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ABSTRACT

Mitochondrial RNA metabolism is suggested to oc-
cur in identified compartmentalized foci, i.e. mi-
tochondrial RNA granules (MRGs). Mitochondrial
aminoacyl-tRNA synthetases (mito aaRSs) catalyze
tRNA charging and are key components in mito-
chondrial gene expression. Mutations of mito aaRSs
are associated with various human disorders. How-
ever, the suborganelle distribution, interaction net-
work and regulatory mechanism of mito aaRSs re-
main largely unknown. Here, we found that all mito
aaRSs partly colocalize with MRG, and this colocal-
ization is likely facilitated by tRNA-binding capacity.
A fraction of human mitochondrial AlaRS (hmtAlaRS)
and hmtSerRS formed a direct complex via interac-
tion between catalytic domains in vivo. Aminoacyla-
tion activities of both hmtAlaRS and hmtSerRS were
fine-tuned upon complex formation in vitro. We fur-
ther established a full spectrum of interaction net-
works via immunoprecipitation and mass spectrome-
try for all mito aaRSs and discovered interactions be-
tween hmtSerRS and hmtAsnRS, between hmtSerRS
and hmtTyrRS and between hmtThrRS and hmtAr-
gRS. The activity of hmtTyrRS was also influenced
by the presence of hmtSerRS. Notably, hmtSerRS uti-
lized the same catalytic domain in mediating several
interactions. Altogether, our results systematically
analyzed the suborganelle localization and interac-

tion network of mito aaRSs and discovered several
mito aaRS-containing complexes, deepening our un-
derstanding of the functional and regulatory mecha-
nisms of mito aaRSs.

INTRODUCTION

Mitochondria play pivotal roles in various cellular activ-
ities; their main functions include performing oxidative
phosphorylation (OXPHOS) to produce ATP, a process re-
quiring five mitochondrial respiratory chain complexes (CI-
CVs) located at the inner mitochondrial membrane (1,2).
Human mitochondria have their own genome. Mitochon-
drial DNA (mtDNA), a closed circular double-stranded
DNA with 16,569 base pairs, encodes 2 rRNAs (12S and
16S) and 22 tRNAs that decode 11 mRNAs for the trans-
lation of 13 mtDNA-encoded proteins, which compose the
fundamental and essential subunits of complexes I, III, IV
and V (3,4). Most mitochondrial proteins are encoded by
nuclear DNA (nDNA), synthesized in the cytoplasm and
posttranslationally imported into the mitochondria, includ-
ing all other constituents of respiratory chain complexes (5),
tRNA modification enzymes (6,7) and aminoacyl-tRNA
synthetases (aaRSs) (8,9).

MtDNA associates with limited types of proteins to form
a nucleoprotein complex called the mitochondrial nucleoid
(10,11). Gene expression of mtDNA follows the ‘tRNA
punctual model’ (3). mtDNA generates polycistronic pre-
cursors, which are processed into mono- or bi-cistronic
mRNAs, most often via excision of flanking tRNAs by
RNase P and RNase Z (12,13). Various steps in mtDNA
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gene expression, including replication, transcription, trans-
lation and degradation, coexist within the mitochondrial
matrix; thus, it remains unclear how the functional com-
partmentalization of these steps is realized. Accumulat-
ing evidence supports that newly synthesized mitochon-
drial RNA is found in discrete foci and concentrated jux-
taposed to nucleoids; these are termed mitochondrial RNA
granules (MRGs) (14–16). The progress of nascent RNA
transcription is tracked by immunofluorescence by labeling
with the uridine analog 5-bromouridine (BrU) after a long
pulse (17). Remarkably, G-rich sequence factor 1 (GRSF1),
which is involved in RNA processing and translation, has
a typical colocalization with the majority of BrU-labeled
MRGs (14,15) and thus accordingly serves as an indica-
tor for MRGs (15). To date, characterization of the MRG
proteome has identified various proteins involved in post-
transcriptional mitochondrial RNA metabolism, includ-
ing tRNA metabolism-related proteins (RNase P, RNase
Z) (14), pseudouridine synthases (TRUB2, RPUSD3, and
RPUSD4), mRNA maturation and processing proteins
(the members of FASTK family (18) and the mitochon-
drial poly(A)-polymerase (mtPAP) (19), rRNA methyl-
transferases (RNMTL1, MRM1, and MRM2) (20), ri-
bosome assembly factors (16), and the hSuv3p-PNPase
complex or degradosome (21,22). The presence of these
RNA-related proteins in MRG suggests its central role in
the posttranscriptional regulation of mitochondrial RNA
metabolism, including RNA processing, ribosome biogene-
sis and assembly (23). However, as a recently identified sub-
organelle compartment, the intact proteome of MRG might
still be incomplete.

AaRSs are divided into two classes (i.e. Classes I and
II) based on the distinct structural motifs in the active site
(24) and act as essential components in mRNA transla-
tion by generating aminoacyl-tRNAs. Human cells have
37 aaRS genes, encoding two sets of aaRSs for both cy-
toplasmic and mitochondrial mRNA translation (8,25) (in
this manuscript, aaRSs are represented with three-letter
amino acids with RS, e.g. SerRS represents seryl-tRNA syn-
thetase)). AaRSs from all species have conserved ancient
catalytic domains. However, human cytoplasmic aaRSs
(cyto aaRSs) frequently evolve N- or C-terminal exten-
sion in comparison to their bacterial homologs, which
are usually not involved in substrate binding and catalysis
but mediate protein−protein interactions (26,27). As such,
nine aaRSs (cytoplasmic ArgRS, LeuRS, IleRS, MetRS,
GluProRS, GlnRS, AspRS and LysRS) and three auxil-
iary factors (p43/AIMP1, p38/AIMP2 and p18/AIMP3)
form a multiple-tRNA synthetase complex (MSC) (28,29).
Notably, the presence of a terminal appendage is a prereq-
uisite for most MSC constituents (30), except GlnRS and
AspRS, which utilize catalytic domains for MSC targeting
(31,32). In addition to human MSC, the formation of the
aaRS-containing complex (sometimes a simplified MSC) is
widespread in bacteria (such as bacteria AspRS/GlnRS-
GatCAB amidotransferase; ProRS-YbaK in Haemophilus
influenz and Escherichia coli) (33), archaea (such as LeuRS-
ProRS-LysRS in Methanothermobacter thermautotrophi-
cus) (34) and lower eukaryotes (such as MetRS-Arc1p-
GluRS in yeasts) (35); the presence of this complex is not

necessarily dependent on terminal appendages. In addition,
human cyto aaRSs are frequently involved in various ad-
ditional functions outside of translation, collectively called
noncanonical functions (36). In parallel, there are nineteen
nDNA-encoded mitochondrial aaRSs (mito aaRSs), except
a tRNA synthetase producing Gln-tRNAGln (8). Compared
with extensive studies of bacterial and cyto aaRSs, inves-
tigation of human mito aaRSs obviously lagged although
a complete set of mito aaRSs was identified approximately
two decades ago (25). However, we have witnessed a sharp
explosion in the number of missense and nonsense muta-
tions in mito aaRSs leading to various types of human
disorders. These disorders occur at different stages in life
and affect different tissues, particularly the high energy-
consuming brain, muscle and heart (37,38). To date, nine-
teen mito aaRSs have been connected with human disor-
ders, and more than 300 mutations in total mito aaRSs have
been reported (37). However, the effect of the vast majority
of these mutations on the structure and function of mito
aaRSs remains unknown.

Most mito aaRSs are posttranslationally imported into
mitochondria via an N-terminal mitochondrial targeting
sequence (MTS) (37,39–41). The precise cleavage site of
MTS of most mito aaRSs has not been experimentally es-
tablished (40). However, inaccurate prediction of authen-
tic mature mito aaRSs frequently leads to failure in gene
expression in Escherichia coli due to the formation of pro-
tein aggregates. Therefore, only approximately half of mito
aaRSs have been purified. To date, crystal structures of only
human mitochondrial PheRS (hmtPheRS), hmtAspRS and
hmtTyrRS have been examined (42–44). In addition, the
suborganelle localization of mito aaRSs remains unclear
despite previous studies identifying several mito aaRSs in
the MRG proteome (45–47) and another reported inner
membrane-associated hmtArgRS and hmtLysRS (KARS1-
encoded mitochondrial isoform) (48). Furthermore, the in-
teraction network of mito aaRSs remains unexplored, pre-
cluding the identification and investigation of their poten-
tial noncanonical functions, which has been reported for
only hmtThrRS (49) and hmtTrpRS (50). In addition, con-
sidering widespread MSC in three domains of life, whether
specific mito aaRSs form some types of MSC has never been
reported.

