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ABSTRACT

Most steps on the biogenesis of the mitochondrial
ribosome (mitoribosome) occur near the mitochon-
drial DNA nucleoid, in RNA granules, which contain
dedicated RNA metabolism and mitoribosome as-
sembly factors. Here, analysis of the RNA granule
proteome identified the presence of a set of small GT-
Pases that belong to conserved families of ribosome
assembly factors. We show that GTPBP10, a member
of the conserved Obg family of P-loop small G pro-
teins, is a mitochondrial protein and have used gene-
editing technologies to create a HEK293T cell line KO
for GTPBP10. The absence of GTPBP10 leads to at-
tenuated mtLSU and mtSSU levels and the virtual ab-
sence of the 55S monosome, which entirely prevents
mitochondrial protein synthesis. We show that a frac-
tion of GTPBP10 cosediments with the large mitori-
bosome subunit and the monosome. GTPBP10 phys-
ically interacts with the 16S rRNA, but not with the
12S rRNA, and crosslinks with several mtLSU pro-
teins. Additionally, GTPBP10 is indirectly required
for efficient processing of the 12S-16S rRNA precur-
sor transcript, which could explain the mtSSU ac-
cumulation defect. We propose that GTPBP10 pri-
marily ensures proper mtLSU maturation and ulti-
mately serves to coordinate mtSSU and mtLSU accu-
mulation then providing a quality control check-point
function during mtLSU assembly that minimizes pre-
mature subunit joining.

INTRODUCTION

Ribosome biogenesis involves the function of non-
ribosomal proteins, globally known as ribosome assembly
factors, which act at every step of the process. They pro-
mote processing, modification, and stability of rRNAs
and ribosomal proteins, and their coming together to

form the ribonucleoprotein particle. Whereas there is
significant knowledge of the assembly factors involved in
the biogenesis of bacterial and eukaryotic ribosomes, the
available information is scarcer regarding the assembly of
the mitochondrial ribosomes (mitoribosomes).

Mitoribosomes are made of components of dual genetic
origin. In mammals, all mitoribosome proteins (MRPs) are
encoded in the nuclear genome, whereas their three RNA
components are encoded in the mtDNA. Mammalian mi-
toribosomes sediment as 55S particles and consist of a 28S
small subunit (mtSSU), formed by a 12S rRNA and 30
MRPs, and a 39S large subunit (mtLSU), formed by a 16S
rRNA, 52 MRPs and a structural tRNA (Val in human,
Phe in porcine mtLSU) located in the central protuberance
(1–4). Mitoribosomes are specialized in the synthesis of a
small set of hydrophobic proteins encoded in the mitochon-
drial DNA (mtDNA). In mammals, the mtDNA encodes 13
proteins, all subunits of the oxidative phosphorylation (OX-
PHOS) system enzymes, which are essential for aerobic en-
ergy production. Hence, the dysfunction of mitochondrial
protein synthesis leads to human diseases, mostly cardio-
and encephalo-myopathies and contributes to the altered
metabolism of cancer cells (5,6).

Knowledge of the mitoribosome assembly process and
extra-ribosomal factors involved is starting to emerge. Re-
cent reports have provided an overall view of the assem-
bly landscapes of yeast (7) and human (8) mitoribosomes,
which generally coincided to reveal co-operative assembly
of protein sets forming structural clusters and, at least in
yeast, also preassembled modules. Mitoribosome biogen-
esis is confined to specific compartments within the mito-
chondrial matrix. Early steps of human mitoribosome as-
sembly occur at or near the nucleoids (8,9), probably in a co-
transcriptional manner. The bulk of mitoribosome biogen-
esis occurs subsequently in the mitochondrial RNA gran-
ule, a membrane-less compartment that condenses and pro-
gressively separates from the nucleoids upon transcription
(10). Mitochondrial RNA granules contain mitoribosome
proteins and assembly factors and accumulate newly syn-
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thesized mRNAs and factors that regulate their processing,
storage, sorting or translation (11–15).

To date, the proteins known to facilitate mitoribosome
biogenesis, include rRNA modification enzymes and their
co-factors, kinases, DEAD box helicases and GTPases. At-
tempts to characterize the RNA granule proteome have
contributed to the identification of a subset of these factors
(11–14). They include several conserved GTPases whose
specific functions remain in most cases to be fully under-
stood. Three conserved ribosome-assembly GTPases were
initially identified in Saccharomyces cerevisiae mitochon-
dria, the mtLSU assembly factors Mtg1 (16) and Mtg2 (17)
as well as the mtSSU assembly factor Mtg3 (18). Their re-
spective human homologs, MTG1 (19,20), MTG2 (19,21)
and C4orf14 or NOA1 (22,23), also participate in mitoribo-
some assembly. Each of these proteins belongs to a different
GTPase subfamily.

The Obg subfamily, which includes MTG2, is a class of
highly conserved small monomeric P-loop GTPases prin-
cipally involved in LSU assembly. In Bacillus subtilis, Obg
associates with the ribosome (24), possibly through an in-
teraction with L13 (25). Escherichia coli ObgE or CgtA also
associates with the LSU, interacts with the 23S rRNA and
several ribosomal proteins (26,27) and their GTPase ac-
tivity is essential for LSU biogenesis (28,29). ObgE dele-
tion in E.coli leads to the accumulation of LSU assembly
intermediates containing reduced levels of L16, L33, and
L34, further linking Obg proteins to roles in LSU biogen-
esis (30). Furthermore, ObgE genetically interacts with the
23S rRNA methyltransferase RrmJ since ObgE overexpres-
sion suppresses the LSU 50S assembly defect observed in
rrmJ mutant cells (31). However, ObgE cofractionates not
only with 50S but also with 30S ribosomal subunits, co-
purifies with components of the two subunits and is re-
quired for efficient pre-16S rRNA processing (26), suggest-
ing a more global role in ribogenesis. In S. cerevisiae, the nu-
cleolar Obg protein Nog1 is important for pre-60S particle
assembly (32,33). Within mitochondria, the Obg ortholog
Mtg2 was initially identified in S. cerevisiae as a suppres-
sor of mtLSU 21S rRNA methyltransferase mutant mrm2,
suggesting a role during mtLSU biogenesis (17). In mam-
mals, two Obg proteins exist in mitochondria, MTG2 (alias
OBGH1 or GTPBP5) and GTPBP10 (alias OBGH2), but
their molecular roles remain unknown. MTG2 was shown
to specifically associate with the mtLSU (21), but partial
MTG2 silencing did not produce any apparent phenotype
(19,21). Regarding GTPBP10, it was localized to the nucle-
olus by immunofluorescence (21). However, it is predicted
to have a mitochondrial targeting sequence (MTS) and is
listed in the MitoCarta inventory of mammalian mitochon-
drial proteins (34).

In the present study, we have focused on clarifying the
subcellular location of GTPBP10 and characterizing its
function. We report that GTPBP10 is a mitochondrial RNA
granule component that plays an essential role in mitoribo-
some biogenesis primarily by fueling late steps in the mat-
uration of the 39S mtLSU subunit. This role is secondar-
ily required for efficient 12S-16S rRNA precursor transcript
processing and thus also for the normal biogenesis of the
28S mtSSU subunit. In this way, GTPBP10 coordinates the

availability of matured 39S and 28S subunits and assembly
into functional 55S mitoribosomes.

