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Abstract
Mitochondrial translation occurs on the mitochondrial ribosome, also known as the mitoribosome. The assembly of mitoribo-
somes is a highly coordinated process. During mitoribosome biogenesis, various assembly factors transiently associate with 
the nascent ribosome, facilitating the accurate and efficient construction of the mitoribosome. However, the specific factors 
involved in the assembly process, the precise mechanisms, and the cellular compartments involved in this vital process are 
not yet fully understood. In this study, we discovered a crucial role for GTP-binding protein 8 (GTPBP8) in the assembly of 
the mitoribosomal large subunit (mt-LSU) and mitochondrial translation. GTPBP8 is identified as a novel GTPase located 
in the matrix and peripherally bound to the inner mitochondrial membrane. Importantly, GTPBP8 is specifically associated 
with the mt-LSU during its assembly. Depletion of GTPBP8 leads to an abnormal accumulation of mt-LSU, indicating that 
GTPBP8 is critical for proper mt-LSU assembly. Furthermore, the absence of GTPBP8 results in reduced levels of fully 
assembled 55S monosomes. This impaired assembly leads to compromised mitochondrial translation and, consequently, 
impaired mitochondrial function. The identification of GTPBP8 as an important player in these processes provides new 
insights into the molecular mechanisms underlying mitochondrial protein synthesis and its regulation.
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Introduction

Mitochondria have a genome of their own coding for 13 
proteins that are essential components of the oxidative 
phosphorylation (OXPHOS) complexes. In mammals, 
these largely hydrophobic proteins are synthesized by spe-
cialized mitochondrial ribosomes (mitoribosomes) located 
in the matrix and associated with the inner mitochondrial 
membrane to facilitate co-translational insertion of newly 
synthesized proteins [1]. At the molecular level, the mecha-
nism of mitochondrial protein synthesis shares some simi-
larities with the process of protein synthesis in bacteria. As 
a result, antibiotics disrupting protein synthesis on bacterial 
ribosomes also have similar effects on mammalian mitori-
bosomes [2–4]. However, mitoribosomes are distinct from 
their prokaryotic ancestors in several ways [5–7]. The bac-
terial ribosome, a 70S particle composed of a 30S small 
ribosomal subunit and a 50S large ribosomal subunit, pos-
sesses a very compact structure with approximately 70% 
ribosomal RNA (rRNA) and 30% proteins [7]. In contrast, 
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the mammalian mitoribosome has a sedimentation coeffi-
cient of 55S with an inverse protein to RNA ratio, having 
acquired both additional proteins and N- and C-terminal 
extensions to pre-existing ribosomal proteins during evolu-
tion [1, 5, 6]. The 55S mitoribosome consists of two subu-
nits, the large subunit (mt-LSU, 39S) and the small subunit 
(mt-SSU, 28S) which contain 16S and 12S mitoribosomal 
RNAs (mt-rRNA), respectively, and more than 80 mitoribo-
somal proteins (MRPs) [3]. Recent advances in cryo-elec-
tron microscopy have solved the high-resolution structures 
of mammalian mitoribosomes revealing the complex inter-
actions that occur within the subunits [3, 5, 6, 8–14]. The 
biogenesis of each subunit proceeds through an intricate and 
hierarchical process and forms the mature monosome during 
the initiation phase of mitochondrial translation. The mt-
rRNAs are encoded by the mitochondrial DNA (mtDNA), 
while all the MRPs are encoded in the nucleus and imported 
into the mitochondrion following synthesis in the cytosol. 
Therefore, mitoribosome assembly is a highly coordinated 
process that involves the import, processing, and assembly 
of nuclear-encoded MRPs as well as post transcriptional pro-
cessing of the mt-rRNAs [1, 15–18].