In this study, we found that all mito aaRSs are partially
localized in the MRG. Moreover, the tRNA binding capac-
ity of mito aaRSs seems to confer their distribution in the
MRG. We further found that a fraction of hmtAlaRS and
hmtSerRS form a direct complex in vivo; the hmtAlaRS–
hmtSerRS complex formation is able to fine-tune the tRNA
charging activity of individual components. In addition,
we performed immunoprecipitation and subsequent mass
spectrometry (IP-MS) analyses for nineteen mito aaRSs
and further identified several aaRS complexes and found
that hmtSerRS is able to form multiple complexes using
the same catalytic domain. In summary, our results system-
atically analyzed the cellular localization and interaction
network of full sets of mito aaRSs and discovered several
mito aaRS complexes, thereby deepening our understand-
ing of the functional and regulatory mechanisms of mito
aaRSs.
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MATERIALS AND METHODS

Materials

T4 DNA ligase and Lipo8000 transfection reagent were
purchased from Beyotime Biotechnology (Shanghai,
China). 2 × Taq Plus Master Mix (Dye Plus) and T4
polynucleotide kinase was purchased from Vazyme
Biotechnology (Nanjing, China). The KOD-Plus Mu-
tagenesis Kit and KOD-Plus Kit were from TOYOBO
(Osaka, Japan). Ni2+-NTA Superflow resin was purchased
from Qiagen Inc. (Hilden, Germany). Dynabeads Protein
G, 4,6-diamidino-2-phenylindole (DAPI), MitoTracker,
Pierce Silver Stain kit, and Alexa Fluor 488-conjugated
secondary antibody were obtained from Thermo Scientific
(Waltham, MA, USA). [14C]Thr, [14C]Ser and [14C]Tyr were
obtained from Perkin Elmer Inc. (Waltham, MA, USA).
PrimeScript RT Master Mix and PrimeSTAR Max DNA
Polymerase were obtained from TaKaRa (Kyoto, Japan).
Trelief Prestained Protein Ladder and oligonucleotide
primers were obtained from Tsingke (Shanghai, China).
Competent E. coli BL21(DE3) were purchased from
Weidi Biotechnology (Shanghai, China). Serum-free Cell
Cryopreservation Medium was obtained from Epizyme
Biomedical Technology (Shanghai, China). Anti-c-Myc
magnetic beads, kanamycin sulfate and ampicillin sodium
were purchased from MedChemExpress (MCE, New
Jersey, USA).

Antibodies

Anti-Myc (2276S) and anti-FLAG (14793S) were pur-
chased from Cell Signaling Technology (Beverly, MA,
USA). Anti-GRSF1 (HPA036985), HRP-labeled anti-
mouse and anti-rabbit secondary antibodies were ob-
tained from Sigma−Aldrich (St. Louis, MO, USA). Anti-
His6 (66005-1-Ig), anti-GAPDH (60004-1-Ig) and anti-
hmtLeuRS (17097-1-AP) were purchased from Proteintech
(Rosemont, IL, USA). Mature hmtAlaRS (Ser26-Leu985)
(9), hmtSerRS (Thr35-Ser518) (51) and hmtThrRS (Leu20-
Phe718) (52) proteins were purified from E. coli and used
as antigens to generate anti-hmtAlaRS, anti-hmtSerRS and
anti-hmtThrRS antibodies, respectively (ABclonal, China).

Gene cloning, expression and protein purification

Constructs of genes expressing hmtAlaRS (encoded by
AARS2), hmtLysRS (encoded by KARS1), hmtSerRS
(encoded by SARS2) and hmtThrRS (encoded by TARS2)
were constructed as described previously (9,51–53). Open
reading frames (ORFs) of human hmtCysRS (encoded
by CARS2), hmtGluRS (encoded by EARS2), hmtPheRS
(encoded by FARS2), hmtIleRS (encoded by IARS2),
hmtGlyRS (encoded by GARS1), hmtHisRS (encoded by
HARS2), hmtLeuRS (encoded by LARS2), hmtMetRS
(encoded by MARS2), hmtAsnRS (encoded by NARS2),
hmtArgRS (encoded by RARS2), hmtProRS (encoded
by PARS2), hmtValRS (encoded by VARS2), hmtTr-
pRS (encoded by WARS2) and hmtTyrRS (encoded by
YARS2) were amplified from cDNA of HEK293T cells
and inserted into various cleaved sites of pCMV-3Tag-3A

or pcDNA3.1 (with a C-terminal Myc tag) for gene ex-
pression in HEK293T cells. GRSF1 ORF was amplified
from HEK293T cDNA and inserted between the BamHI
and XhoI sites of pcDNA3.1 (with a C-terminal FLAG
tag) for gene expression in HEK293T cells. The sequences
encoding mature forms of hmtAlaRS (Ser26-Leu985) (9) and
hmtSerRS (Thr35-Ser518) (51) were separately cloned into
multiple cloning sites 1 and 2 of the pRSFDuet-1 expression
vector to generate pRSFDuet-hmtSerRS-His6-hmtAlaRS
for coexpression in E. coli; thus, mature hmtSerRS was
expressed with an N-terminal His6 tag (hmtSerRS-His6),
while hmtAlaRS was expressed without a tag. Similar
procedures were used to generate pRSFDuet-hmtSerRS-
His6-hmtLeuRS (Ile40-Asp903), pRSFDuet-hmtAsnRS
(Ser25-Leu477)-His6-hmtSerRS, pRSFDuet-hmtTyrRS
(Ala32-Leu477)-His6-hmtSerRS and pRSFDuet-hmtArgRS
(Met1-Met578)-His6-hmtThrRS (Leu20-Phe718). A fragment
encoding mature hmtAlaRS was inserted into pET30a
with an N-terminal His6 tag as described in a previous
report (9). Gene mutagenesis was performed according to
the protocol provided with the KOD Plus Mutagenesis Kit.
Constructs of hmtAlaRS-�C (Met1-Gly783, with deletion
of Glu784-Leu985), hmtLeuRS-�C (Met1-Gln834, with
deletion of Gln835-Asp903), hmtSerRS-�N (Met1-Ser518,
with deletion of Thr35-Pro171) and hmtThrRS-�C (Met1-
Phe614, with deletion of Pro615-Phe718) were generated
using a KOD Plus Mutagenesis Kit. All primer sequences
are listed in Supplementary Table S1.

For expression, the relevant construct was transformed
into E. coli BL21 (DE3) cells, which were induced with a
final concentration of 100 �M IPTG at 18◦C for 10 h. Pro-
teins were purified by Ni2+-NTA Superflow resin according
to the manufacturer’s protocol. hmtAlaRS-His6 was fur-
ther purified by gel filtration on a Superdex 200 column
with 50 mM Tris–HCl (pH 8.0) and 150 mM NaCl, while
hmtSerRS-His6 was applied on a Superdex 75 column with
50 mM Tris–HCl (pH 8.0), 150 mM NaCl and 5 mM �-
ME. Purification of mature hmtTyrRS (Ala32-Leu477) and
hmtLeuRS (Ile40-Asp903) were performed as described pre-
viously (25,54). All purified proteins were concentrated and
stored at -20◦C after mixing with an equal volume of glyc-
erol. The protein concentrations were determined by using
a BCA kit.

Cell transfection, coimmunoprecipitation (Co-IP) and west-
ern blot

Human embryonic kidney 293T (HEK293T) cells were
transfected by using Lipo8000 transfection reagent accord-
ing to the manufacturer’s protocol. After transfection for 24
h, the cells were washed with ice-cold phosphate-buffered
saline (PBS) three times and lysed in 500 �l of RIPA buffer
(50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 0.5% sodium
deoxycholate, 1% Triton X-100, 0.1% SDS) supplemented
with a protease inhibitor cocktail for 25 min at 4◦C. Co-IP
and western blot were performed as described previously
(6).

Mito aaRS copurification in E. coli

Plasmids and methods for E. coli coexpression were per-
formed as described above. The E. coli cells were lysed by
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sonication in lysis buffer containing 50 mM Tris–HCl (pH
8.0), 300 mM NaCl, 10% glycerol, and 10 mM imidazole
and then centrifuged at 16 000 g at 4◦C for 1 h. The su-
pernatant was incubated with Ni2+-NTA Superflow resin at
4◦C for 45 min, washed with 30 ml lysis buffer plus 20 mM
imidazole, and finally eluted in lysis buffer plus 250 mM im-
idazole. The eluate was collected for western blot analysis.

Silver staining

IP was performed using HEK293T whole cell lysate (WCL)
overexpressing a given mito aaRS. The pCMV-3Tag-3A
empty plasmid was expressed as a control. The precipitated
sample was separated by SDS−PAGE and visualized with
silver staining to check the sample quality. Qualified eluted
samples were analyzed by liquid chromatography−mass
spectrometry (LC−MS). The results were analyzed, and the
first 10 enriched proteins were presented in this study ac-
cording to the protein intensity in corresponding aaRS ver-
sus control precipitates.

tRNA gene cloning and transcription

A plasmid harboring the human mitochondrial tRNAAla

(hmtRNAAla) gene was constructed as described
previously (9). Genes encoding hmtRNASer(AGY),
hmtRNASer(UCN) and hmtRNATyr were incorporated
into a pTrc99b plasmid. All hmtRNAs were produced by
in vitro transcription using a T7 RNA polymerase S43Y
mutant (55) as described previously (9). The primers for
tRNA transcription are listed in Supplementary Table S1.