MATERIALS AND METHODS

Human cell lines and culture conditions

HEK293T embryonic kidney cells (CRL-3216), and 143B
osteosarcoma cells (CRL-8303) were obtained from ATCC.
The 143B.TK− rho0 derivative (143B206) was obtained
from Dr. M. King (35). The three cell lines were cultured at
37◦C under 5% CO2 in high-glucose DMEM (Dulbecco’s
Modified Eagle Medium) supplemented with 10% FBS (fe-
tal bovine serum), 1 mM pyruvate, and 50 �g/ml uridine
(complete DMEM medium). Analysis for mycoplasma con-
tamination was routinely performed.

Key reagents

Tables presenting the list of antibodies, recombinant DNAs,
oligonucleotides and siRNA oligoribonucleotides used in
this study are included in the supplementary material.

Analysis of the DDX28 interactome

A stable pool of HEK293T cells expressing HA-6xHis-
tagged DDX28 was established by puromycin (2 �g/ml)
selection for 3 weeks after transfection with the construct
DDX28- HA-6xHis/pIRESpuro2. Two mg of mitochon-
dria isolated from this cell line or from HEK293T cells were
extracted in 500 �l of extraction buffer (20 mM HEPES,
pH 7.4, 0.5 mM PMSF, EDTA-free protease inhibitor cock-
tail (Roche), 1% digitonin, and 10 mM MgCl2) containing
12.5, 150 or 300 mM KCl. Mitochondrial proteins were in-
cubated with �-IgG (control), or �-HA-conjugated Dyn-
abeads (Life Technologies) at room temperature for 4h.
The supernatant containing unbound material was subse-
quently collected and the beads were washed 3 times with
low-salt NET-2 buffer (50 mM Tris–HCl pH 7.4, 12.5 mM
NaCl, 0.05% NP-40, EDTA-free protease inhibitor cock-
tail (Roche)), twice with high-salt NET-2 buffer (with 150
mM NaCl) and once with 1× PBS. The bound proteins
were eluted using 50 �l of dye-less Laemmli buffer, pre-
cipitated with methanol/chloroform and analyzed by mass
spectrometry at the Keck Biotechnology Resource Labora-
tory (Yale University School of Medicine, New Haven, CT,
USA).

Generation of GTPBP10-edited cell lines and plasmid trans-
fection

To create a stable human GTPBP10 knockout (KO) line in
HEK293T cells, we used a pair of TALEN constructs ob-
tained from Invitrogen and CRISPR-CAS9 constructs ob-
tained from Santa Cruz Biotechnology. The left and right
TALENs for the pair and the guide RNAs for the CRISPR
system were designed to bind the sequences shown in Sup-
plemental Figure S1A. HEK293T cells grown in a six-well
plate at 30% confluency were transfected with 2 �g of each
right and left TALEN plasmid as a pair using 5 �l of
Lipofectamine 2000 pre-incubated in 300 �l of Opti-MEM
(ThermoFisher). After 8 h of incubation, the media was
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changed to complete DMEM medium. After five times of
repeated transfections every three days, cells were collected
and single-cell sorted by FACs in multiple 96 well plates.
Upon growth, each clone was tested by immunoblotting
to assess the steady-state levels of GTPBP10, as well as
the mtDNA-encoded COX2 protein as a surrogate of mi-
tochondrial protein synthesis capacity. Clones that had at-
tenuated GTPBP10 and COX2 levels were further analyzed
by genotyping. Similarly, HEK293T cells grown in a six-
well plate at 30% confluency were transfected with 2 �g
of GTPBP10 CRISPR/Cas9 KO plasmid comprising of a
pool of three guided RNAs targeting each to Exon 2, Exon
4 and Exon 6 respectively along with Homology-Directed
Repair (HDR) Plasmid. After 8 h of incubation, the me-
dia was changed to complete DMEM medium. On day 2,
the cells were kept under 2 �g/ml of puromycin selection.
On day 5, cells were collected and by serial dilution single
cell were plated in multiple 96 well plates. Upon growth, the
clones were tested by immunoblotting similar to the clones
generated by TALEN mentioned above.

To establish stable lines expressing FLAG-tagged or un-
tagged versions of GTPBP10 cloned into a mammalian vec-
tor with hygromycin as the selection marker, 2 �g of each
construct or an empty vector was transfected to HEK293T
cells using a standard Lipofectamine 2000 protocol. Two
days after transfection, the medium was supplemented with
200 �g/ml hygromycin for three weeks. Two vectors were
used, pCMV6, in which GTPBP10 expression was placed
under the control of a standard human cytomegalovirus
(CMV) intermediate early enhancer/promoter, and a mod-
ified vector with an attenuated CMV promoter (�5), gener-
ated by a deletion that eliminates most transcription factor
binding sites (36).

Pulse labeling of mitochondrial translation products

Mitochondrial protein synthesis was assayed by pulse-
labeling 60-70% confluent human wild-type (WT)
HEK293T cells and GTPBP10-edited derivatives in
the presence of 100 �g/ml emetine to inhibit cytoplasmic
protein synthesis as reported (37,38) and described in the
supplementary methods.

Isolation of mitochondria

Mitochondria from WT HEK293T cells, GTPBP10-
knockout cells (GTPBP0-KO) or GTPBP0-KO cells stably
expressing GTPBP10-FLAG were isolated as described pre-
viously (39).

Sucrose gradient analysis

The sedimentation properties of GTPBP10, mitoribosomal
proteins, and assembly factors were analyzed by sedimen-
tation in sucrose gradients collected using a Brandel frac-
tionator, essentially as reported (14) and described in the
supplementary methods.

RNA analysis

Total RNA was prepared from whole cells by using Tri-
zol (Invitrogen) following the manufacturer instructions for

northern-blot and quantitative qPCR analyses. Experimen-
tal details are described in the supplementary methods.

GTPBP10 interactome analysis

To study the GTPBP10 protein interactome, we used modi-
fied versions of co-immunoprecipitation analysis of protein-
protein interaction in the presence or absence of crosslink-
ers. We also used modified versions of PAR-CLIP assays to
study protein-RNA interactions (40). Experimental details
are described in the supplementary methods.

Statistical analysis

All of the experiments were done in triplicates or other-
wise indicated. Data in X-ray films were digitalized and an-
alyzed using the ImageJ software. Statistical analyses were
performed using the Prism-5/6 software and Microsoft Ex-
cel. The data are presented as the means ± S.D. or mean
± S.E.M. of absolute values or percentages of control. The
values obtained for WT and the GTPBP10-KO strains for
the different parameters studied were compared using a
Student’s two-tailed unpaired t-test for comparison of two
groups. For comparison of multiple groups, we performed
one-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test for all the groups of the experiment (*P < 0.05;
**P < 0.01; ***P < 0.001)

RESULTS AND DISCUSSION

A set of conserved ribosome assembly GTPases co-purify
with mitochondrial RNA granules

To extend the list of mitochondrial RNA granule protein
components and the strength of their interactions, we used
the bona fide granule component DDX28 as bait for co-
immunoprecipitation studies. The strength of their inter-
actions was probed by using HEK293T mitochondrial ex-
tracts prepared in the presence of increasing salt concen-
trations, from 12.5 to 300 mM KCl, which did not affect
the efficiency of DDX28 immunoprecipitation (not shown),
and the samples were subsequently analyzed by mass spec-
trometry (see datasets in the Supplementary Table S1). Pro-
teins with MASCOT score >65 and found specifically in
the DDX28-precipitated sample but not in the control IgG-
precipitated sample are presented in Figure 1A.

