sars2™s12/s12 and  Sars29uPC/durC genotypes, suggesting
that the survival of the human patient was related to the
production of wild-type SARS2 mRNA from the allele
with ¢.654-14T > A variation.

Taken together, these observations demonstrated that
Ins12 and dupC mutations impaired Sars2 function and
were lethal to normal embryogenesis in mice in vivo.

Skeletal muscle from heterozygous mice exhibited lower
mtRNAS(AGY) and mtRNAS*(UCN) levels and impaired
mitochondrial translation and morphology

We further analyzed mitochondrial translation and func-
tion in Sars2™1%/* and Sars29"PC/* mice. Weight, length,
and organ size of Sars2'™1%/* and Sars29"PC/* mice were not
notably different from those of wild-type mice from birth to
adulthood. Among energy-consuming tissues, western blot
revealed obvious lower Sars2 levels in the heart and skele-
tal muscle (bilateral hindlimb) tissues of Sars2™!%/* and
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Sars29"*“/* mice than those in wild-type mice, at one month
of age. No obvious dupC was detected for Sars24"P¢/* mice
(Figure 7B). Sars2 levels in the brain tissue among wild-
type, Sars2'™12/* and Sars29"P¢/* mice showed no obvious
difference (Supplementary Figure S7C).

Northern blot showed that the steady-state lev-
els of both mouse mitochondrial tRNAST(AGY)
(mmtRNAS(AGY)) and mmtRNAST(UCN) were
comparable between the hearts and brains of various mice
(Figure 7C). mmtRNAS"(AGY) level in skeletal muscle
from Sars29"P¢/* mice was 50% lower than that from
wild-type mice, but remained unaltered in Sars2™s12/*
mice (Figure 7C). In addition, mmtRNAS(UCN) levels
in Sars2™'12/* and Sars29"C/* mice were significantly
lower to 75% and 40%, respectively, when compared
with that in wild-type mice (Figure 7C). These results
suggest that the stability of mmtRNAS(AGY) and
mmtRNAS"(UCN) were highly sensitive to impairment of
Sars2 function in skeletal muscle; however, despite notice-
ably lower levels of Sars2 in the heart, little influence on
mmtRNAS(AGY) and mmtRNAS(UCN) was observed,
suggesting tissue-specific dependence and vulnerability
of mitochondrial tRNAS®s to Sars2. The charging levels
of mmtRNAS"(AGY) and mmtRNAS(UCN) in the
heart, brain, and skeletal muscle were comparable between
heterozygous and wild-type mice (Supplementary Figure
S7D), which was consistent with the results in human
iPSCs that (the remaining) mitochondrial tRNAS's were
nearly fully aminoacylated.

As seen in patient iPSCs, mt-Nd3 level in skeletal mus-
cle from Sars24"C/* and Sars2™'%/* mice was obviously
reduced compared with that in wild-type mice, whereas mt-
Nd1 abundance was not affected (Figure 7D). However, no
alteration in the expression of nDNA-encoded OXPHOS
subunits, including Ndufsl and Uqcrc2, was observed in
the skeletal muscle (Figure 7D). In line with the lack of
decrease in both tRNAS" abundance and tRNA charging
levels, mitochondrial translation in the mouse heart was
not affected, as evidenced by comparable levels of mtDNA-
encoded mt-Nd1 and mt-Atp6 among groups (Figure 7D).
No changes in Ndufsl or Uqcrc2 expression were observed
in mouse heart tissue (Figure 7E). Moreover, no abnormal
protein levels were observed in the brains of heterozygous
mice (Supplementary Figure S7C). These results suggest
that the muscle tissue—specific downregulation of mitochon-
drial mRNA translation occurred in heterozygotes.

Western blot revealed that Drpl and Mfn2 levels were
lower in muscle tissue of Sars2™™'2/* (Drpl: 71.6%; Mfn2:
78.6% of wild-type) and Sars29PC/* (Drpl: 92.5%; Mfn2:
77.9% of wild-type) mice, but not heart tissue of heterozy-
gous mice (Figure 7E). Mitochondrial morphology in the
mouse heart, brain, and skeletal muscle tissues was ob-
served by TEM, which showed that the number and struc-
ture of mitochondria in the heart and brain tissues were not
apparently different between heterozygous and wild-type
mice (Supplementary Figure S7E). However, mitochondria
in the skeletal muscle of heterozygous mice were fewer in
number and smaller in size than those in wild-type mice
(Figure 7F).