Aminoacylation assays

Aminoacylation of hmtRNAAla were performed in a re-
action mixture containing 50 mM Tris–HCl (pH 8.0), 20
mM KCl, 10 mM MgCl2, 2 mM DTT, 4 mM ATP, 50
�M [14C]Ala, 5 �M hmtRNAAla and 200 nM mature
hmtAlaRS or in the presence of various concentrations
of mature hmtSerRS-R330A (hmtAlaRS to hmtSerRS-
R330A ranging from 1:1 to 1:8) at 37◦C. Aminoacyla-
tion of hmtRNASer(AGY) or hmtRNASer(UCN) was mea-
sured in a reaction mixture containing 50 mM Tris–HCl
(pH 7.5), 60 mM KCl, 15 mM MgCl2, 5 mM DTT, 2.5
mM ATP, 181 �M [14C]Ser, 10 �M hmtRNASer(AGY) or
hmtRNASer(UCN), 500 nM mature hmtSerRS or at the
presence of various concentrations of mature hmtAlaRS-
R110A (hmtSerRS/hmtAlaRS-R110A ranging from 1:1 to
1:8) or at the presence of various concentrations of ma-
ture hmtTyrRS (hmtSerRS/hmtTyrRS ranging from 1:1 to
1:8) or at the presence of various concentrations of mature
hmtLeuRS (hmtSerRS/hmtLeuRS ranging from 1:1 to 1:8)
at 37◦C. Aminoacylation of hmtRNATyr was measured in a
reaction mixture containing 50 mM Tris–HCl (pH 8.0), 25
mM KCl, 12 mM MgCl2, 5 mM DTT, 2.5 mM ATP, 0.2
mg/ml BSA, 200 �M [14C]Tyr, 10 �M hmtRNATyr and 500
nM mature hmtTyrRS or in the presence of various concen-
trations of mature hmtSerRS (hmtTyrRS/hmtSerRS rang-
ing from 1:1 to 1:8). The two enzymes described above were
incubated at 4◦C for 30 min prior to the aminoacylation as-
say. All the samples were processed as described previously
(56).

Immunofluorescence (IF)

The specific plasmids were overexpressed in HEK293T
cells. After 24 h, the cells were fixed in 4% paraformalde-
hyde (PFA) for 25 min at room temperature. Fixed cells
were blocked and permeabilized in PBS plus 0.1% Tri-
ton X-100 buffer containing 5% BSA for 2 h and in-
cubated with the indicated primary antibodies overnight
at 4◦C. The cells were immunostained with Alexa Fluor
488-conjugated and cyanine 3 (Cy3)-conjugated secondary
antibodies for 1 h, and the nuclei were counterstained
with DAPI for 5 min at room temperature. Fluorescence
images were captured with a Leica TCS SP8 confocal
microscope or Zeiss LSM 980 Airyscan superresolution
microscope.

Gel filtration chromatography of cell lysates

HEK293T WCL, mature hmtAlaRS-His6 and hmtSerRS-
His6 were applied to a Superose 6 column for high-
performance liquid chromatography (HPLC) and eluted at
a flow rate of 0.5 ml/min by using a buffer containing 50
mM Tris–HCl (pH 8.0), 50 mM NaCl, and 1 mM phenyl
methylsulfonyl fluoride (PMSF). Fractions were collected
for analysis by western blot.

Reconstruction of the hmtAlaRS–hmtSerRS complex

Equal amounts (300 �g) of purified mature hmtAlaRS-
His6 and hmtSerRS-His6 were incubated in a buffer con-
taining 50 mM Tris–HCl (pH 8.0), 60 mM KCl, 10 mM
MgCl2, 5 mM DTT, and 4 mM ATP at 4◦C for 30 min and
then applied to a Superdex 200 10/300 GL column in run-
ning buffer containing 50 mM Tris–HCl (pH 8.0), 50 mM
NaCl and 5 mM �-ME. Fractions were collected for analy-
sis by SDS−PAGE.

RESULTS

Analyses of primary sequences of human mito aaRSs

As stated above, cyto aaRSs usually contain terminal ap-
pendages to mediate protein−protein interactions in MSC
formation and other noncanonical functions. We analyzed
primary sequences and any potential terminal extensions
in mito aaRSs. Note that MTSs of some mito aaRSs have
been experimentally established, while those of others re-
main unclear (37,40,41,57,58). Based on detailed primary
sequence alignment, domains in crystal structures of hmt-
PheRS (42), hmtAspRS (43), hmtTyrRS (44), GlyRS (cy-
toplasmic isoform) (59), LysRS (cytoplasmic isoform) (60),
comparison with crystal structures of bacterial aaRSs, or
predicted structures obtained by Alphafold 2 (61,62), we
defined various domains of all mito aaRSs (Figure 1). The
results showed that, in the primary sequence, most mito
aaRSs more resemble their bacterial counterparts than cyto
aaRSs, in line with the bacterial origin of mitochondria,
and thus harbor no terminal appendages. For some specific
aaRSs, compared with bacterial ThrRS, hmtThrRS more
resembles cytoplasmic ThrRS in sequence and contains
an N-terminal extension approximately 40 amino acids in
length, whose function remains unclear. Mitochondrial and
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Figure 1. Schematic representation of all mito aaRS domain compositions. (A, B) Mito aaRSs were classified into two types, including nine Class I (A)
and ten Class II aaRSs (B). CP, connective polypeptide; AD, aminoacylation domain; TBD, tRNA binding domain; CTD, C-terminal domain; NTE,
N-terminal extension; BI, bacterial insertion; ED, editing domain.

cytoplasmic GlyRSs are encoded by the same gene, GARS1,
via translational reinitiation (63); thus, the mitochondrial
version of GlyRS has an N-terminal WHEP domain, which
is also present in cytoplasmic TrpRS, HisRS and GluProRS
(26). In parallel, mitochondrial and cytoplasmic LysRSs
are encoded by the same gene, KARS1, via mRNA alterna-
tive splicing (64); thus, the mitochondrial version of LysRS
harbors an N-terminal extension, which has been shown
to be a tRNALys binding element (65). In addition, hm-
tAspRS contains a bacterial type insertion domain, which
is absent in cytoplasmic AspRS, which has been modeled
to potentially bind the tRNA acceptor stem (43). Notably,
hmtProRS lacks an INS editing domain found in bacterial
ProRS. hmtPheRS is a chimera of �- and �-subunits of its
cytoplasmic counterpart and is likely an editing-deficient

aaRS similar to its yeast counterpart (66). Furthermore,
the CP1 editing domain of hmtLeuRS was degenerate with
a mutated active site and obviously truncated compared
with bacterial LeuRS or cytoplasmic LeuRS. Indeed, we
and others have shown that hmtLeuRS is unable to hy-
drolyze mischarged tRNALeu, but the truncated CP1 do-
main is important for tRNALeu aminoacylation (67,68).
In contrast, two other aaRSs from Class Ia, hmtIleRS
and hmtValRS, have an intact editing domain and con-
served active site, suggesting that they are editing-capable
aaRSs.

In summary, most mito aaRSs resemble their bacterial
homologs with no obvious terminal extensions, except hmt-
ThrRS, hmtGlyRS, hmtLysRS and hmtAspRS, which har-
bor N-terminal extensions or insertion domains (Figure 1).
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All mito aaRSs partly localize in the MRG

Some mito aaRSs, including hmtAlaRS, hmtAspRS, hmt-
TrpRS, hmtHisRS, hmtTyrRS, hmtSerRS, hmtThrRS,
hmtIleRS and hmtArgRS, have been identified in the MRG
proteome based on mass spectrometry analysis of enriched
products of overexpressed GRSF1 or FASTKD2 (45–47).
These results indicated that mito aaRSs potentially local-
ized in the MRG but without further experimental evidence.
GRSF1 is an indicator of MRG (14,15). Therefore, we se-
lected GRSF1 as an MRG IF marker to investigate the
potential colocalization of MRGs and mito aaRSs. Each
mito aaRS gene was expressed with a C-terminal FLAG
tag in HEK293T cells, which were then immunostained
with anti-FLAG and anti-GRSF1 antibodies and observed
by confocal microscopy, which is a widely used method to
study MRG-localized proteins (18,45–47). We first chose
hmtIleRS, hmtLeuRS, hmtArgRS, hmtTyrRS and hmtA-
laRS, hmtAsnRS, hmtSerRS, hmtThrRS, which belong to
Class I and Class II aaRSs, respectively. IF results showed
that the above aaRSs exhibit discrete foci and have a clear
colocalization with GRSF1 (Figure 2A, 2B). We further
tested the colocalization of the remaining Class I and Class
II aaRSs with MRGs in HEK293T cells and found that
they also formed distinct foci and mostly colocalized with
GRSF1 (Supplementary Figures S1A, 1B). Western blot
analysis showed that all mito aaRS genes expressed proteins
with correct sizes in HEK293T cells (Supplementary Figure
S1C).

We further surveyed the potential colocalization of native
mito aaRSs with MRG. Due to the fact that available anti-
bodies for mito aaRSs and GRSF1 were all produced in rab-
bits, we overexpressed a C-terminal FLAG-tagged GRSF1
(GRSF1-FLAG) in HEK293T cells. The cells were then im-
munostained with anti-FLAG (produced from mice) and
anti-hmtSerRS or anti-hmtThrRS antibodies. We found
that native hmtSerRS and hmtThrRS indeed formed dis-
tinct foci and colocalized with overexpressed GRSF1 very
well (Supplementary Figure S2).