The proteins were broadly classified into five categories
according to their functions. (i) Mitoribosome proteins; (ii)
Mitoribosome assembly factors; (iii) Mitochondrial trans-
lational factors; (iv) RNA metabolism factors, including
transcription factors, RNA processing and modifying en-
zymes, and RNA stability and degradosome proteins; and
(v) Proteins previously identified as mtDNA nucleoid com-
ponents. As expected, we observed an inverse correlation
between the stringency of the extraction conditions and the
number of proteins identified. Notably, the RNA helicase
DHX30 associates with DDX28 even in the 300 mM-KCl
extracts, stringency enough to disrupt some protein-protein
interactions within the ribosome (14). DHX30 was initially
identified at the central core region of mitochondrial nu-
cleoids where it has been proposed that proteins related
to mitochondrial replication and transcription accumulate
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Figure 1. The mitochondrial RNA granules contain members of several families of GTPases. (A) DDX28 interacting proteome analyzed by immunoprecip-
itation of endogenous DDX28 from HEK293T mitochondria extracted using conditions of increasing salt stringency and an anti-DDX28-specific antibody
and protein A magnetic beads. IgG was used as a control. The full list of proteins is present in Supplemental Table S1. Proteins co-immunoprecitated with
DDX28 are displayed confined by black dotted (12.5 mM KCl), purple dashed (150 mM KCl) and red solid (300 mM KCl) Venn diagrams. The dia-
gram in the upper panel list proteins within five categories: RNA metabolism factors (green), ribosome assembly factors (red, with GTPases in bold),
translational factors (blue), proteases (brown) and mtDNA nucleoids (black). The diagrams in the lower panel list mtSSU and mtLSU mitoribosome
proteins. (B) Cluster analysis of Obg proteins, highlighting the clustering of yeast Mtg2 and animal GTPBP5 (human OBGH1) and the lack of yeast
homolog for animal GTPBP10 (human OBGH2), obtained using the Princeton Protein Orthology Database (P-POD). A Notug 2.6 graph is presented
(http://ppod.princeton.edu) (56).

http://ppod.princeton.edu


Nucleic Acids Research, 2018, Vol. 46, No. 21 11427

(41). More recent studies have localized DHX30 to the mi-
tochondrial RNA granules and shown to be important for
mitoribosome LSU assembly (12). These observations con-
firm that RNA granules and mtDNA nucleoids are located
in close proximity and a portion of them dynamically over-
lap (42) to attend the necessities of newly transcribed RNAs.
Our data also confirm the role of mitochondrial RNA gran-
ules in compartmentalization of mitoribosome assembly, a
process proposed to initiate in granule-nucleoid overlapping
foci (8,9) to end within the granule environment (12,14,15).

Focusing on mitoribosome assembly factors, our datasets
include a collection of seven GTPases, four of them
previously identified as mitoribosome assembly factors
(MTG1, MTG2, MTG3 or NOA1, ERAL1) and three other
that remain poorly characterized (GTPBP6, GTPBP8 and
GTPBP10).

From these proteins, MTG2 (GTPBP5 or OBGH1) and
GTPBP10 (OBGH2) belong to the family of Obg proteins
whose Escherichia coli founder is the ribosome assembly
factor ObgE (ctgA) (see cluster analysis presented in Figure
1B), suggesting a similar kind of function for the two human
OBG proteins. However, the finding of GTPBP10 in the mi-
tochondrial DDX28 interactome differs from findings in a
single report that identified the protein as part of the nucle-
olus (21). Therefore, we devoted efforts to further clarify the
location and characterize the function of GTPBP10.

GTPBP10 is a mitochondrial matrix protein that interacts
with the mitoribosome subunits

Analyses of nuclear and cytoplasmic fractions obtained
from HEK293T cells revealed that endogenous GTPBP10
is a mitochondrial protein, although traces were detected in
the nuclear fraction (Figure 2A) as previously shown for the
mitoribosome assembly helicase DDX28 (14). Using brief
sonication, alkaline extraction (pH 11.5), and proteinase
protection assays in mitochondria and mitoplasts, the ∼42-
kDa GTPBP10 protein was sub-localized as a soluble mito-
chondrial matrix protein (Figure 2B-C). Our results are in
agreement with a recent publication in which GTBP10 was
fully extracted with sodium carbonate pH 11.5 but only par-
tially when the pH was 10.8 (43), which brought the authors
to suggest that a fraction of GTPBP10 is peripherally inter-
acting with the inner membrane. Our data, instead, contrast
with the previously reported exclusive nucleolar localization
of a GFP-tagged version of the protein (21).

To test whether GTPBP10 stability depends on the pres-
ence of mtDNA and mitochondrial ribosomes, we assessed
GTPBP10 steady-state levels in a derivative of an osteosar-
coma 143B cell line devoid of mtDNA (rho◦ cells) and there-
fore of all mtRNAs including rRNAs. Several ribosome
proteins tested (uL16, uL19, bS18) did not accumulate in
rho◦ cells and other (mS27) were markedly decreased (Fig-
ure 2D), whereas only traces of GTPBP10 were detected.
We noticed that the migration pattern of GTPBP10 was
different in HEK293T and 143B cells and derivatives. The
GTPBP10 gene, located on chromosome 7, contains 6 ex-
ons. According to NCBI, two transcript variants exist. Vari-
ant #1 (NM 033107.3 → NP 149098.2) includes all the ex-
ons and yields a protein (isoform 1) of 387 aa and an esti-
mated MW of ∼43 kDa (Figure 2E-G). Variant #2 lacks

alternate in-frame exons 3 and 4 in the 5′ coding region,
compared to variant 1. The resulting protein (isoform 2)
has 308 aa and an estimated MW of ∼35 kDa (Figure 2E-
G). Our data indicate that HEK293T (embryonic kidney)
and 143B (bone osteosarcoma) predominantly express one
or the other isoform (Figure 2D). Members of the Obg
family contain two highly conserved domains, a C-terminal
GTP binding domain and an N-terminal glycine-rich do-
main (Figure 2F). The two GTPBP10 isoforms retain the
three conserved G protein elements (G1-G3) that form the
C-terminal GTP binding domain of the protein. Isoform 2,
however, has a shorter N-terminal glycine-rich Obg domain
(Figure 2E). The Obg fold (residues 1-158 in the B. subtilis
protein; residues 1-155 in GTPBP10) is found in all known
Obg nucleotide-binding proteins (44) and contains 21 con-
served glycines, 9 of which are lost in GTPBP10 isoform
2. The functional relevance of the Obg fold has been sup-
ported by the isolation of temperature-sensitive obg alleles
in B. subtilis (45) and E. coli (46). Specifically, mutations
in several residues within the N-terminal glycine-rich do-
main were found to disrupt Obg function, indicating that
the integrity of the Obg fold is required for function in vivo.
The mutations include G79E affecting the conserved Gly79
residue (45), which in GTPBP10 lies within the fragment
missing in isoform 2. The architecture of the Obg glycine-
rich domain has suggested a platform or scaffolding role
(44). We speculate that existence of two GTPBP10 isoforms
in human mitochondria may obey to tissue-specific require-
ments or to facilitate/prevent protein-protein interactions
to adapt to changing environmental conditions, as it has
been shown for E. coli ObgE (28). These queries are out of
the scope of this manuscript but warrant future investiga-
tions.