We further explored whether mitochondrial translation
defects in the muscle yielded phenotypic consequences in

male mice at 13-16 weeks of age. No obvious histologi-
cal abnormalities were found in the rectus femoris muscle
sections of Sars29"PC/* or Sars2™'2/* mice. Quantification
of the myofiber cross-sectional area also showed no signif-
icant difference in myofiber size distribution among wild-
type and mutant mice (Supplementary Figure S7F). In the
treadmill test, three groups of mice showed no significant
difference in running time (Supplementary Figure S7G). No
significant difference was observed between groups in the
treadmill speed when mice were exhausted (Supplementary
Figure S7G).

Altogether, the above evidence indicates that
mmtRNAS"(UCN) and/or mmtRNAS(AGY) levels were
reduced in muscle from both Sars29P¢/* and Sars2™ms1?/*
mice, which subsequently led to impaired mitochondrial
translation and morphology in heterozygotes.

DISCUSSION

SARS?2 is highly associated with HUPRA syndrome and
progressive spastic paresis (21-26). The clinical features of
our patient overlapped with the phenotypes of both pre-
viously reported HUPRA syndrome and progressive spas-
tic paresis (Supplementary Table S4). However, compared
with HUPRA syndrome, the condition of the patient pro-
gressed more slowly, and the disease severity was relatively
moderate. Metabolic alkalosis and premature birth, which
are common in patients with HUPRA syndrome, were ab-
sent in this patient. The nervous system, which only affects
progressive spastic paresis, was more seriously damaged in
our patient. Hypertonia and varying degrees of paralysis
observed in patients with SA4RS2-related progressive spas-
tic paresis were also present in our patient. Moreover, fre-
quent seizures, which have not been reported in SARS2-
related patients, were one of the most striking features in
our patient. Thus, our findings expanded the spectrum of
the SARS2-related diseases.

The aminoacylation kinetics of Ins12 for both tRNAS®"s
could not be accurately quantified. Considering that Ins12
could activate Ser and bind tRNASs, its inability to
aminoacylate tRNAs suggested that the enlarged loop
B failed to orient the CCA terminus to synthetic ac-
tive site. dupC exhibited a nearly 6-fold K, value for
hmtRNAS(AGY) but that for hmtRNAS"(UCN) was
only marginally increased. Moreover, The Kp determina-
tion echoed the aminoacylation kinetic data that the affin-
ity of dupC for hmtRNAS'(AGY) was more significantly
impaired. These data suggest a more critical role of the
C-terminal tail for binding hmtRNAS(AGY) in cataly-
sis, in accordance with the previously reported results (19).
Indeed, a very recent study has reported the cyro-EM
structure of SARS2-tRNAS(AGY), which clearly shows
that the very C-terminus provides an important interaction
site for binding the T-stem sugar-phosphate backbone of
tRNAST(AGY) (54).

The binding affinity and charging level of both mu-
tants for hmtRNAS'(AGY) were dramatically impaired
in vitro. Accordingly, in vivo, hmtRNAS"(AGY) abun-
dance in patient cells was only 25% of that in control
cells. Consistently, a reduced amount of hmtRNAS"(AGY)
was also observed in HUPRA patients with a SARS?2



c.1169A > G mutation, and in patients carrying the SARS2
c.1347G > A mutation with progressive spastic paresis
(21,25). We therefore suggest that S4 RS2 mutations weak-
ened the binding affinity for hmtRNAS"(AGY), leading
to defects in the aminoacylation of hmtRNAS"(AGY) by
both mutants. Subsequently, impaired aminoacylation of
hmtRNAS(AGY) led to the naked hmtRNA>"(AGY),
which is more prone to degradation by the mitochondrial
RNA degradosome (55,56) and thus could not be detected
by northern blot analysis. However, the residual aminoa-
cylated hmtRNAS(AGY) remained intact; therefore, we
visualized seemingly unchanged aminoacylation levels of
hmtRNAS(AGY) when compared with maternal, pater-
nal, and control cell lines, suggesting hmtRNAS(AGY) in-
tegrity was protected from degradation by tRNA aminoa-
cylation. Besides, we cannot absolutely exclude the possi-
bility that SARS2 was able to serve as a tRNA ‘chaper-
one’ to stabilize, in particular, the unusual tRNAS(AGY).
With a reduced abundance of SARS2 and its mutants in pa-
tient cells, tRNAS(AGY) was more prone to be degraded.
Such a chaperone role has been observed for LARS2 and
its C-terminal domain (57,58). The residual pool of Ser-
hmtRNAS(AGY) subsequently caused an abnormal rate
of mitochondrial translation. Common observations of re-
duced hmtRNAS"(AGY) in different patients (21,25), al-
beit with distinct clinical manifestations, suggest that a de-
creased level of hmtRNAS"(AGY) due to rapid degrada-
tion of uncharged hmtRNAS'(AGY) is the primary etiol-
ogy of SARS2-related diseases reported to date.