Considering the limitation of resolution of confocal mi-
croscopy (∼200 nm), we further applied superresolution mi-
croscopy (with a resolution of ∼80 nm) to examine the spa-
tial localization of mito aaRSs and MRGs. We selected sev-
eral mito aaRSs, including hmtIleRS, hmtLeuRS, hmtA-
laRS, hmtSerRS and hmtThrRS, as representatives. Fluo-
rescence results showed that, with better resolution, these
mito aaRSs are more dispersed but clearly colocalize with
GRSF1-positive foci (Figure 3), which is in agreement with
the above results from confocal microscopy (Figure 2A, 2B).
In summary, the above results showed that mito aaRSs are
indeed enriched in the MRG.

tRNA binding capacity likely confers mito aaRSs in the
MRG

Although several RNA-related proteins have been identi-
fied in the MRG, the reason for MRG targeting is less
understood. Considering that mitochondrial tRNAs are
transcribed, posttranscriptionally processed in the MRG
and charged by mito aaRSs, we reasoned that efficient
tRNA binding might account for MRG enrichment of mito

aaRSs. To explore this possibility, it is necessary to ob-
tain several mutants with impaired tRNA binding capac-
ity. Based on our above sequence and domain analysis,
the C-terminal domains of hmtAlaRS, hmtLeuRS, and
hmtThrRS and the N-terminal domain of hmtSerRS are
well-established key tRNA binding elements based on the
structures of their homologs (Supplementary Figure S3).
Therefore, we constructed genes encoding hmtAlaRS-�C,
hmtLeuRS-�C, hmtSerRS-�N and hmtThrRS-�C mu-
tants whose tRNA binding domains were deleted. TIM23,
a protein located in the mitochondrial inner membrane, was
introduced as a negative control. Indeed, TIM23 showed
little colocalization with GRSF1 (Supplementary Figure
S4A). hmtAlaRS-�C, hmtLeuRS-�C and hmtSerRS-�N
were found to be diffused in the mitochondrial matrix, and
hmtThrRS-�C was hardly enriched with GRSF1 foci de-
spite being organized into distinct foci (Supplementary Fig-
ure S4A). The aaRS mutants were expressed in HEK293T
cells with the correct molecular masses (Supplementary
Figure S4B). Therefore, these observations suggested that
tRNA binding capacity confers mito aaRSs in the MRG
and that the tRNA-binding domain is a determinant for
mito aaRS import into the MRG.

A fraction of hmtAlaRS and hmtSerRS interact directly in
vivo

AaRS-containing complexes have been found in bacte-
ria, archaea, and eukaryotic cytoplasm. All mito aaRSs
are clustered in the MRG foci. These results prompted
us to explore whether some types of MSCs exist in hu-
man mitochondria. We initially selected hmtAlaRS be-
cause we recently purified the mature form of hmtA-
laRS, reconstituted its aminoacylation and editing activ-
ities, elucidated its tRNA recognition pattern, revealed
the essential role of its editing of mischarged tRNAAla

in mammalian embryonic development and clarified the
mechanism of hmtAlaRS R580W-associated heart diseases
(9,69,70). We overexpressed a gene encoding a C-terminal
FLAG-tagged hmtAlaRS (hmtAlaRS-FLAG) and per-
formed an IP assay (Supplementary Figure S5A). Then,
the precipitated product was analyzed using LC−MS to
identify unknown interacting proteins. Among these po-
tential interacting proteins, SARS2-encoded hmtSerRS and
TARS2-encoded hmtThrRS were among the top list (Sup-
plementary Figure S5B). We then performed a similar IP
in combination with LC−MS (IP-MS) by overexpressing
C-terminal FLAG-tagged hmtSerRS (hmtSerRS-FLAG)
or hmtThrRS (hmtThrRS-FLAG). Indeed, hmtAlaRS was
enriched in the precipitated samples of hmtSerRS-FLAG
(Supplementary Figure S5C); however, hmtArgRS but not
hmtAlaRS was detected in the precipitated product of
hmtThrRS-FLAG (Supplementary Figure S5D). There-
fore, using this method, hmtAlaRS and hmtSerRS could be
mutually pulled down.

Based on the above IP-MS results, we coexpressed
genes encoding hmtAlaRS-FLAG and hmtSerRS with a
C-terminal Myc tag (hmtSerRS-Myc) in HEK293T cells
and performed Co-IP with an anti-FLAG antibody. The
results showed that hmtSerRS-Myc coprecipitated with
hmtAlaRS-FLAG (Figure 4A). Additionally, using an anti-
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Figure 2. Mito aaRSs colocalize with GRSF1. (A, B) Confocal analysis of the colocalization of overexpressed Class I (A) or Class II (B) mito aaRSs and
endogenous GRSF1 in HEK293T cells. The cells were transfected with plasmids encoding the FLAG-tagged proteins indicated and then immunolabeled
with anti-FLAG and anti-GRSF1 antibodies. The nucleus was stained with DAPI. Scale bars: 10 �m.

Myc antibody in the Co-IP assay, hmtAlaRS-FLAG was
pulled down by hmtSerRS-Myc (Figure 4B). These re-
sults clearly showed that hmtAlaRS and hmtSerRS could
form a complex. To further confirm the interaction be-
tween endogenous hmtAlaRS and hmtSerRS in vivo, we
prepared hmtAlaRS antibody (anti-hmtAlaRS) and hmt-
SerRS antibody (anti-hmtSerRS) (see Materials and Meth-
ods). We performed Co-IP assays using anti-hmtSerRS or
anti-hmtAlaRS antibody and HEK293T WCL. The results
revealed that endogenous hmtAlaRS was precipitated by
hmtSerRS (Figure 4C). Similarly, endogenous hmtSerRS
was enriched by hmtAlaRS (Figure 4D).

To exclude nonspecific interaction, we included
hmtLeuRS as a negative control, which was not identified
in hmtSerRS IP-MS assay. Genes encoding hmtLeuRS
with a C-terminal FLAG tag (hmtLeuRS-FLAG) and
hmtSerRS-Myc were expressed in HEK293T cells. Using
an anti-Myc antibody to perform Co-IP, hmtLeuRS-FLAG
was not coprecipitated with hmtSerRS-Myc (Supplemen-
tary Figure S6A), suggesting that hmtSerRS-hmtAlaRS
interaction was specific.

To investigate whether the interaction between hmtA-
laRS and hmtSerRS is direct, the genes encoding mature
hmtSerRS with an N-terminal His6 tag (hmtSerRS-His6)
and mature hmtAlaRS without a tag were introduced into
the E. coli dual expression vector pRSFDuet-1. After gene
expression in E. coli, we found that mature hmtAlaRS could
be copurified with mature hmtSerRS-His6 using Ni-NTA
affinity chromatography (Supplementary Figure S7A). Sim-
ilar analysis was performed to confirm that hmtSerRS-
His6 had no interaction with untagged hmtLeuRS in E.
coli (Supplementary Figure S6B). Furthermore, to more
prove the direct interaction of hmtAlaRS and hmtSerRS,
equal molar amounts of purified His6-tagged hmtAlaRS
(hmtAlaRS-His6) and hmtSerRS-His6 were mixed, and
then, Co-IP was performed using anti-hmtSerRS antibody.
Western blot analysis showed that hmtAlaRS-His6 was in-
deed coprecipitated with hmtSerRS-His6 (Supplementary
Figure S7B). These evidences explicitly demonstrated that

hmtAlaRS and hmtSerRS directly interact in vitro and in
vivo.

We have reported that hmtAlaRS is monomeric in vivo
(9). Others have reported that bovine mitochondrial SerRS
is a dimer (71). Based on the fact that hmtAlaRS and hmt-
SerRS formed a complex in vivo, it is expected that en-
dogenous hmtAlaRS and hmtSerRS would be eluted at a
larger molecular mass in gel filtration. Thus, gel filtration
chromatography was subsequently performed to analyze
HEK293T WCL to check whether endogenous hmtAlaRS
and hmtSerRS were distributed in larger entities. We first
analyzed the elution fraction of purified mature hmtAlaRS-
His6 and hmtSerRS-His6 on a Superose 6 column using
an anti-His6 antibody. The data showed that both proteins
eluted at similar volumes (Figure 4E), consistent with their
comparable molecular masses (hmtAlaRS-His6 monomer,
∼108 kDa vs. hmtSerRS-His6 dimer, ∼116 kDa). Then,
HEK293T WCL was loaded on a Superose 6 column (Fig-
ure 4E), samples at different elution times were collected,
and western blot analysis was performed with either anti-
hmtAlaRS or anti-hmtSerRS antibody. The results showed
that the vast majority of hmtAlaRS exists as a monomer
in vivo (Figure 4E); however, a small fraction of hmtA-
laRS was indeed present in larger molecular masses. Like-
wise, despite the existence of dimeric hmtSerRS, a signifi-
cant amount of hmtSerRS was present as larger and vari-
able molecular entities (Figure 4E). Therefore, these data
indicated that at least a portion of endogenous hmtAlaRS
and hmtSerRS are prone to form complexes in vivo.