Robust models for bacterial ribosome assembly have 
been established earlier [19–21]. However, this informa-
tion is not readily transferable to eukaryotic mitoribo-
somes because of the substantial structural and compo-
sitional alterations that have occurred during evolution. 
The assembly of the mitoribosome is assisted by many 
assembly factors transiently associating with the nascent 
ribosome to enable its accurate and efficient construction 
[15, 22]. These assembly factors include rRNA process-
ing and modifying enzymes, RNA helicases, chaperones, 
and GTPases [15, 21, 23, 24]. In bacteria, GTPases rep-
resent the largest class of essential ribosome assembly 
factors [23, 25]. The GTPases involved in the ribosome 
assembly have mostly been studied in bacteria and yeast. 
The available information is scarcer regarding their roles 
in the assembly of the mammalian mitochondrial ribo-
somes. Only a few GTP binding proteins (GTPBPs) of 
mitoribosomes have been identified and characterized 
thus far for the assembly of mt-LSU and mt-SSU. Two 
human GTPases MTG3 (C4orf14, NOA1, YqeH) and 
ERAL1 (bacterial Era) are known to be important for the 
assembly of the mt-SSU [26, 27]. GTPBP5 (also known 
as MTG2/OBGH1, bacterial ObgE), GTPBP6 (also known 
as bacterial HflX), GTPBP7 (also known as MTG1, bacte-
rial RbgA) and GTPBP10 (also known as OBGH2) [22, 
26–30] facilitate the assembly of mt-LSU at different time 
points [18]. Both GTPBP5 and GTPBP10 associate with 
the mt-LSU but they display distinct and not mutually 
compensable functions in the mt-LSU assembly [26–28, 
30]. GTPBP10 mostly associates with the mtLSU in a 
GTP-dependent manner [26, 30]. GTPBP5 facilitates the 

methylation of 16S rRNA securing coordinate subunit 
joining and release of late-stage mtLSU assembly fac-
tors [27, 28]. GTPBP7 binds the 16S rRNA of mt-LSU 
to promote the incorporation of late-assembling MRPs 
and couples the mt-LSU assembly with the formation of 
inter-subunit bridges [28, 29]. GTPBP6 acts during the last 
steps of the mt-LSU assembly and assists in the dissocia-
tion of the ribosomal subunits for recycling [22].

The GTP binding protein 8 (GTPBP8), a previously 
uncharacterized protein, was recently found in the DDX28 
(an assembly factor of mt-LSU) interactome from mito-
chondrial RNA granules [28]. The bacterial orthologue of 
GTPBP8, Ysxc/Yiha, sharing ∼20% sequence identity with 
GTPBP8, is associated with the bacterial ribosomal large 
subunit and required for ribosome biogenesis [29–31]. Yet 
little is known regarding its mitochondrial GTPBP8 coun-
terpart, particularly in human cells. In this study, we char-
acterize the cellular function of human GTBBP8 in mito-
chondria. Our results reveal that GTPBP8 is imported into 
mitochondria by an N-terminal pre-sequence and resides in 
the mitochondrial matrix, peripherally bound to the inner 
membrane. GTPBP8 specifically associates with the 39S mt-
LSU and plays a critical role in the maturation of the 39S 
mt-LSU subunit at a late stage. Loss of GTPBP8 leads to an 
abnormal accumulation of mt-LSU and a marked reduction 
of fully assembled 55S monosomes, resulting in impaired 
mitochondrial translation and respiration. Taken together, 
our findings uncover human GTPBP8 to be an important 
assembly factor of the mitoribosome and critical for mito-
chondrial translation.