However, since both HEK293T and 143B cells are well
known to have a sound mitochondrial protein synthesis and
metabolism for ex vivo standards, we have explored a possi-
ble association of each GTPBP10 isoform with the mitori-
bosome. For that purpose, we used sucrose gradient sedi-
mentation analysis of mitochondrial extracts prepared in
the presence of 20 mM MgCl2 to stabilize the association
of ribosome subunits. In both cell lines, a similar portion
of GTPBP10 (∼10% of total) co-sediments with mtSSU
and mtLSU markers and a smaller fraction (∼1-2%) co-
sediments with the 55S monosome whereas the rest accumu-
lates in lighter fractions (Figure 2H). The interaction with
the monosome must be very transient or labile since it is not
consistently detected throughout the multiple gradients that
we have performed. Our data is reminiscent of the proper-
ties of E. coli ObgE, which cofractionates with 30S and 50S
ribosomal subunits to facilitate their maturation, although
affinity of ObgE to the 30S subunit was shown to be weaker
(30). Here, GTPBP10 may play roles in mtSSU and mtLSU
biogenesis that extend until the formation of the monosome.

GTPBP10 is essential for mitochondrial protein synthesis

To gain insight into the possible role of GTPBP10 in mi-
tochondrial translation and mitoribosome assembly, we at-
tempted to knockout (KO) GTPBP10 in HEK293T cells
using transcription activator-like effector nucleases (TAL-
ENs) (Supplemental Figure S1A). Although several trans-
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Figure 2. GTPBP10 is a mitochondrial protein that sediments with mitoribosome large and small subunits. (A) Immunoblot analyses of GTPBP10 levels
in HEK293T whole cell lysate (WCL), cytoplasmic (C) and nuclear (N) fractions. Antibodies against organelle-specific proteins were used as controls.
(B) Mitochondria (M) isolated from HEK293T cells were first fractionated into soluble (S) and membrane-bound (P) proteins by brief sonication and
centrifugation. The pellet was submitted to alkaline carbonate extraction (pH: 11.5) to allow the separation of the extrinsic proteins present in the super-
natant (CS) from the intrinsic proteins in the pellet (CP). Equivalent volumes of each fraction were analyzed by immunoblotting using antibodies against
GTPBP10, the matrix-soluble protein HSP60, the extrinsic membrane-associated protein CMC1 and the inner membrane intrinsic protein COX2. (C)
Proteinase K protection assay in mitochondria (Mt) and mitoplasts (Mp) prepared by hypotonic swelling of mitochondria. The samples were analyzed
by immunoblotting using antibodies against GTPBP10, the matrix protein HSP60, the inner membrane protein TIM50, and the outer membrane protein
TOM20. (D) Immunoblot analyses of the steady-state levels of mitoribosome LSU, SSU proteins and assembly factors in mitochondria from HEK293T,
143B and 143B-206 rho0 (�0) cells. VDAC used as a loading control. (E) Scheme of the GTPBP10 protein indicating the region truncated in the isoform 2,
and the location of the GTP binding domains (G1-3). (F) Structure of the B. subtilis Obg GTP-binding protein (PDB 1LNZ) (44). The conserved Obg fold
(glycine-rich domain) and GTP binding domain are indicated. The protein segment absent in GTPBP10 isoform 2 is labeled in green color. (G) Scheme of
the GTPBP10 locus on human chromosome 7 depicting the two known splicing variants. (H) Sucrose gradient sedimentation analysis of GTPBP10 and
mitoribosomal proteins in extracts from wild-type HEK293T or 143B mitochondria prepared in the presence of the 20 mM MgCl2. The fractions were
analyzed by immunoblotting using Abs against the indicated proteins. Transparent green, blue and red colors mark the fractions where the 28S mtSSU,
39S mtLSU and 55S monosome sediment, respectively. GTPBP10 levels in each fraction was quantified by densitometric integration of the bands using
the histogram panel of Adobe Photoshop and plotted as the percentage of the total signal in the bottom graphs.
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fection strategies were used and nearly 200 clones were
screened by immunoblot against GTPBP10 and subse-
quent genotyping, we identified several heterozygous (see
GTPBP10-Hz example in Figure 3A) but did not identify
any homozygous KO. Further GTPBP10 editing attempts
involved the CRISPR/CAS9 technology using three dif-
ferent guide RNAs (Supplemental Figure S1A). Analysis
of another set of ∼200 clones finally yield one carrying a
full set of GTPBP10-KO alleles (see genotyping in Sup-
plemental Figure S1B) and therefore did not express any
GTPBP10 protein (Figure 3A). The KO clone grows poorly
in glucose-rich medium, which becomes fast acidified even
when supplemented with uridine, pyruvate, and formate to
minimize metabolic consequences of a potential respiratory
deficiency.

Following the observation that GTPBP10 co-sediments
with the mitoribosome, we examined the mitochondrial
translation capacity of GTPBP10-Hz and GTPBP10-KO
cells by following the incorporation of [35S]-methionine
into newly synthesized mitochondrial polypeptides in the
presence of emetine to inhibit cytoplasmic protein syn-
thesis. De novo mitochondrial protein synthesis rates were
markedly decreased in GTPBP10-Hz and virtually unde-
tectable in GTPBP10-KO cells (Figure 3B) thus demon-
strating a role for GTPBP10 in mitochondrial protein syn-
thesis. The mitochondrial translation-deficient phenotype is
restored by wild-type levels of expression of recombinant
FLAG-tagged GTPBP10 (Figure 3C-D), thus minimizing
the possibility of CRISPR-induced off-target effects. How-
ever, it is important to mention that excess of GTPBP10
may be deleterious, as recently reported (43). During the
reconstitution assays, when we used a construct in which
GTPBP10 expression was under the control of a stan-
dard human cytomegalovirus (CMV) intermediate early
enhancer/promoter (plasmid pCMV6), GTPBP10 levels
were ∼5–10-fold of WT levels (Figure 3C) but whereas the
protein synthesis defect was complemented, the restora-
tion of OXPHOS enzyme subunits was only partial (Fig-
ure 3D and E), suggesting a deleterious secondary effect
by the overexpressed protein. However, when we used an
attenuated CMV promoter (�5) (36), wild-type levels of
GTPBP10 were expressed and full complementation was
achieved (Figure 3D and E). Therefore, in all the comple-
mentation experiments implemented in the manuscript, we
used the construct with the CMV �5 promoter, if not oth-
erwise indicated.

Consistent with their protein synthesis defect, GTPBP10-
KO cells presented notably decreased steady-state levels
of mtDNA-encoded OXPHOS components, as analyzed
by denaturing immunoblotting (Figure 3E). The OXPHOS
complex deficiency resulted in decreased enzymatic activi-
ties, exemplified by the virtual absence of cytochrome c ox-
idase (COX) or respiratory complex IV (CIV) activity (Fig-
ure 3F).