Based on the crystal structure of bovine mitochon-
drial SerRS (PDB: 1WLE), hmtSerRS consists of an N-
terminal �-helical tRNA binding domain (TBD) and a
C-terminal aminoacylation domain (AD) (Figure 4F, top
panel). Genes encoding the C-terminal Myc-tagged TBD of
hmtSerRS (hmtSerRS-TBD-Myc) or the AD of hmtSerRS
(hmtSerRS-AD-Myc) and hmtAlaRS-FLAG were coex-
pressed in HEK293T cells. Co-IP analysis showed that the
AD domain of hmtSerRS is responsible for the hmtSerRS
and hmtAlaRS interaction (Figure 4F, bottom panel). The
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Figure 3. Mito aaRSs partially localize in the MRG. Fluorescence im-
ages of FLAG-tagged hmtIleRS, hmtLeuRS, hmtAlaRS, hmtSerRS, hmt-
ThrRS and endogenous GRSF1 in HEK293T cells, which were obtained
by superresolution. Scale bars: main, 10 �m; inset, 1 �m.

structure of hmtAlaRS has not been determined; based on
the archaea AlaRS structure (PDB: 3WQY) and predicted
hmtAlaRS structure by Alphafold 2, hmtAlaRS is com-
posed of an N-terminal AD domain, a middle editing do-
main (ED) and a C-terminal tRNA binding domain (CD)
(Figure 4G, top panel). Genes encoding C-terminal FLAG-
tagged hmtAlaRS-�AD, hmtAlaRS-�ED, or hmtAlaRS-
�CD were coexpressed with hmtSerRS-Myc in HEK293T

cells. Co-IP results showed that deletion of the AD do-
main of hmtAlaRS abolished this interaction, reveal-
ing that hmtAlaRS-AD is responsible for the hmtA-
laRS and hmtSerRS interaction (Figure 4G, bottom
panel).

In summary, all the above data clearly showed that hm-
tAlaRS and hmtSerRS directly interact with each other in
vivo, mediated by the aminoacylation domain in individual
components.

Complex formation fine-tunes the tRNA aminoacylation ac-
tivities of both hmtAlaRS and hmtSerRS

Subsequently, we tried to reconstitute the hmtAlaRS–
hmtSerRS complex to understand the stoichiometry and
function. The purified hmtAlaRS-His6 and hmtSerRS-His6
were incubated at equal amounts and then analyzed by gel
filtration chromatography to explore whether they are able
to form a stable complex in vitro. After incubation, the ma-
jority of each protein still eluted as free forms (Figure 5A);
however, a small but observable peak between 9–11 ml (Fig-
ure 5A), with a larger absorbance value when compared
with the free form of the individual component, containing
both hmtAlaRS-His6 and hmtSerRS-His6, emerged (Figure
5B). Specifically, free hmtSerRS-His6 was absent in the cor-
responding position (9–11 ml) (Figure 5C), suggesting that
the presence of hmtSerRS-His6 between 9–11 ml resulted
from complex formation with hmtAlaRS-His6. However,
the small peak after incubation in vitro indicated that the
affinity between hmtAlaRS-His6 and hmtSerRS-His6 un-
der this condition was weak, consistent with the observation
that the majority of endogenous hmtAlaRS and hmtSerRS
eluted as free forms in vivo (Figure 4E).

We further explored the effect of complex formation
on the aminoacylation of hmtAlaRS and hmtSerRS. Due
to the weak interaction between the two proteins, we
were unable to obtain a stable and homogeneous com-
plex. We initially determined the effect of hmtAlaRS on
tRNA charging by hmtSerRS. hmtSerRS has two tRNA
substrates, hmtRNASer (AGY) and hmtRNASer (UCN).
We have previously revealed that hmtAlaRS is able to
significantly misactivate noncognate Ser (9). To prevent
the indirect influence of Ser-AMP produced by hmtA-
laRS on hmtSerRS activity, we mutated the absolutely con-
served Arg110 residue in the aminoacylation active site
of hmtAlaRS (Supplementary Figure S8A), whose coun-
terpart (Arg128) is responsible for binding ATP, based
on the structure of Archaeoglobus fulgidus AlaRS (PDB:
3WQY) (Supplementary Figure S8B). Indeed, the resul-
tant hmtAlaRS-R110A exhibited abolished aminoacyla-
tion activity (Supplementary Figure S8C). Increasing con-
centrations of hmtAlaRS-R110A in the aminoacylation re-
action of hmtSerRS (hmtSerRS/hmtAlaRS-R110A rang-
ing from 1:1 to 1:8) led to a gradual decrease in hmtSerRS
aminoacylation activity, regardless of the substrate being
hmtRNASer(AGY) (Figure 5D) or hmtRNASer(UCN) (Fig-
ure 5E). However, aminoacylation activity of hmtSerRS re-
mained nearly unchanged at the presence of various con-
centrations of purified mature hmtLeuRS (Supplementary
Figure S6C), in agreement with the observation of no inter-
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Figure 4. hmtAlaRS interacts with hmtSerRS directly in vivo. (A, B) hmtSerRS-Myc and hmtAlaRS-FLAG were coexpressed in HEK293T cells. Co-IP
assays using anti-FLAG antibody (A) or anti-Myc antibody (B). (C, D) Co-IP assays of endogenous hmtAlaRS and hmtSerRS immunoprecipitated with
anti-hmtSerRS antibody (C) or anti-hmtAlaRS antibody (D) in HEK293T cells. (E) Western blot analysis of elution samples of purified hmtAlaRS-His6
or hmtSerRS-His6 or HEK293T WCL by gel filtration on a Superose 6 10/300 GL column. (F) Top panel, the schema of hmtSerRS domain composition.
TBD (yellow), tRNA binding domain; AD (gray), aminoacylation domain. Bottom panel, Co-IP analyses using WCL expressing hmtAlaRS-FLAG and
various Myc-tagged hmtSerRS mutants as indicated with an anti-FLAG antibody in HEK293T cells. (G) Top panel, the schema of hmtAlaRS domain
composition. AD (pink), aminoacylation domain; ED (cyan), editing domain; CD (green), C-terminal domain. Bottom panel, Co-IP analyses using WCL
expressing hmtSerRS-Myc and various FLAG-tagged hmtAlaRS mutants as indicated with anti-FLAG antibody in HEK293T cells.
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Figure 5. hmtAlaRS–hmtSerRS complex formation affects the respective aminoacylation. (A) Gel filtration analyses of purified hmtAlaRS-His6,
hmtSerRS-His6 and hmtAlaRS–hmtSerRS complex on Superdex 200. The black box indicates the hmtSerRS-hmtAlaRS complex. (B, C) SDS−PAGE
analyses of hmtAlaRS–hmtSerRS complex (B) and hmtSerRS-His6 alone (C) elution samples. (D, E) Aminoacylation of hmtRNASer(AGY) (D) or
hmtRNASer(UCN) (E) by hmtSerRS in the presence of different concentrations of hmtAlaRS-R110A (hmtSerRS/hmtAlaRS-R110A ranging from 1:1 to
1:8). (F) Aminoacylation of hmtRNAAla by hmtAlaRS and hmtSerRS-R330A at different concentrations (hmtAlaRS to hmtSerRS-R330A ranging from
1:1 to 1:8). No tRNA was included as a negative control in (D–F). In all the graphs, the data represent the averages of three independent experiments and
the corresponding standard deviations.

action between hmtSerRS and hmtLeuRS (Supplementary
Figures S6A, B).

Similarly, although whether Ala was misactivated by
hmtSerRS has not been experimentally demonstrated, in re-
gard to similar sizes of Ser and Ala, to prevent any poten-
tial generation of Ala-AMP by hmtSerRS, we constructed
a hmtSerRS-R330A mutant because Arg330 is also an ab-
solutely conserved residue and is responsible for binding
ATP (Supplementary Figure S8D), based on the structure
of bovine mitochondrial SerRS (PDB: 1WLE) (Supplemen-
tary Figure S8E). The tRNA aminoacylation activity of
hmtSerRS-R330A was abolished (Supplementary Figure
S8F). The purified hmtAlaRS and hmtSerRS-R330A were
mixed with different proportions (hmtAlaRS to hmtSerRS-
R330A ranging from 1:1 to 1:8), and the aminoacyla-
tion of hmtRNAAla by hmtAlaRS was obviously elevated
only in the presence of hmtAlaRS/hmtSerRS-R330A at a
1:8 ratio when compared with that of hmtAlaRS (Figure
5F). hmtAlaRS aminoacylation activity was only slightly
increased at lower concentrations of hmtSerRS-R330A
(Figure 5F).

Collectively, these results suggested that complex forma-
tion between hmtAlaRS and hmtSerRS is able to fine-tune
the tRNA charging activity of individual constituents.