Materials and methods

Plasmid construction

Full-length human GTPBP8 coding sequence (GenBank 
Accession No. NM_014170.2) in the pENTR221 vector 
(ORFeome Library; Biocentrum Helsinki Genome Biology 
Unit) was cloned with XhoI and BamHl restriction sites 
into the pEGFP-N1 vector (Takara Bio Inc.). GTPBP8 was 
cloned into the pHAT vector (provided by the EMBL Protein 
Expression and Purification Facility) with BcuI and BamHI 
cloning sites. GTPBP8-myc was constructed from GTPBP8-
GFP with GFP replaced by myc. GTPBP81–46aa-GFP and 
GTPBP847–284aa-GFP were subcloned into the pEGFP-N1 
vector. Inserts were sequenced to confirm the cloning. 
GTPBP8 was cloned into the pGAT2 vector using NcoI and 
XhoI restriction sites. LR recombination was performed 
between the GTPBP8 entry clone and the MAC-C desti-
nation vector [32] to generate the MAC-tagged GTPBP8 
expression vector.
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GTPase activity assay

The GTPase activity of purified GTPBP8 protein was 
assessed using the Enzcheck assay kit (E6646, Life Technol-
ogies) according to the manufacturer’s instructions. GTPBP8 
(12 μM) was incubated with various concentrations of GTP 
(0, 0.094, 0.1875, 0.375, 0.75, 1.5, and 3 mM) in the kit's 
reaction buffer at 25 °C. Absorbance at 360 nm was immedi-
ately recorded every 4 min for a duration of 60 min using the 
VarioskanTM LUX multimode microplate reader (Thermo 
Fisher Scientific) with SkanIt Software 5.0. The amount of 
inorganic phosphate released from GTP hydrolysis at each 
time point was determined by extrapolation using a phos-
phate standard curve. Kinetic parameters were determined 
by fitting the data to the Michaelis–Menten equation using 
OriginPro 2018.

Cell culture and transient transfections

Human osteosarcoma (U2OS) cells, which regularly tested 
negative for mycoplasma with MycoAlert Plus (Lonza), 
were cultured in high-glucose DMEM containing 10% FBS 
(12-614F, Lonza), 10 U/mL Penicillin, 10 µg/mL Strepto-
mycin and 20 mM L-glutamine (10378-016; Gibco) in a 
humidified 95% air/5% CO2 incubator at 37 °C. For transient 
transfections, cells were plated on culture plates and trans-
fected the next day with DNA constructs using FugeneHD 
reagent (#E2311, Promega), according to the manufacturer’s 
instructions.

For silencing experiments, cells were transfected with 
30 pmol of target gene or control siRNA directly after 
replating on the 6 cm culture plate using Lipofectamine® 
RNAiMAX (#13778-075, ThermoFisher), according to the 
manufacturer’s instructions. Cells were transfected again 
after 48 h with the same amount of siRNA and incubated for 
another 72 h. All the samples were subjected to mass spec-
trometry and western blot analysis. The following siRNA 
target sequences were used: GTPBP5 siRNA: 5′-CGG​UGG​
ACA​CGU​CAU​UCU​GTT-3′ (134621, Ambion); GTPBP7 
siRNA: 5′- GCA​ACA​CUU​AGA​AGG​AGA​AGG​CCU​A-3′ 
(1362318, Invitrogen); GTPBP8 siRNA#1: 5′-AAA​GTT​
ACT​ATG​TAA​GCC​TAA-3′ (SI04257974); siRNA #2: 
5′-AGC​GAC​TGA​GCC​GCT​ATA​ATA-3′ (SI04232011, 
Qiagen); #3: 5′-AAG​CAT​CGA​TAG​GTA​AGT​TGA-3′ 
(SI03130008, Qiagen); #4: 5′-CCG​GTT​TAG​CTG​AAG​
ATT​CAA-3′ (SI00443779, Qiagen), GTPBP10 siRNA 
5′-TTG​CGT​GTT​GTT​CAG​AAA​GTA-3′ (SI04308647, 
Qiagen), uL16m siRNA: 5′ TAC​GGA​GTT​TAC​AGA​
AGG​CAA-3′ (SI00648291, Qiagen) and Negative control 
siRNA (SI03650318, Qiagen), MRPL45 siRNA: 5′-CTG​
GAG​TAT​GTT​GTA​TTC​GAA-3′ (SI00649005, Qiagen), 
bL27m siRNA 5′CAG​GCA​GAC​GCC​AAG​GCA​TTA-3′, 
uL11m siRNA 5′-AGG​AAG​GAG​GTC​ACA​CCA​ATA-3′ 