The mitochondrial protein synthesis defect could be due
to abnormalities in mitoribosome biogenesis and function.
To explore whether the absence of GTPBP10 affects mi-
toribosome accumulation, we first tested the steady-state
levels of mtLSU and mtSSU subunit markers and assem-
bly factors (Figure 3G). Immunoblot analyses showed that
most mtSSU and mtLSU proteins analyzed and several

mtLSU ancillary factors (GTPBP5, MTG1, MALSU1)
were markedly attenuated in GTPBP10-KO cells (Figure
3G).

We conclude that in HEK293T cells, GTPBP10 is nec-
essary for the maintenance of mitoribosome levels, there-
fore for mitochondrial protein synthesis and consequently,
for the biogenesis and function of mitochondrial OXPHOS
complexes.

GTPBP10 is required for accumulation of mitoribosome pro-
teins and rRNAs

To further explore whether GTPBP10 depletion affects mi-
toribosome biogenesis and forces the accumulation of mi-
toribosome assembly intermediates, we followed the forma-
tion of mitoribonucleoprotein particles in GTPBP10-KO
mitochondria by sucrose gradient sedimentation analysis of
mitochondrial extracts prepared in the presence of magne-
sium. An apparent effect of GTPBP10-KO was the virtual
absence of 55S monosomes (Figure 4A). It was also readily
apparent the accumulation of unassembled or partially as-
sembled mtSSU and mtLSU proteins, which accumulated
in the top light fractions (Figure 4A). Finally, the levels of
mtSSU and mtLSU sedimenting as assembled WT subunits
were markedly lowered in the absence of GTPBP10.

To better compare the accumulation of GTPBP10 and
mitoribosome protein markers in WT and GTPBP10-KO
mitochondrial extracts, we ran in parallel, in a single gel,
samples from the relevant sucrose gradient fractions (Fig-
ure 4B). We confirmed that the levels of mtSSU and mtLSU
proteins were decreased by at least 50% in the fractions
where the corresponding subunit peaks (Figure 4B). The
fractions from gradients presented in Figure 4A were col-
lected with a Brandel fractionator implemented with a
UV detector that allows for continuously monitoring ab-
sorbance at 254 nm throughout the gradient and therefore
to analyze the rRNA distribution pattern. In GTPBP10-
KO cells, levels of 12S rRNA in the 28S mtLSU fractions
and of 16S rRNA in the 39S mtLSU fractions were de-
creased by ∼50%, and rRNAs were undetectable in the
monosome fractions (Figure 4B). In agreement with these
data, quantification of total 12S and 16 rRNAs by northern-
blot showed that the absence of GTPBP10 lowers rRNA
levels to 60-70% of WT (Figure 4C).

Importantly, when the northern-blots were overexposed,
we could detect accumulation of the unprocessed precur-
sor polycistronic transcripts that contain both the 12S and
16S rRNAs, the 12S-16S rRNA (∼2-6 fold), and unpro-
cessed 16S rRNA transcript (∼2 fold) (Figure 4C). These
data are reminiscent of the 3-4-fold increase in the levels of
23S rRNA and 16S rRNA precursors observed in the E. coli
obgE mutant strain (26,30). In E. coli, rRNA processing and
ribosome maturation are tightly coupled (47,48). As a con-
sequence, mutations in LSU subunit assembly proteins can
result in processing defects in both SSU and LSU rRNAs
(49,50). Also in mammalian cells, mtRNA processing is rate
limiting for the assembly of the mitoribosomal subunits,
which has been shown to occur co-transcriptionally (51).
The double-stranded circular mtDNA encodes 13 proteins,
22 tRNAs and 2 rRNAs. Genes for proteins and tRNAs
are located in the two strands, which are transcribed as
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Figure 3. GTPBP10 is essential for mitochondrial protein synthesis. (A) Immunoblot analysis of the steady-state levels of GTPBP10 in HEK293T (WT),
heterozygous knockout (BP10-Hz) and knockout (BP10-KO) GTPBP10 clones. KO cells collected at two different passages (#1 and #2) are presented. (B)
Metabolic labeling with 35S-methionine of newly synthesized mitochondrial translation products in whole cells from the indicated lines during a 30-min
pulse in the presence of emetine to inhibit cytoplasmic protein synthesis. Immunoblotting for ACTIN, VDAC and TOM20 were used as loading controls.
Newly-synthesized polypeptides are identified on the left. (C) Immunoblot analysis of the steady-state levels of COX2 in HEK293T wild-type (WT) and
in GTPBP10 knockout (BP10-KO) cells transfected with an empty vector (EV) or a construct expressing FLAG-tagged GTPBP10. GTPBP10-FLAG was
expressed under the control of either a standard human cytomegalovirus (CMV) intermediate early enhancer/promoter (plasmid pCMV6) or an attenuated
CMV promoter (�5), generated by a deletion that eliminates a large proportion (4/5) of the transcription factor binding sites (36). (D) Metabolic labeling
as in panel (B) using GTPBP10 knockout (BP10-KO) cells reconstituted with a construct expressing FLAG-tagged GTPBP10 under the control of either
a standard CMV promoter (pCMV6) or a truncated promoter (�5). (E) Immunoblot analysis of the steady-state levels of oxidative phosphorylation
complex subunits in wild-type (WT) and GTPBP10-KO HEK293T cells and GTPBP10-KO cells reconstituted with a construct expressing GTPBP10
under the control of either a standard CMV promoter (pCMV6) or the CMV�5 truncated promoter. NDUFA9 is a subunit of complex I, SDHA of CII,
CORE2 or CIII, COX1 of CIV, ATP5� and ATP6 of the F1Fo-ATP synthase or CV. Immunoblotting for �-ACTIN and �-TUBULIN were used as loading
controls. (F) Measurement of the enzymatic activity of CIV or cytochrome c oxidase (COX), expressed as the percentage of WT. Data represent the mean
± SD of three independent repetitions. (G) Immunoblot analysis of the steady-state levels of mitoribosome proteins and assembly factors in mitochondrial
extracts from HEK293T (WT) and GTPBP10 knockout (BP10-KO) cell lines. HSP60 and mtHSP70 were used as loading controls.
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Figure 4. GTPBP10 is required for accumulation of mitoribosome mtLSU and mtSSU subunits and fully processed rRNAs. (A) Sucrose gradient sedi-
mentation analyses of GTPBP10 and mitoribosome mtSSU and mtLSU markers in mitochondria prepared from HEK293T (WT) or GTPBP10 knockout
(KO) cells. Two exposures of the KO immunoblots (short and long) are presented. The lower panel presents the continuous RNA profile (absorbance at 254
nm) obtained during gradient collection using a Brandel fractionation system and Brandel Peak Chart Software. Transparent green, blue and red colors
mark the fractions where the 28S mtSSU, 39S mtLSU and 55S monosome sediment, respectively. (B) Immunoblot analysis of GTPBP10 and mitoribosome
protein levels in fractions from the sucrose gradients presented in panel (A) where the non-assembled subunits (N-A, fractions 1–3), mtSSU (fractions 6–
7), mtLSU (fractions 8–9), and monosome (fractions 10–12) peak. Equal volumes of fractions corresponding to each cell line were loaded. (C) Northern
blot analyses of the steady-state levels of mitochondrial rRNAs in WT or the GTPBP10-KO clone. Multiple experimental repetitions (Exp) and X-ray
film exposures are presented to display the steady-state levels of 12S-16S precursor transcript, 12S and 16S unprocessed and fully processed transcripts.
The graphs on the right show the densitometry values normalized by the signal of ACTIN rRNA and expressed relative to the WT. Data represent the
mean ± SD of three independent repetitions. (D) Quantitative PCR (qPCR) analyses of the steady-state levels of several mtDNA-encoded mRNAs (ND1,
CYTB, COX1, COX2 and ATP6) and tRNAs (tRNA-Val and tRNA-Ala) in WT and the GTPBP10-KO clone. Data represent the mean ± SD from three
independent experiments.