Other mito aaRS-containing complexes

As described above, we performed IP-MS analyses of hm-
tAlaRS, hmtSerRS and hmtThrRS. hmtArgRS was de-
tected in the precipitated samples of hmtThrRS (Supple-
mentary Figure S5D). To understand whether hmtThrRS
could interact with hmtArgRS, we performed Co-IP as-
says in HEK293T cells by overexpressing genes encoding
C-terminal FLAG-tagged hmtArgRS (hmtArgRS-FLAG)
and C-terminal Myc-tagged hmtThrRS (hmtThrRS-Myc).
The results showed that hmtThrRS-Myc could be pulled
down by hmtArgRS-FLAG and vice versa (Figure 6A, B).
hmtArgRS is unique in mito aaRSs because, based on pri-
mary sequence alignment, an obvious MTS sequence is
undetectable (Supplementary Figure S9A). The very N-
terminus of hmtArgRS, Met1-Leu17, actually folds into an
�-helix, which is a conserved part of the tRNA binding do-
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Figure 6. Other mito aaRS-containing complexes. (A, B) HEK293T cells were cotransfected with constructs expressing hmtThrRS-Myc and hmtArgRS-
FLAG, and Co-IP was performed with anti-FLAG antibody (A) or anti-Myc antibody (B). (C, D) hmtSerRS interacts with hmtAsnRS. hmtSerRS-Myc
was coimmunoprecipitated by hmtAsnRS-FLAG (C), and hmtAsnRS-Myc was also coimmunoprecipitated by hmtSerRS-FLAG (D) using an anti-FLAG
antibody in HEK293T cells expressing both proteins. (E, F) HEK293T cells were cotransfected with constructs expressing hmtSerRS-Myc and hmtTyrRS-
FLAG, and Co-IP was performed with anti-FLAG antibody (E) or anti-Myc antibody (F). (G) Mapping of the hmtSerRS domain for interaction with
hmtAsnRS. Co-IP analyses were performed using WCL expressing hmtAsnRS-FLAG and various Myc-tagged hmtSerRS mutants with an anti-Myc
antibody. (H) Mapping of the hmtSerRS domain for interaction with hmtTyrRS. Co-IP analyses were performed using WCL expressing hmtTyrRS-FLAG
and various Myc-tagged hmtSerRS mutants with anti-Myc antibody.
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main, as reflected by crystal structures of E. coli ArgRS
(PDB: 4OBY) (72) and Saccharomyces cerevisiae ArgRS
(PDB: 1F7U) (73) (Supplementary Figure S9B). Consis-
tently, in the structure predicted by Alphafold 2, this pep-
tide forms an �-helix with high confidence (Supplemen-
tary Figure S9B). We have expressed genes encoding full-
length hmtArgRS or a series of N-terminal truncated ver-
sions of hmtArgRS (including hmtArgRS-�N16, the first
16-aa was predicted to be the MTS by Mitoprot (74)); how-
ever, they all formed protein aggregates. In E. coli, upon
coexpression of both His6-tagged full-length hmtArgRS
(hmtArgRS-His6) and mature hmtThrRS (Leu20-Phe718)
without a tag, we found that hmtThrRS coprecipitated with
trace amounts of soluble hmtArgRS-His6 (Supplementary
Figure S9C). The above data clearly suggested that hmt-
ThrRS interacts with hmtArgRS directly in vivo. In addition
to hmtAlaRS, hmtSerRS and hmtThrRS, we further car-
ried out IP-MS analyses of all other mito aaRSs and thus
established a full network of interaction partners of all mito
aaRSs (Supplementary Figure S10). We are particularly in-
terested in potential interactions among mito aaRSs. To this
end, we indeed found that hmtThrRS was present in the
precipitated product of hmtArgRS (Supplementary Figure
S10), in line with the above results.

Notably, we found that hmtSerRS was present in the pre-
cipitated samples of both hmtAsnRS and hmtTyrRS (Sup-
plementary Figure S10). In addition, hmtAlaRS was also
detected in the precipitated samples of hmtTyrRS (Sup-
plementary Figure S10). However, hmtAsnRS and hmt-
TyrRS were not present in the hmtSerRS-enriched product
(Supplementary Figure S5C); hmtTyrRS was not discov-
ered in the hmtAlaRS-enriched samples (Supplementary
Figure S5B). Consequently, we examined the interaction of
hmtSerRS with hmtAsnRS and hmtTyrRS. We coexpressed
hmtSerRS-Myc and C-terminal FLAG-tagged hmtAsnRS
(hmtAsnRS-FLAG) in HEK293T cells. Using an anti-
FLAG antibody to perform Co-IP, hmtSerRS-Myc was
coprecipitated with hmtAsnRS-FLAG (Figure 6C); simi-
larly, hmtAsnRS-Myc was coprecipitated with hmtSerRS-
FLAG (Figure 6D). hmtAsnRS has never been expressed
and purified in E. coli. hmtAsnRS harbors an obvious MTS
sequence, which is predicted to be cleaved between Pro24

and Ser25 by Mitoprot (74) (Supplementary Figure S9D).
We constructed the predicted mature form of hmtAsnRS
(Ser25-Leu477); however, it formed inclusion bodies during
gene expression in E. coli. We coexpressed genes encoding
the predicted mature hmtAsnRS with an N-terminal His6
tag (hmtAsnRS-His6) and mature hmtSerRS without a tag
in E. coli. Although hmtAsnRS still formed extensive inclu-
sion bodies and was only marginally soluble in E. coli super-
natant, hmtSerRS was coprecipitated with hmtAsnRS-His6
after purification by using Ni-NTA affinity chromatogra-
phy (Supplementary Figure S9E). These data indicated that
hmtSerRS directly interacts with hmtAsnRS in vivo.

A similar analysis was performed to investigate the
interaction between hmtTyrRS and hmtSerRS. Genes
encoding hmtTyrRS with a C-terminal FLAG tag
(hmtTyrRS-FLAG) and hmtSerRS-Myc were overex-
pressed in HEK293T cells, and Co-IP results showed that
hmtTyrRS-FLAG interacts with hmtSerRS-Myc using
either anti-FLAG antibody (Figure 6E) or anti-Myc anti-

body (Figure 6F). hmtTyrRS has been previously purified
and structurally determined (44). By coexpressing genes en-
coding mature hmtTyrRS (Ala32-Leu477) with a C-terminal
His6 tag (hmtTyrRS-His6) and mature hmtSerRS without a
tag in E. coli, we further confirmed the direct interaction be-
tween hmtSerRS and hmtTyrRS after Ni-NTA purification
(Supplementary Figure S9F). Considering that hmtSerRS
directly interacts with multiple mito aaRSs in vivo, we
further determined the domain for these interactions.
Genes encoding hmtSerRS-TBD-Myc or hmtSerRS-AD-
Myc were coexpressed with hmtAsnRS-FLAG, and the
Co-IP results showed that the aminoacylation domain of
hmtSerRS mediates the hmtSerRS-hmtAsnRS interac-
tion (Figure 6G). Similarly, the aminoacylation domain
of hmtSerRS was also responsible for the hmtSerRS–
hmtTyrRS interaction (Figure 6H). Thus, the catalytic
domain of hmtSerRS is the binding site for hmtAlaRS,
hmtAsnRS and hmtTyrRS, suggesting that hmtSerRS
forms multiple binary complexes with these mito aaRSs
but not a core component of a larger complex containing
all four mito aaRSs. To exclude the latter hypothesis,
we coexpressed genes encoding C-terminal Myc-tagged
hmtAlaRS (hmtAlaRS-Myc) and hmtAsnRS-FLAG in
HEK293T cells and performed Co-IP with an anti-FLAG
antibody. The results showed that hmtAlaRS-Myc could
not be pulled down by hmtAsnRS-FLAG (Supplementary
Figure S11A). In parallel, hmtAlaRS-Myc could not
coprecipitate with hmtTyrRS-FLAG (Supplementary
Figure S11B), and hmtAsnRS-Myc could not coprecipitate
with hmtTyrRS-FLAG (Supplementary Figure S11C).
These results suggested that hmtAlaRS and hmtAsnRS,
hmtAlaRS and hmtTyrRS, and hmtAsnRS and hmtTyrRS
were not in a quaternary complex using hmtSerRS as a
scaffold.

Additionally, hmtCysRS and hmtGluRS were identified
in the precipitated samples of each other (Supplementary
Figure S10). We tried to explore whether hmtCysRS inter-
acts with hmtGluRS. Therefore, genes encoding hmtCysRS
with a C-terminal FLAG tag (hmtCysRS-FLAG) and C-
terminal Myc-tagged hmtGluRS (hmtGluRS-Myc) were
coexpressed in HEK293T cells. The Co-IP results showed
that hmtGluRS-Myc was precipitated by hmtCysRS-
FLAG using an anti-FLAG antibody (Supplementary Fig-
ure S12A); however, hmtCysRS-FLAG was not coprecipi-
tated by hmtGluRS-Myc using an anti-Myc antibody (Sup-
plementary Figure S12B). Thus, we were uncertain whether
the hmtGluRS and hmtCysRS interaction occurs in vivo.

In summary, these results suggested that multiple com-
plexes containing at least two mito aaRSs exist. Notably,
hmtSerRS interacted with hmtAlaRS, hmtAsnRS and hmt-
TyrRS using the same aminoacylation domain.

Aminoacylation activity tuning due to the hmtSerRS–
hmtTyrRS interaction

Subsequently, we examined whether complex formation of
hmtSerRS–hmtTyrRS influences the aminoacylation of in-
dividual components. The gene encoding mature hmtTyrRS
was expressed in E. coli and successfully purified to ho-
mogeneity via Ni-NTA purification (Supplementary Fig-
ure S13). We initially determined the effect of hmtTyrRS
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on hmtSerRS aminoacylation. TyrRS from all sources have
hitherto not been reported to misactivate Ser. Indeed, Tyr
and Ser exhibit an obvious difference in side chains. Thus,
wild-type mature hmtTyrRS was applied in the aminoacy-
lation assay. The purified hmtSerRS was incubated with dif-
ferent concentrations of hmtTyrRS (hmtSerRS/hmtTyrRS
ranging from 1:1 to 1:8), and the results showed that
the aminoacylation of hmtRNASer(AGY) (Figure 7A) or
hmtRNASer(UCN) (Figure 7B) by hmtSerRS was not af-
fected by hmtTyrRS. However, increasing concentrations
of hmtSerRS (hmtTyrRS/hmtSerRS ranging from 1:1 to
1:8) gradually elevated the aminoacylation activity of hmt-
TyrRS for hmtRNATyr, exhibiting the highest activity with
an hmtTyrRS/hmtSerRS molar ratio of 1:8 (Figure 7C).