(SI04135684, Qiagen), mL65 siRNA 5′CAA​GCU​AUG​
UAU​CAA​GGA​Utt3′ (s21375, ThermoFisher Scientific) 
bL31m siRNA 5′-CCA​GGC​TTA​TGC​ACG​ACT​CTA-
3′ (SI00649271, Qiagen), mL64 siRNA 5′-AAG​AAC​
GCG​AAT​GGT​ACC​CGA-3′ (SI02652349, Qiagen), and 
bL36m siRNA 5′-CGG​TGG​TAC​GTC​TAC​TGT​AAA-3′ 
(SI04156299, Qiagen).

In the rescue experiments, U2OS cells were treated with 
either control or GTPBP8 siRNA altogether for 8 days 
(siRNA transfection on the 1st and 3rd day on replated cells) 
out of which the last 48 h the GTPBP8-depleted cells were 
rescued with the GTPBP8-myc construct using FugeneHD 
reagent according to the manufacturer’s instructions. The 
control cells were replated after 5 days of AllStars nega-
tive-control siRNA (Qiagen) treatment, and all the control, 
GTPBP8 depleted, and GTPBP8 rescued cells were col-
lected at the same time on the 8th day.

Immunofluorescence microscopy

U2OS cells were grown on coverslips and fixed with 4% 
paraformaldehyde for 20 min, washed three times with PBS, 
and permeabilized with 0.1% Triton X-100 in PBS for 5 min. 
For antibody staining, permeabilized cells were incubated 
with primary antibody for 1 h at 37 °C. Coverslips were 
washed with Dulbecco plus 0.2% BSA and incubated with 
fluorescence-conjugated secondary antibody for 1 h at RT. 
Cells were mounted in Mowiol supplemented with 1,4-Diaz-
abicyclo[2.2.2]octane (DABCO). The following antibod-
ies were used: rabbit anti-GTPBP8 (1:100, HPA034831, 
Sigma), mouse anti-TOM20 (1:200, sc-17764, Santa Cruz 
Biotechnology), mouse anti-myc (1:100, sc-40, Santa 
Cruz Biotechnology), rabbit anti-COXIV (1:100, MA5-
15078, ThermoFisher Scientific). Cells were imaged with 
a DM6000B microscope (Leica Biosystems) equipped with 
a Hamamatsu Orca-Flash 4.0 V2 sCMOS camera and LAS 
X software (Leica), using 63x/1.4–0.60 HCX PL Apochro-
mat objective and brightline filters (Semrock): GFP-4050B 
(excitation, 466/40; emission, 525/50), TRITC-B (excitation, 
543/22; emission, 593/40).