Several studies with other mitochondrial aaRS-related
diseases have also described similar downregulation of cog-
nate tRNA levels. The level of mitochondrial tRNAAS" was
markedly reduced while its aminoacylation level seems to
be unaltered in a patient with NARS2 mutations (59). An
intronic mutation in RA RS2 causes a truncated ArgRS and
a lower amount of mitochondrial tRNAA™, while the re-
maining transcript is fully aminoacylated (60). In addition,
the steady-state level of mitochondrial tRNA™" is reduced
in the cell lines derived from patients with Leber’s heredi-
tary optic neuropathy (LHON) phenotypes duetoa YARS?2
¢.572G > T mutation (61). All these examples suggested
that aminoacylation status of some mitochondrial tRNAs
determines its cellular abundance. In line with this sugges-
tion, we found that re-expression of wild-type SARS2 was
able to restore hmtRNAS"(AGY) amount to a compara-
ble level with control cell lines. In addition, the restored
hmtRNAS(AGY) was fully charged. Consistently, over-
expression of LARS2 could improve the aminoacylation
efficiency and stability of mitochondrial tRNAM(UUR)
A3243G mutant, which leads to tRNA(UUR) instabil-
ity and Mitochondrial Encephalopathy, Lactic Acidosis,
and Stroke-like episodes (MELAS) syndrome (62); likewise,
HARS?2 overexpression in cybrids carrying the m. 12201
T > C mutation elevates the steady-state level of the mi-
tochondrial tRNAHS mutant (63).

Previous studies have uncovered that aberrant mitochon-
drial tRNA species are prone to be spuriously polyadeny-
lated following the 3-terminal A76 by mitochondrial
poly(A)polymerase (mtPAP) (64) and subsequently de-
graded by the mitochondrial degradosome, composed of
polynucleotide phosphorylase (PNPase) and the RNA he-
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licase SUV3 (56). On other hand, 2',5'-phosphodiesterase
PDEI12 functions as an important tRNA surveillance fac-
tor to remove such spurious poly(A) tails (64,65). The bal-
ance of polyadenylation and de-adenylation likely provides
a strategy to regulate tRNA abundance and to retain a
functional tRNA pool in human mitochondria. Of note, in
most cases, the poly(A) modification and degradation oc-
cur at the structurally aberrant tRNAs (7,56,64,65). Here,
we suggested that naked A76 of hmtRNAS(AGY) is easily
polyadenylated by mtPAP despite that hmtRNAS"(AGY)
is native without structural variation and the competition
of de-adenylation by PDEI?2 likely insufficiently compro-
mised the destructive effect on hmtRNAS"(AGY) stability.
Considering decreased level of hmtRNAS"(AGY) seems
to underlie all S4RS2-related human mitochondrial dis-
ease, the hmtRNAS"(AGY) metabolism needs to be fur-
ther explored. Elevating abundance of hmtRNAS"(AGY)
based on its metabolism pathway might provide therapeu-
tic potential for treatment of S4RS2-related diseases. Be-
side overexpression of SARS2 explored here, manipulation
of processes in hmtRNAS"(AGY) lifecycle, including t°A
modification by YRDC-OSGEPLI1 (32,66), m*C biogenesis
by NSUN?2 (67,68), poly(A) addition by mtPAP (64), de-
adenylation by PDE12 (65), degradation by degradosome
(56) etc, if elevating its abundance, poses promising poten-
tials to improve SARS2-related mitochondrial diseases. In
addition, mitochondria from both lower and higher eukary-
otes are able to import nuclear-expressed tRNAs (69,70).
It is worthy to explore any possibility to overexpress and
import nuclear-expressed hmtRNAS(AGY) to increase its
organelle concentration as a treatment choice for SARS2-
related mitochondrial diseases.

The mechanisms of tissue-specific involvement in mito-
aaRS-related diseases remain unclear at present (71). Var-
ious sensitivities of mitochondrial tRNAS's to SARS2 in
different organs may contribute to its tissue specificity, al-
beit why tRNAS's are selectively decreased in muscle tissue
is still unclear.

In summary, we identified two novel SARS2 variants in
a Chinese pedigree. These two mutations led to reduced
SARS2 abundance and remodeling of the SARS2 local
structure. The weakened tRNA binding capacity, which was
particularly pronounced for tRNAST(AGY), caused im-
paired or abolished tRNAS"(AGY) aminoacylation, which
subsequently resulted in its rapid degradation and thus in-
sufficient aminoacylation of tRNAS"(AGY) in patient cells,
leading to pleiotropic defects in mitochondrial biogene-
sis, homeostasis, and function (Figure 7G). The destruc-
tive effect of either mutation on tRNAS(AGY) stability,
mitochondrial function, and animal viability was also ob-
served in mouse models. Our findings expand the SARS2-
related disease spectrum and clarify the molecular etiology
of SARS2 mutations.
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