These results showed that the hmtSerRS and hmtTyrRS
interaction is able to fine-tune the aminoacylation activity
of hmtTyrRS but not hmtSerRS. However, for hmtThrRS-
hmtArgRS and hmtSerRS-hmtAsnRS interactions, failure
to obtain hmtArgRS and hmtAsnRS made determination
of aminoacylation fine-tuning impossible.

DISCUSSION

Mito aaRSs are mainly distributed in the MRG and are likely
to facilitate coordinated and efficient mitochondrial mRNA
translation

An increasing number of MRG proteins have been identi-
fied by IP-MS and further observed by confocal microscopy
(45,46,75). Remarkably, several mito aaRSs have been iden-
tified in the MRG proteome (45–47), but further confir-
mation is lacking. Our confocal results showed that all
overexpressed mito aaRSs were organized into GRSF1-
positive foci. The superresolution fluorescence microscope
was further utilized to confirm the colocalization. Obvi-
ously, all tested mito aaRSs partly colocalized with GRSF1-
containing MRGs. Under superresolution, mito aaRSs are
more diffuse than GRSF1 signals, possibly due to the higher
abundance of overexpressed aaRSs than at physiological
concentrations.

DNA-binding proteins, such as mtSSB (single strand
binding protein), TFAM (mitochondrial transcription fac-
tor), POLG (DNA polymerase subunit gamma-1), and
POLRMT (DNA-directed RNA polymerase), which are in-
volved in mtDNA replication, have been found outside of
MRG but present in the nucleoid (10,75). However, MRG
constituents are closely related to mitochondrial RNA tran-
scription, processing, maturation and degradation. This
phenomenon suggests that the reason for MRG localization
is mitochondrial RNA binding capacity. Indeed, mito aaRS
mutants deprived of the tRNA binding domain were not
apparently colocalized in the MRG, suggesting that tRNA
binding domains in mito aaRSs are key determinants in
MRG distribution.

Mitochondrial tRNAs are transcribed and processed in
the MRG (23). In parallel, mitochondrial mRNAs are ma-
ture in the MRG, as evidenced by MRG-localized mRNA
metabolism-related proteins, such as GRSF1, members of
the FASTK family, and mtPAP (14,18). Furthermore, mi-
tochondrial 12S and 16S rRNAs are also modified in MRG
(45). Notably, mitochondrial ribosomal proteins are found

in MRG, suggesting that mitochondrial ribosome assem-
bly and translation initiation occur in these compartments
(45). Therefore, it is reasonable that one of the most cru-
cial processes in the tRNA life cycle, tRNA aminoacylation,
takes place by MRG-concentrated mito aaRSs. Otherwise,
if tRNAs are charged outside of MRG due to peripheral
mito aaRSs, it would exhibit disadvantages in mitochon-
drial mRNA translation. tRNA must be transferred outside
of the MRG and then retransported into the MRG, partic-
ularly tRNAMet, due to its essential role in mitochondrial
translation initiation in the MRG (23). In such cases, the
speed of mRNA translation would be compromised. Addi-
tionally, the distribution of mito aaRSs in the MRG likely
elevates their local concentrations to enhance tRNA charg-
ing efficiency. Additionally, as revealed in this study, MRG
distribution might enhance local concentration, facilitating
the formation of binary aaRS complexes to fine-tune tRNA
aminoacylation for several mito aaRSs, leading to a glob-
ally coordinated balance of various levels of tRNA charg-
ing efficiencies. Therefore, we suggest that localization of
mito aaRSs in MRG is perhaps a way to spatially optimize
aminoacylation of full sets of mitochondrial tRNAs. Pres-
ence of multiple mito aaRS complexes in the MRG may fur-
ther fine-tune the aminoacylation efficiency by individual
aaRS to ensure a harmonized supply of aminoacyl-tRNAs
for coordinated and efficient mitochondrial mRNA trans-
lation.

Mito aaRSs may form multiple types of aaRS-containing
complexes

Using IP-MS analyses, we established an interaction net-
work of all mito aaRSs. Various potential interaction part-
ners were identified, including mitochondrial ribosome pro-
teins. This is reasonable since upon charging, aminoacyl-
tRNAs were immediately transported to the ribosome for
decoding. Such a tRNA channeling mechanism has been
observed in cytoplasmic translation (76). Specifically, sev-
eral mito aaRSs potentially interact with subunits of ATP
synthetase (complex V), which is located in the inner mem-
brane, consistent with the fact that overexpressed mito
aaRSs are more diffuse, as observed by superresolution mi-
croscopy, and likely reside outside of the MRG to some
extent. In fact, such an interaction has been observed be-
tween overexpressed hmtTyrRS and complexes I and IV
(77); likewise, hmtArgRS and a fraction of hmtLysRS are
attached to the inner membrane (48). Additionally, some
cytoplasmic proteins were detected in the precipitated sam-
ples of various mito aaRSs, perhaps due to the observations
that some mito aaRSs carried out some noncanonical func-
tions outside of mitochondria. For example, hmtThrRS has
been reported to be involved in Thr-dependent mTORC1
activation in the cytoplasm (49). Moreover, hmtTrpRS has
been shown to determine angiogenesis (50). It is also pos-
sible that, after cell lysis, a given mito aaRS was able to
form a complex with cytoplasmic proteins. For example, us-
ing hmtLysRS as a bait, most components of cytoplasmic
MSC were enriched, due to the identical p38 binding site
between hmtLysRS and cytoplasmic LysRS. Certainly, we
cannot exclude the possibility that some proteins are artifi-
cially included in the IP-MS assays. Another limitation of
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Figure 7. hmtSerRS–hmtTyrRS complex formation fine-tunes the aminoacylation activity of hmtTyrRS. (A, B) Aminoacylation of hmtRNASer(AGY)
(A) or hmtRNASer(UCN) (B) by hmtSerRS in the presence of different amounts of hmtTyrRS (hmtSerRS/hmtTyrRS ranging from 1:1 to 1:8). (C)
Aminoacylation of hmtRNATyr by hmtTyrRS or in the presence of hmtSerRS in different proportions (hmtTyrRS/hmtSerRS ranging from 1:1 to 1:8). No
tRNA was included as a negative control in (A–C). In all the graphs, the data represent the averages of three independent experiments and the corresponding
standard deviations.

this method is the potential absence of proteins with small
molecular masses due to a lack or inefficiency in proteolysis
during MS. In this study, we only focused on the interaction
between mito aaRSs. However, the potential interaction be-
tween a mito aaRS and a non-aaRS protein was not exper-
imentally investigated in this work and needs to be further
confirmed.

Most strikingly, we identified and demonstrated that sev-
eral mito aaRSs form multiple types of tRNA synthetase
complexes. In fact, the existence of a mitochondrial MSC is
proposed in 2012 because endogenous hmtTyrRS and hmt-
GlyRS eluted as a larger complex than their dimers (78),
implying that they are components of an undefined com-
plex. Here, we established several interactions between spe-
cific mito aaRSs. To the best of our knowledge, this is the
first report describing mitochondrial MSC complex com-
ponents. This is not unexpected considering the widespread
presence of MSCs in nature. Due to the bacterial ori-
gin of human mitochondria, we compared the bacterial
aaRS-harboring complex. In bacteria, three types of aaRS-
containing complexes have been identified. In H. influenz
and E. coli, the trans-editing factor YbaK interacts with
ProRS to selectively hydrolyze Cys-tRNAPro due to the lack
of specificity of free YbaK to edit correct Cys-tRNACys

(33,79). This complex is necessary to ensure translational
quality control and to simultaneously support translation
efficiency. In most bacteria (such as Thermus thermophilus
and Helicobacter pylori), nondiscriminating AspRS and/or
GluRS and amidotransferase GatCAB form transamido-
somes to catalyze transamidation for the synthesis of Asn-
tRNAAsn and/or Gln-tRNAGln due to a lack of AsnRS
and/or GlnRS (80). In addition, in Deinococcus radiodu-
rans, one of the two TrpRS types interacts with nitric oxide
synthase (NOS) to accelerate the generation of 4-nitro-Trp
(33,81). Obviously, each of these bacterial aaRS-containing
complexes only contains one aaRS with a non-aaRS part-
ner, and most bacterial aaRSs are present as free forms.
Notably, we described here that in human mitochondria,

several aaRS-containing complexes harbor more than one
aaRS activity.