Immunoblotting and antibodies

Cells were solubilized in PBS containing 1% dodecyl malto-
side (DDM), 1 mM PMSF, 10 mM sodium azide, 10 mM 
sodium ascorbate, and 5 mM Trolox. Protein concentrations 
were measured by the Bradford assay (Bio-Rad Laborato-
ries). Equal amounts of proteins were loaded and separated 
by Tris–glycine SDS-PAGE, and transferred to PVDF mem-
branes. Primary antibodies were incubated overnight at 4 °C 
and detected the following day with HRP-linked secondary 
antibodies (1:10,000) using the ECL reagent. The following 
primary antibodies were used: mouse anti-ATP5A (1:1000, 
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14748, Abcam), rabbit anti-GFP (1:4000, 50430-2-AP, Pro-
teintech), mouse anti-MT-CO1 (1:2000, 14705, Abcam), 
rabbit anti-COXIV (1:1000, MA5-15078, ThermoFisher Sci-
entific), rabbit anti-CytB (1:3000, 55090-1-AP, Proteintech), 
mouse anti-CytC (1:10,000, 05-479, Millipore), goat anti-
GAPDH (1:1000, sc-20357, Santa Cruz Biotechnology), 
rabbit anti-GTPBP5 (1:2000, 20133-1-AP, Proteintech), 
rabbit anti-GTPBP7 (1:4000, 13742-1-AP, Proteintech), rab-
bit anti-GTPBP8 (1:500, HPA034831, Sigma), rabbit anti-
GTPBP10 (1:500, NBP1-85055, Novus Biologicals), mouse 
anti-HSP60 (1:20,000, SMC-110, StressMarq Biosciences), 
rabbit anti-uL1m[MRPL1] (1:2000, 16254-1-AP, Protein-
tech), rabbit anti-uL2m[MRPL2] (1:2000, 16492-1-AP, 
Proteintech), rabbit anti-uL11m[MRPL11] (1:6000, 15543-
1-AP, Proteintech), rabbit anti-bL12m[MRPL12] (1:4000, 
14795-1-AP, Proteintech), rabbit anti-uL16m[MRPL16] 
(1:500, HPA054133, Sigma), rabbit anti-bL21m[MRPL21] 
(1:3000, PA5-31939, ThermoFisher Scientific), rabbit 
anti-uL24m[MRPL24] (1:2000, 16224-1-AP, Protein-
tech), rabbit anti-bL27m[MRPL27] (1:1000, 14765-1-AP, 
Proteintech), rabbit anti-mS27[MRPS27] (1:1000, 17280-
1-AP, Proteintech), rabbit anti-mL65[MRPS30] (1:1000, 
18441-1-AP, Proteintech), rabbit anti-mS35[MRPS35] 
(1:10,000, 16457-1-AP, Proteintech), rabbit anti-
bL36m[MRPL36] (1:1000, ab126517, Abcam), rabbit anti-
mL40[MRPL40] (1:1000, HPA006181, Sigma), rabbit anti-
mL45[MRPL45] (1:4000, 15682-1-AP, Proteintech), rabbit 
anti-mL46[MRPL46] (1:2000, 16611-1-AP, Proteintech), 
rabbit anti-bL31m[MRPL55] (1:1000, 17679-1-AP, Pro-
teintech), rabbit anti-mL64[MRPL59] (1:500, 16260-1-AP, 
Proteintech), mouse anti-myc (1:1000, sc-40, Santa Cruz 
Biotechnology), mouse anti-NDUFA9 (1:1000, 20312-1-AP, 
Proteintech), mouse anti-TOM20 (1:1000, sc-17764, Santa 
Cruz Biotechnology), rabbit anti-TOM40 (1:1000, 18409-1-
AP, Proteintech), rabbit anti-TRMT61B (1:500, 26009-1-AP, 
Proteintech), mouse anti-SDHA (1:1000, 14715, Abcam).

Mitochondrial isolation and submitochondrial 
fractionation

Mitochondria were isolated and purified as described 
previously [33]. Briefly, cells were collected and resus-
pended in a mitochondrial isolation buffer (10 mM Tris-
MOPS, 1  mM EGTA, 200  mM sucrose, pH 7.4) and 
homogenized with a Teflon potter (Potter S, Braun). Cells 
that had not been lysed were sedimented with 600 ×g for 
5 min at 4 °C before being discarded. The supernatant 
was then centrifuged for 10 min at 4 °C at 9000 ×g. The 

resulting pellet was dissolved in ice-cold mitochondrial 
isolation buffer and centrifuged at 9000 ×g for 10 min at 
4 °C. The pellet includes the mitochondrial fraction.