large polycistronic transcripts covering most of each strand.
Following the original punctuation model, most genes en-
coding protein or rRNA are flanked by one or more tR-
NAs that can act as ‘punctuation’ marks for transcript pro-
cessing (52). This involves cleavage at the 5′ end of tRNAs
by RNase P, formed by the MRPP1-3 subunits, and cleav-
age of the 3′ end by the mitochondrial RNase Z known
as ELAC2, although additional proteins participate (53).
Notably, studies of knockout mice of the endoribonuclease
component of the RNase P complex, MRPP3, have shown
that mtSSU assembly cannot proceed in unprocessed 12S
rRNA, whereas a mtLSU intermediate containing a sub-

set of proteins is able to form on the unprocessed rRNA
transcript (51). Therefore, our data suggest the possibility
that a primary defect in mtLSU assembly in the absence of
GTPBP10 could prevent efficient precursor transcript pro-
cessing, ultimately impacting mtSSU maturation.

The decrease in rRNA levels does not reflect a general
mtRNA instability because RT-qPCR analysis did not iden-
tify any significant changes in the steady-state levels of sev-
eral tRNAs and mRNAs analyzed (Figure 4D). Consis-
tently, no mtDNA depletion or abnormal mtDNA nucleoid
morphology was observed in GTPBP10-KO cells (Supple-
mental Figure S2A and B).
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GTPBP10 is required for correct or efficient mtLSU and
mtSSU maturation during the hierarchical incorporation of
MRPs

To obtain a more comprehensive picture of the differences
in the composition and abundance of assembled mitori-
bosomal subunits, sucrose gradient fractions from Figure
4A, corresponding to the monosome, mtLSU and mtSSU
were methanol/chloroform precipitated and analyzed by
mass spectrometry (Figure 5A). Consistent with the data
presented in Figure 4A-B, all mtLSU and mtSSU proteins
from GTPBP10-KO mitochondria showed a marked de-
crease in the monosome fraction. They were also decreased
in the mtSSU and mtLSU fractions, reflecting a 30–40%
decrease of accumulated particles. Late assembly proteins
such as uS3m, uS10m, bS21m and mS36 and late assembly
mtLSU proteins such as bL33 or bL34 were particularly at-
tenuated in their corresponding fractions. The data on the
mtLSU is reminiscent of the observations made in E.coli
obgE deletion strains, which accumulate LSU assembly in-
termediates containing reduced levels of L16, L33 and L34
(30). Together, our data indicate an inability to efficiently or
correctly assemble the mitoribosome subunits or maintain
their stability in the absence of GTPBP10.

Mass spectrometry analysis of the mitoribosome sub-
units from GTPBP10-KO cells allowed us to evaluate fur-
ther the potential place GTPBP10 occupies within the hier-
archic incorporation of assembly factors during mtSSU and
mtLSU assembly (Figure 5B). Regarding the mtSSU, levels
of GRSF1 and ERAL1 were similar to the WT, suggesting
early incorporation and stable interaction with the mtSSU
particle assembled in the absence of GTPBP10. On the con-
trary, levels of the GTPase MTG3 on the mtSSU were re-
duced in the absence of GTPBP10, indicating a labile in-
teraction. This observation is significant from a rRNA pro-
cessing perspective. MTG3 (also called NOA1 or C4orf14
in humans), is a conserved member of the YqeH family of
GTPases. In yeast mitochondria, Mtg3 is required to facil-
itate the processing of the mtSSU rRNA precursor, jointly
with the uL29 component of the mtLSU, which has been
suggested that could provide a mechanism for balancing ex-
pression of the two ribosomal subunits (18). Independently
of whether human MTG3 performs a similar role, its atten-
uated presence on the mtSSU subunit would indicate that
the function or effect of GTPBP10 on the mtSSU precedes
that of MTG3.

Concerning the mtLSU, levels of MALSU1, DDX28,
FASTKD2, MRM3, MTERF3, NGRN and PTCD1 were
unchanged and levels of RPUSD3 were increased in
GTPBP10-KO mtLSU particles, which suggests that these
assembly factors are recruited to the growing mtLSU par-
ticle before GTPBP10. Although levels of MALSU1 in
the mtLSU particle had a tendency to decrease, they were
not significantly changed in contrast with their decreased
steady-state levels in the absence of GTPBP10 (Figure 3G).
This suggests slow MALSU1 recycling once they have in-
corporated into the mtLSU intermediate upon which they
act, and fast degradation of the protein fraction that is
not engaged in mtLSU assembly. Several other mtLSU as-
sembly factors, MTG1, NSUN4, MTERF4, and GTPBP6,

may act after GTPBP10 since they were not detected in
GTPBP10-KO mtLSU particles (Figure 5B).

As yet another approach to further examine the role of
GTPBP10, we introduced siRNA-induced silencing of se-
lected mitoribosome proteins (Figure 6A) and assembly
factors (AF) in WT cells and tested genetic interactions
among them by immunoblotting (Figure 6A and B). Si-
lencing of GTPB10 was poorly effective in four different
repetitions using three different siRNA constructs but we
chose to include the data to illustrate the importance of
having a GTPBP10-KO cell line and have included a com-
parison of the effects of GTPBP10 KO and knockdown
(KD) in Supplemental Figure S3. In the genetic interac-
tions studies, we placed a major focus on mtLSU biogenesis.
The selected proteins included early-assembled mtLSU pro-
teins such as bL19 and mL45 (8). As expected, silencing of
bL19 or mL45 significantly lowered the steady-state levels
of most mtLSU proteins, prevented mtLSU assembly and
also tended to attenuate GTPBP10 levels (Figure 6A and B),
suggesting that GTPBP10 acts beyond the incorporation of
early-assembled subunits. Throughout this experiment, in-
creased or decreased GTPBP10 levels, although consistent,
did not reach statistical significance, probably due to the sig-
nificant fraction of the protein that is not bound to mitori-
bosome subunits at a given moment (as seen in sucrose gra-
dients in Figures 2H and 4A). We observed that GTPBP10
levels also had a tendency to decrease in the absence of the
early assembly factor DDX28 but to increase in the ab-
sence of the late assembly factor MTG1 (Figure 6A and
B), suggesting that GTPBP10 incorporates to the mtLSU
assembly line after DDX28 and before MTG1 as also sug-
gested by the mass spectrometry analysis described earlier.
Silencing of the mtLSU late-assembly protein bL36, which
is incorporated following the action of MTG1 (20), resulted
in increased levels of DDX28, MALSU1, GTPBP10, and
MTG1. Finally, GTPBP10 levels also tend to increase in
the absence of MALSU1, a result that is not fully consis-
tent with the mass spectrometry data (see above) and may
indicate that both GTPBP10 and MALSU1 could act si-
multaneously during mtLSU biogenesis.

GTPBP10 directly interacts with the 16S rRNA and mtLSU
proteins.