For the most extensively studied hmtAlaRS–hmtSerRS
complex in this work, the affinity between two synthetases
seems to be weak. We are unable to reconstitute a sta-
ble complex in vitro. Consistently, the majority of endoge-
nous hmtAlaRS still exists in the free form. We cannot ex-
clude the possibility that some yet unidentified factor is
able to augment the interaction between hmtAlaRS and
hmtSerRS. A similar phenomenon has been observed in
human mitochondrial GatCAB, where the interaction be-
tween GatA and GatB is dependent on stabilizing function
by a small but indispensable nonenzymatic subunit GatC
(82). It is also possible that there is a balance between free
and complex hmtAlaRS in vivo. Under specific stresses,
stimuli or physiological or pathological conditions, more
hmtAlaRS may be targeted to form or be released from the
complex. Such a dynamic between free or complex forms of
aaRSs is frequently observed in cytoplasmic MSCs and is
usually mediated by phosphorylation at specific sites (29).
Despite little description of the noncanonical functions of
mito aaRSs, it remains unclear whether mito aaRSs medi-
ate the effect of complex formation on potential nontrans-
lational pathways.

hmtSerRS is the binding partner for multiple mito aaRSs

Unexpectedly, we found that hmtSerRS is able to form a
complex with hmtAlaRS, hmtAsnRS and hmtTyrRS. Strik-
ingly, the same catalytic domain of hmtSerRS mediates all
the interactions. Indeed, the N-terminal TBD is two long �-
helics that have been shown to be critical for binding both
hmtRNASer substrates (71). If the TBD is used to be in-
volved in protein−protein interactions, tRNA aminoacyla-
tion would be compromised due to spatial repulsion. In con-
trast, the catalytic domain harbors more potential interact-
ing elements. The same catalytic domain of hmtSerRS for
various interactions suggested that binding of hmtSerRS
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with hmtAlaRS, hmtAsnRS or hmtTyrRS is mutually ex-
clusive and that the possibility of forming a hmtSerRS-
centered larger complex containing all four tRNA syn-
thetases is low. In concert with this suggestion, we found no
interaction between hmtAlaRS and hmtAsnRS, hmtTyrRS
and hmtAsnRS, or hmtAlaRS and hmtTyrRS. In addition,
we have recently reported that hmtSerRS forms a direct
complex with mitochondrial tRNA 3-methylcytidine mod-
ification enzyme METTL8 (51). All these evidences suggest
that hmtSerRS pervasively interacts with other proteins,
in agreement with the gel filtration data showing that na-
tive hmtSerRS is present in entities with various molecular
masses.

Our in vitro tRNA charging activity determination clearly
showed that the aminoacylation activities of hmtAlaRS or
hmtSerRS (in the hmtAlaRS–hmtSerRS interaction) and
of hmtTyrRS (in the hmtTyrRS-hmtSerRS interaction) are
influenced, suggesting that complex formation is able to
fine-tune the tRNA charging activity of individual con-
stituents. The obvious alteration was more pronounced with
a large amount of another partner, likely stemming from
inefficient complex formation in vitro, as evidenced in gel
filtration analyses. Albeit small alterations in aminoacyla-
tion activity due to interaction, the effect on aminoacyla-
tion is possibly even larger in vivo. On the other hand, small
change in activities of mammalian aaRSs sometimes has an
obvious effect on translation and cell function. For instance,
hmtThrRS-F323C, hmtAspRS-R58G, hmtAspRS-L613F
mutants only exhibited mild changes in aminoacylation ac-
tivities of hmtThrRS or hmtAspRS but caused impaired
mitochondrial translation and various mitochondrial dis-
eases (37,83,84). A minor decrease (less than 2-fold) in edit-
ing activity of mouse cytoplasmic AlaRS causes the death
of Purkinje cells and results in neurodegeneration (85).

hmtSerRS is one of the two tRNA synthetases catalyzing
the aminoacylation of two tRNAs. One of the substrates
of hmtSerRS, hmtRNASer (AGY), is the most peculiar and
unstable tRNA in human mitochondria due to the lack of
a D-stem and -loop (4). These observations may require a
more elaborated tRNASer charging regulatory mechanism
via interaction of by hmtSerRS with other proteins.

Implication of the mito aaRS complex in the etiology of some
mutations of mito aaRSs

More than 300 mutations have been associated with var-
ious human disorders (37). In fact, the pathogenesis of
most mutations remains unexplored (38). Some mutations
at a given aaRS have been shown to influence its own
structure or impair aminoacylation, thus constituting the
most likely molecular mechanism of disease onset. How-
ever, there are mutations without an influence on both the
structure and function of the corresponding aaRS (9). The
disease-causing mechanism of this kind of mutation is inex-
plicable. For mito aaRSs that can form complexes, we sug-
gest that mutations at a given aaRS can potentially influence
the aminoacylation of another aaRS by influencing the for-
mation of the mito aaRS complex.

In summary, our work revealed that all mito aaRSs were
mainly distributed in the MRG. In addition, several mito
aaRSs formed multiple complexes with the potential to

Figure 8. A schematic showing the distribution and complex formation of
mito aaRSs. Mito aaRSs were mainly localized in the MRG and formed
several complexes, which were able to modulate tRNA aminoacylation ac-
tivities of specific constituents. The two-way arrow between aaRS1 and
aaRS2 (two mito aaRSs in the complex) denoted the functional fine-
tuning. Mitochondrial mRNA translation was probably reliant on such
a balanced and coordinated supply of aminoacyl-tRNAs to maintain mi-
tochondrial energy homeostasis.

fine-tune tRNA aminoacylation activity of specific tRNA
synthetases. This functional regulation might contribute to
a coordinated supply of mitochondrial aminoacyl-tRNAs
to ensure a balanced and efficient mitochondrial mRNA
translation (Figure 8).
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28. Kerjan,P., Cerini,C., Sémériva,M. and Mirande,M. (1994) The
multienzyme complex containing nine aminoacyl-tRNA synthetases
is ubiquitous from Drosophila to mammals. Biochim. Biophys. Acta,
1199, 293–297.

29. Hyeon,D.Y., Kim,J.H., Ahn,T.J., Cho,Y., Hwang,D. and Kim,S.
(2019) Evolution of the multi-tRNA synthetase complex and its role
in cancer. J. Biol. Chem., 294, 5340–5351.

30. Rho,S.B., Kim,M.J., Lee,J.S., Seol,W., Motegi,H., Kim,S. and
Shiba,K. (1999) Genetic dissection of protein-protein interactions in
multi-tRNA synthetase complex. Proc. Natl Acad. Sci. U.S.A., 96,
4488–4493.

31. Fu,Y., Kim,Y., Jin,K.S., Kim,H.S., Kim,J.H., Wang,D., Park,M.,
Jo,C.H., Kwon,N.H., Kim,D. et al. (2014) Structure of the
ArgRS-GlnRS-AIMP1 complex and its implications for mammalian
translation. Proc. Natl Acad. Sci. U.S.A., 111, 15084–15089.

32. Cho,H.Y., Lee,H.J., Choi,Y.S., Kim,D.K., Jin,K.S., Kim,S. and
Kang,B.S. (2019) Symmetric assembly of a decameric subcomplex in
human multi-tRNA synthetase complex via interactions between
glutathione transferase-homology domains and aspartyl-tRNA
synthetase. J. Mol. Biol., 431, 4475–4496.

33. Hausmann,C.D. and Ibba,M. (2008) Aminoacyl-tRNA synthetase
complexes: molecular multitasking revealed. FEMS Microbiol. Rev.,
32, 705–721.

34. Hausmann,C.D. and Ibba,M. (2008) Structural and functional
mapping of the archaeal multi-aminoacyl-tRNA synthetase complex.
FEBS Lett., 582, 2178–2182.

35. Galani,K., Grosshans,H., Deinert,K., Hurt,E.C. and Simos,G. (2001)
The intracellular location of two aminoacyl-tRNA synthetases
depends on complex formation with Arc1p. EMBO J., 20, 6889–6898.

36. Guo,M. and Schimmel,P. (2013) Essential nontranslational functions
of tRNA synthetases. Nat. Chem. Biol., 9, 145–153.

37. Moulinier,L., Ripp,R., Castillo,G., Poch,O. and Sissler,M. (2017)
MiSynPat: An integrated knowledge base linking clinical, genetic,
and structural data for disease-causing mutations in human
mitochondrial aminoacyl-tRNA synthetases. Hum. Mutat., 38,
1316–1324.

38. Sissler,M., Gonzalez-Serrano,L.E. and Westhof,E. (2017) Recent
advances in mitochondrial aminoacyl-tRNA synthetases and disease.
Trends Mol. Med., 23, 693–708.

39. Neupert,W. and Herrmann,J.M. (2007) Translocation of proteins into
mitochondria. Annu. Rev. Biochem., 76, 723–749.

40. Carapito,C., Kuhn,L., Karim,L., Rompais,M., Rabilloud,T.,
Schwenzer,H. and Sissler,M. (2017) Two proteomic methodologies



Nucleic Acids Research, 2022, Vol. 50, No. 22 12967

for defining N-termini of mature human mitochondrial
aminoacyl-tRNA synthetases. Methods, 113, 111–119.

41. Garin,S., Levi,O., Cohen,B., Golani-Armon,A. and Arava,Y.S. (2020)
Localization and RNA binding of mitochondrial aminoacyl tRNA
synthetases. Genes, 11, 1185.

42. Klipcan,L., Moor,N., Finarov,I., Kessler,N., Sukhanova,M. and
Safro,M.G. (2012) Crystal structure of human mitochondrial PheRS
complexed with tRNAPhe in the active “open” state. J. Mol. Biol.,
415, 527–537.

43. Neuenfeldt,A., Lorber,B., Ennifar,E., Gaudry,A., Sauter,C.,
Sissler,M. and Florentz,C. (2013) Thermodynamic properties
distinguish human mitochondrial aspartyl-tRNA synthetase from
bacterial homolog with same 3D architecture. Nucleic Acids Res., 41,
2698–2708.

44. Bonnefond,L., Frugier,M., Touzé,E., Lorber,B., Florentz,C.,
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