For identification of the sub-mitochondrial localiza-
tion of GTPBP8, the isolated mitochondria were sub-
fractionated to obtain mitoplasts using a phosphate 
swelling-shrinking method [34, 35]. Briefly, purified 
mitochondrial pellets were resuspended in a swelling 
buffer (10 mM KH2PO4, pH 7.4) and incubated for 20 min 
with gentle mixing. To keep the mitoplasts intact, mito-
chondria were mixed with an equal volume of shrink-
ing buffer (10 mM KH2PO4, pH 7.4, 32% sucrose, 30% 
glycerol, and 10 mM MgCl2) for another 20 min. The 
purified mitochondria and mitoplast were resuspended 
in a homogenization buffer (10 mM Tris-MOPS, 1 mM 
EGTA, 200 mM sucrose, pH 7.4) and treated with 0.2 mg/
mL proteinase K with or without 1% NP-40 for 30 min. 
Proteinase K activity was quenched with 2 mM PMSF 
for 10 min. All steps were carried out on ice. 1% SDS 
was added to solubilize the mitochondrial proteins and 
immunoblotted as indicated.

To detect the mitochondrial membrane binding of 
GTPBP8, mitochondria were subjected to alkaline extrac-
tion in freshly prepared 0.1 M Na2CO3 at pH 11, 11.5, and 
12. Mitochondrial membranes were pelleted at 72,000 ×g for 
30 min at 4 °C using an optimaTM ultracentrifuge (Beck-
man) with Beckman rotor (TLA 120). The membrane pel-
lets (P) were dissolved in Laemmli loading buffer (2% SDS, 
10% glycerol, 60 mM Tris–HCl, 0.005% bromophenol blue). 
Supernatants (S) were further precipitated using trichloro-
acetic acid (TCA) to a final concentration of 13% on ice for 
30 min. After centrifugation at 20,000×g for 30 min, pellets 
were washed twice with ice-cold acetone and dissolved in 
Laemmli loading buffer. Both pellets (P) and supernatant 
(S) were subjected to SDS-PAGE and western blot analysis.

Transmission electron microscopy

For pre-embedding immuno-EM, cells were grown on cover-
slips and fixed with PLP fixative (2% formaldehyde, 0.01 M 
periodatem, 0.075 M lysine-HCl in 0.075 M phosphate 
buffer, pH 7.4) for 2 h at room temperature, as described 
previously [36]. Cells were permeabilized with 0.05% sapo-
nin before being immunolabeled with anti-myc antibody in 
a 1:50 dilution, followed by Nano-gold mouse IgG in a 1:60 
dilution. Nano-gold was silver enhanced using the HQ Silver 
kit for 5 min and gold toned with 0.05% gold chloride. After 
washing, the cells were further processed for embedding.
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Blue native (BN)‑PAGE

The abundance of respiratory chain complexes was ana-
lyzed by Blue Native polyacrylamide gel electrophoresis 
(BN-PAGE) using a NativePAGETM Novex® Bis–Tris Gel 
System according to manufacturer’s instructions. Briefly, 
mitochondria were suspended in 1% DDM in PBS on ice for 
30 min and centrifuged at 22,000 ×g for 30 min. The super-
natant was supplemented with 0.2% Coomassie G250 and 
loaded on a 3–12% gradient gel. Proteins were transferred to 
the polyvinylidene fluoride (PVDF) membrane (Millipore, 
USA) which was subsequently fixed with 8% acetic acid for 
15 min, washed with MilliQ and methanol. The proteins 
were probed with the indicated antibodies.

Viability assays

Cell proliferation/viability was determined using the Thia-
zolyl Blue Tetrazolium Bromide (MTT) reagent. Briefly, 
MTT (M2128, Sigma-Aldrich) solution was added to the 
cell culture medium with a final concentration of 0.5 mg/ml 
at 24, 48, and 72 h during siRNA treatment. The medium 
was discarded after the incubation with MTT at 37 °C for 
4 h. Subsequently, 150 µL DMSO was added to dissolve the 
formazan, and the quantity of formazan was measured by the 
absorbance at 570 nm using a Varioskan™ LUX multimode 
microplate reader (Thermo Fisher Scientific) with SkanIt 
Software 5.0.