The E. coli homolog of GTPBP10, ObgE, possesses
16S and 23S rRNA binding activity and has been pro-
posed to participate in rRNA refolding or stabilization of
rRNA/ribosomal protein structures (30). Thus, we set out
to examine whether GTPBP10 directly binds to the 12S and
16S rRNA. For this purpose, we used whole cell extracts
from WT cells stably expressing functional GTPBP10-
FLAG that was efficiently immunoprecipitated using anti-
FLAG sepharose beads but not IgG-conjugated beads (Fig-
ure 6C). To test for potential RNA-GTPBP10 interactions,
WT whole cells were subjected or not to UV-mediated
protein-nucleic acid crosslinking, followed by IP, and iso-
lation of the co-immunoprecipitated (co-IPed) RNA. Fol-
lowing reverse transcription and quantitative PCR analysis,
the 12S rRNA was poorly detected in all the different groups
(Figure 6D). In contrast, the 16S rRNA was significantly en-
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Figure 5. The absence of GTPBP10 alters the abundance and composition of the mtLSU and mtSSU proteomes. (A) Identity and abundance of mitori-
bosome proteins and assembly factors that accumulate in mitoribosome particles in mitochondrial extracts from WT and GTPBP10-KO HEK293T cells,
following their accumulation in the fractions from sucrose gradient sedimentation studies presented in Figure 4A. The proteins in the fractions in which
the mtSSU (fractions 6), mtLSU (fractions 8), and monosome (fractions 11) peak, were precipitated using methanol-chloroform and identified by mass
spectrometry. The bar graphs represent the total unique spectral count difference between WT and GTPBP10-KO normalized by the WT count. Results
represent the average ± SD of three independent repetitions. Mitoribosome proteins are identified at the bottom. (B) Accumulation of mitoribosome SSU
and LSU assembly factors in the fractions corresponding to each subunit, analyzed by mass spectrometry in panel (A). Data represent the average ± SD
of total unique spectral counts in WT and GTPBP10-KO samples from three independent repetitions. T-test: *P <0.05; **P <0.01, ***P <0.001.

riched in the FLAG Co-IP eluted samples compared to the
control IP (Figure 6D). These data demonstrate the inter-
action of GTPBP10 with the 16S rRNA.

To test whether GTPBP10 could directly guide insertion
of ribosomal proteins into the growing mtLSU particle as
we have recently reported for MTG1 (20), we implemented
several approaches using or not chemical crosslinkers to
identify potential mitoriboprotein interacting partners of
GTPBP10. In the assay presented in Figure 6C, whole
cell lysates from HEK293T cells stably expressing FLAG-
tagged GTPBP10 were lysed with 1% NP40 to disrupt
most native complexes, the GTPBP10-FLAG-interacting
proteins were isolated by FLAG-affinity IP and analyzed
by immunoblotting. The immunoprecipitate contained only
traces of the mtSSU protein mS22 but substantial amounts
of mtLSU protein uL13 and assembly factors MTG1 and
MALSU1 (Figure 6C), demonstrating the interaction of
GTPBP10 with mtLSU proteins. These data also indicate
that the effect of GTPBP10 depletion on the attenuation of
assembled mtSSU levels is most probably secondary to the
role of GTPBP10 on the mtLSU.

In another assay, we explored the direct interaction of
GTPBP10 with mitoribosomal proteins in the presence of
a non-cleavable crosslinker DSG (disuccinimidyl glutarate)
followed by extraction under denaturing conditions. DSG is
a homobifunctional crosslinker based on the amine-reactive
N-hydroxysuccinimide (NHS) ester group, with a 7.7 Å

spacer arm. Mitochondria purified from cells stably ex-
pressing GTPBP10-FLAG were incubated in the presence
of DSG or DMSO as a negative control, pulled-down with
anti-FLAG agarose beads and analyzed by SDS-PAGE. Af-
ter Coomassie staining, two bands of ∼75 and ∼95 kDa
were detected only in the crosslinked-IPed sample (Figure
6E). The bands were cut, and their composition was ana-
lyzed by mass spectrometry. We found that 34 MRPs were
detected in the ∼95 kDa band and 21 in the ∼75 kDa band,
many of which were overlapping (Supplementary Table S2).
The table in Figure 6F presents the four top proteins with
higher Mascot scores. Given the MW of these proteins,
GTPBP10 could be expected to interact with one of them,
although it is conceivable that more than one GTPBP10
complex of similar MW could form the ∼75 and ∼95 kDa
adducts. Also, some pairs of MRPs could be crosslinked
and co-migrate with the GTPBP10 adducts-MRP adduct/s.
While mapping these MRPs to the structure of the mitori-
bosome, we noticed that the three mtLSU MRPs with the
higher rank in each adduct, uL15m, mL38, and mL49 lo-
cate adjacent to each other in the mtLSU central protuber-
ance (Figure 6G), strongly suggesting that this may be the
mtLSU location to which GTPBP10 binds.

CONCLUSION

Mitoribosome maturation in vivo requires the assistance of
a growing number of trans-acting factors whose functions
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Figure 6. GTPBP10 directly interacts with the 16S rRNA and mtLSU proteins. (A and B) Knockdown (KD) of mitoribosome assembly factors and mitori-
bosome subunits in HEK293T cells using siRNAs for 8-9 days, verified by immunoblotting of whole cell lysates. (A) Representative image of immunoblot
analysis of the steady-state levels of mitoribosome proteins after silencing of target proteins. None is a mock consisting of only transfection reagent. siRNA-
NT is a non-targeting silencing control. Antibodies are listed on the right side, and VDAC was used as a loading control. (B) Following analysis in panel
(A), the densitometric data obtained on the abundance of mitoribosome proteins and assembly factors accumulated after silencing of each target protein
was used for cluster analysis (see Methods). The heat map, generated with the R studio software, represents a log 2 scale of the normalized average levels of
ratio to control (NT) in three independent repetitions of immunoblotting analyses. 2-way ANOVA followed by a Dunnett’s multiple comparisons test: *P
< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). (C) Co-immunoprecipitation analysis of GTPBP10-FLAG and interacting mitoribosome proteins and
assembly factors in whole cell lysates prepared in the presence of 1% NP40, by using anti-FLAG agarose beads (FLAG) or plain beads as control (CTRL).
In, input. FT, flow through or unbound. B is bound. (D) qPCR analyses of reverse-transcribed control or GTPBP10-FLAG co-immunopurified RNAs
after 4-thiouridine (4SU) treatment and either UV-mediated protein-RNA crosslinking (CL) or not crosslinking. (E and F) Analysis of GTPBP10 directly
interacting partners by using a non-cleavable crosslinker, DSG (disuccinimidyl glutarate). Mitochondria purified from cells stably expressing GTPBP10-
FLAG were incubated in the presence of DSG or DMSO as a negative control, pulled-down with anti-FLAG-agarose beads and analyzed by SDS-PAGE.
After Coomassie staining, bands of ∼ 75 kDa and ∼95 kDa observed only in the crosslinked-IPed sample were cut, and its composition analyzed by mass
spectrometry. The table in panel (F) presents the proteins identified in three independent experiments, sorted by their Mascot score. (G) Mitoribosome
proteins listed in panel (F) mapped to the human mitoribosome structure (PDB 3J9M) (3).

are starting to emerge. Here, we have shown that the GT-
Pase GTPBP10 binds to the 16S rRNA and associates with
both 39S subunits and the monosome to promote their
biogenesis. Secondarily, it affects the mtSSU biogenesis,
which may reflect a role in coordinating the accumulation
of the 28S and 39S subunits. GTPBP10 function is essen-
tial for mitoribosome maturation. It cannot be substituted
for other GTPases known to act exclusively in late stages
of mtLSU assembly such as MTG1 or even by the second

mitochondrial member of the Obg family in human cells,
GTPBP5 or MTG2 (Supplemental Figure S4A-B).

During the review of our manuscript, a characterization
of GTPBP10 has been reported by Lavdovskaia et al. (43).
Consistent with our data, they found that GTPBP10 inter-
acts with the mtLSU and is involved in assisting mtLSU
late-assembly steps. Although they were not able to obtain
a full GTPBP10-KO cell line, they obtained a cell line ex-
pressing a partially functional GTPBP10 protein carrying a
deletion of two amino acids at position 64 (R) and 65 (K)
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in the Obg fold domain (43), located just before the por-
tion of the fold missing in 143B cells (Figure 2E). In con-
trast to what we have observed in the GTPBP10-KO line,
the Gtpbp1064R65K cell line did not display any defect on
mtSSU assembly or abundance. We believe that the signif-
icant GTPBP10 function retained in this cell line is the ex-
planation for the discrepancy.

The biogenesis of the mitoribosome small and large sub-
units was initially thought to proceed largely independently,
since mutations affecting mtSSU proteins or assembly fac-
tors do not usually affect the biogenesis of the mtLSU,
and vice versa (12,14,20). However, recent studies on hu-
man mitoribosome assembly kinetics have shown that mi-
toribosome proteins are imported in large excess and that
unassembled copies are degraded relatively rapidly (8) prob-
ably to avoid excessive accumulation or proteins that could
compromise mitochondrial proteostasis. Therefore, the at-
tenuated steady-state levels of mtSSU proteins observed in
the GTPBP10-KO cell line could be partially explained by
a failure in the assembly of the mtLSU. However, our data
clearly indicate that not only proteins but also levels of ma-
tured mtSSU particles are partially depleted in the absence
of GTPBP10.

The question of how a mtLSU assembly defect can affect
the biogenesis or steady-state levels or the mtSSU is intrigu-
ing. In an attempt to answer this question, we have followed
two hypotheses regarding the coordination of mtSSU and
mtLSU assembly.

Following a first hypothesis, proposed by the group of
A. Spinazzola (54), the mtLSU assembly needs to reach
an undefined intermediate stage to facilitate the release of
an early mtSSU intermediate from the mtDNA nucleoids
in order to proceed with its maturation within the mito-
chondrial RNA granule compartment. If this does not oc-
cur, the mtDNA nucleoids aggregate and are enriched in
mtSSU proteins. Specifically, gene silencing of the mtLSU
assembly factor MPV17L2, which co-sediments on sucrose
gradients with the mtLSU and the monosome, results in a
marked decrease in these structures and also in the mtSSU
(54). Furthermore, although MPV17L2 depletion does not
affect mtDNA levels, it also results in aggregation of the mi-
tochondrial nucleoids where mtSSU proteins were shown to
accumulate (54). It was proposed that if mtSSU assembly
starts at the mtDNA nucleoids, MPV17L2 may coordinate
mtLSU biogenesis with the release from the nucleoids of
mtSSU assembly intermediates or fully assembled particles
(54). In our case, as for MPV17L2 silencing, the absence of
GTPBP10 did not lead to mtDNA depletion. On the con-
trary, mtDNA nucleoids in GTPBP10-KO cells have a mor-
phology and distribution similar to wild-type cells, thus sug-
gesting different mechanisms underlying the mtSSU bio-
genesis defects in cells depleted of MPV17L2 or GTPBP10.

A second hypothesis is suggested by work by Rack-
ham, O., et al. (51), who showed that mitoribosome as-
sembly proceeds co-transcriptionally and starts on a 12S-
16S rRNA precursor transcript that may be only processed
once mtLSU maturation has reached a certain intermediate
stage. This is concluded from the observation that an un-
processed 16S rRNA transcript was shown to be sufficient
to stimulate the incorporation of a large subset of mtLSU
ribosomal proteins (at least 27 were reported) but not the

assembly of the mature mtLSU subunits (51). On the con-
trary, mtSSU assembly (incorporation of proteins to the
12S rRNA) does not occur on the precursor and requires
processing (51). In vivo, as explained earlier, canonical 5′
tRNA cleavage by the RNAse P complex has been shown
to precede 3′ tRNA processing by ELAC2, and this is re-
quired for the correct biogenesis of the mitochondrial ribo-
somal subunits (51). With this information in mind, we have
shown that indeed a 12S-16S rRNA precursor transcript
accumulates several folds in GTPBP10-KO mitochondria
(Figure 4C). We propose that the mtLSU assembly step cat-
alyzed by GTPBP10 is required to stimulate efficient 12S-
16S rRNA precursor transcript processing by the nucle-
ases and therefore delays or impairs mtSSU assembly. This
model provides a rationale for a direct role of GTPBP10
in mtLSU biogenesis secondarily affecting mtSSU matura-
tion.

Focusing on the role of GTPBP10 on mtLSU biogen-
esis, Lavdovskaia et al. (43) found that GTPBP10 co-
precipitated in native conditions with mtLSU particles con-
taining several known late-stage assembly factors, such as
MALSU1 and SMCR7L (55), but also several additional
proteins involved in 16S rRNA chaperoning, stability or
modification such as DDX28, NGRN, RPUSD4, TRUB2,
and FASTKD2 (43). Although valuable to link GTPBP10
to the biogenesis of the mtLSU, these observations do not
necessarily define the substrate upon which GTPBP10 acts.
Here, we believe that the interaction of GTPBP10 with
the 16SrRNA and GTPBP10 cross-linking with specific
mtLSU proteins that we have described, as well as our data
on the hierarchical incorporation of assembly factors to the
mtLSU assembly line, provides further insight into the di-
rect and precise effect of GTPBP10 in mtLSU maturation.
We propose that GTPBP10 could catalyze 16S rRNA con-
formation remodeling and interactions with proteins in the
central protuberance to facilitate incorporation of late as-
sembly subunits, similar to what we have recently described
for MTG1 (20). Our data suggest that GTPBP10 would
act in an intermediate that contains DDX28, FASTKD2,
MRM3, MTERF3, NGRN, and RPUSD3, perhaps con-
currently with MALSU1, and before the action of MTG1,
NSUN4, MTERF4, and GTPBP6. As reported for MTG1
(20) and MALSU1 (55), GTPBP10 remains bound to the
mtLSU until mtSSU joints to form the functional mono-
some. Therefore, these mitoribosome assembly factors may
serve redundant roles in preventing premature subunit join-
ing and translation initiation.

Collectively, our results suggest that GTPBP10 might act
as a quality control checkpoint molecule in the final stages
of 39S subunit assembly. It binds to the 16S rRNA possi-
bly to promote or stabilize rRNA folding and proper as-
sembly of rRNA with mtLSU proteins. Our data have also
uncovered potential links between 39S mtLSU maturation,
12S-16S precursor transcript processing, and biogenesis of
the 28S mtSSU, which could provide a mechanism for bal-
ancing or coordinating the maturation of the two ribosomal
subunits in mammalian mitochondria.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gky938#supplementary-data
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