Measurement of oxygen consumption rate (OCR) 
and ATP production

After treatment with control or GTPBP8 siRNA for 5 days, 
mitochondrial function was assessed by detecting OCR and 
ATP production. Cellular oxygen consumption rates were 
measured using a Seahorse XF96e analyzer (Seahorse Bio-
science, Agilent Technologies) as described before [37]. 
The XF96 sensor cartridge was activated with 200 µL of 
XF96 calibration solution per well for 12 h at 37 °C. U2OS 
cells were seeded onto XF96 cell culture microplates at 
1 × 104 cells per well and treated with GTPBP8 or control 
siRNA for 5 days. One hour prior to measurement, the cul-
ture medium was changed to serum-free and bicarbonate-
free Dulbecco’s Modified Eagle’s medium supplemented 
with 10 mM glucose, 5 mM pyruvate and 5 mM glutamine. 
After incubation for 1 h at 37 °C in a non-CO2 incubator, 
steady-state and post-intervention analyses were performed. 
Respiration was assessed by the injection of oligomycin 
(1 µM) to inhibit the mitochondrial ATP synthase, carbonyl 

cyanide-p-trifluoromethoxy-phenylhydrazone (FCCP, 1 µM) 
to collapse the mitochondrial membrane potential, and rote-
none (1 µM) and antimycin A (1 µM) to inhibit the respira-
tory chain. OCR was measured before and after the addition 
of inhibitors at the indicated time points. The OCRs were 
normalized to total protein amounts to account for altera-
tions in cell density.

Cellular ATP levels were detected by an ATP determina-
tion kit (A22066, ThermoFisher Scientific) according to the 
manufacturer's instructions. After treatment with GTPBP8 
siRNA for 5 days, cells were harvested and lysed on ice 
for 10 min using the DDM lysis buffer without proteinase 
inhibitors. The cell lysates were briefly sonicated and cen-
trifuged at 16,000 ×g for 10 min at 4 °C. 10 µL supernatant 
was mixed with 90 µL reaction solution and luminescence 
measured using a Varioskan™ LUX multimode microplate 
reader (Varioskan Flash, Thermo Fisher Scientific, Inc., 
Waltham, MA USA). The amount of ATP was calculated 
from the standard curve and normalized to the total protein 
amount.

Radioisotope labeling of mitochondrial translation

Mitochondrial protein synthesis in cultured cells was 
detected through metabolic labeling with [35S] methionine/
cysteine in the presence of anisomycin to inhibit cytoplas-
mic ribosomes [38]. After treatment with targeted or con-
trol siRNA for 5 days, cells were washed three times with 
PBS and pretreated with 100 µg/mL anisomycin for 5 min to 
inhibit cytoplasmic translation. Subsequently, [35S] methio-
nine/cysteine (EasyTag, PerkinElmer) was added with a 
final concentration of 400 μCi for pulse labeling assays. 
After pulse labeling for 30 min, cells were washed twice 
either with PBS (pulse samples) or medium without [35S] 
methionine/cysteine (chase labeling). After 6 h of chasing, 
cells were scraped and treated with benzonase® Nuclease 
(E1014, Sigma) according to the manufacturer’s instruc-
tions. Gel loading buffer (186 mM Tris–HCl, pH 6.7, 15% 
glycerol, 2% SDS, 0.5 mg/mL bromophenol blue, and 6% 
-mercaptoethanol) was added to the samples before loading 
onto a 12–20% gradient SDS-PAGE gel to separate proteins. 
The gel was then dried for exposure to a phosphor screen and 
scanned with a FUJIFILM FLA-5100. Gels were rehydrated 
in water and Coomassie-stained to confirm equal loading.
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Fig. 1   GTPBP8 resides in the mitochondrial matrix peripherally 
associated with the inner mitochondrial membrane. A Immuno-
fluorescence microscopy analysis of cellular localization of endog-
enous GTPBP8, GTPBP-GFP, and GTPBP8-myc. Scale bars: 10 µm. 
Scale bars in insets: 2.5 µm. B Schematic diagram of GTPBP8 con-
structs. C Immunoblotting analysis of the subcellular localization 
of GTPBP8. U2OS cells were fractionated, and the endogenous 
GTPBP8 was detected in the whole-cell lysate (WCL), cytoplasm 
(CYT) and isolated mitochondria (MIT). Antibodies against the 
mitochondrial proteins TOM40 and uL11m, and a cytosolic protein 
GAPDH were used as controls. D Immunoblotting analysis of the 
submitochondrial localization of endogenous GTPBP8 using pro-
teinase K digestion of isolated mitochondria from U2OS cells. E 

Mitochondrial protein extraction by sodium carbonate using isolated 
mitochondria from U2OS cells. Quantification of GTPBP8 pro-
tein abundance in the supernatant and pellet was shown on the right 
panel. Mitoribosomal proteins uL16m, uL11m, and mS27 and trans-
membrane mitochondrial proteins MT-CO1 and COXIV were used 
as controls. F Immuno-electron microscopic analysis of  GTPBP8-
myc localization in U2OS cells. The nano-gold particles in the cyto-
plasm and mitochondria were indicated by green and orange arrows, 
respectively. Scale bars: 200  nm. G Representative immunofluores-
cence images of U2OS cells transfected with GTPBP81–46aa-GFP 
and GTPBP847–284aa-GFP for 24 h. The transfected cells were immu-
nostained with an anti-TOM20 antibody. Scale bars: 10 µm



GTPBP8 is required for mitoribosomal biogenesis and mitochondrial translation﻿	

1 3

Page 7 of 22  361

Isokinetic sucrose gradient assays

The sedimentation properties of GTPBP8 and the riboso-
mal proteins in sucrose gradients were analyzed as described 
before [36]. Cells or mitochondria were lysed in 1% DDM 
lysis buffer (50 mM Tris, pH 7.2, 10 mM Mg(Ac)2, 40 mM 
NH4Cl, 100 mM KCl, 1% DDM, 1 mM PMSF, 6 µl/mL 
Chloramphenicol, and 1 mM ATP) for 20 min on ice, then 
centrifuged at 20,000 ×g for 20 min at 4 °C. A supernatant 
containing 900 g of total protein was loaded onto a 16 mL 
linear 10–30% sucrose gradient (50  mM Tris, pH 7.2, 
10 mM Mg(Ac)2, 40 mM NH4Cl, 100 mM KCl, and 1 mM 
PMSF) and centrifuged for 15 h at 4 °C with 74,400 ×g 
(SW 32.1 Ti; Beckman Coulter). 24 equal volume fractions 
were collected from the top and subjected to TCA precipi-
tation. Samples were separated by SDS-PAGE for subse-
quent immunoblotting. For RNaseA treatments, RNaseA 
(ThermoFisher Scientific) was added to the cell lysate at 
a final concentration of 600 U/mL at the stage of protein 
sample preparation, and sucrose gradients were prepared as 
described.

RNA and DNA isolation and real‑time quantitative 
PCR (RT‑qPCR)

Total RNA was extracted from the whole cells and sucrose 
fractions using the GeneJET RNA purification kit (K0731; 
Thermo Fisher Scientific) and Trizol reagent (Invitrogen), 
respectively. Single-stranded cDNA was synthesized from 
extracted mRNA with the Maxima first strand cDNA syn-
thesis kit (K1671; Thermo Fisher Scientific). For quantifi-
cation of mtDNA copy numbers, total DNA was extracted 
from cells using a total DNA, RNA, and protein isolation 
kit (Macherey–Nagel) following the manufacturer’s instruc-
tions, and mtDNA copy numbers were assessed using quan-
titative PCR analyses. β-globin was used to normalize the 
copy numbers of mtDNA. Quantitative PCR reactions 
were performed with Maxima SYBR Green/ROX (K0221; 
Thermo Fisher Scientific) by Bio-Rad Laboratories CFX96. 
GAPDH and 18S rRNA were used as controls for genes 
encoded in the nucleus and mitochondria, respectively. 
Changes in expression levels were calculated with the 2−ΔΔCt 
method. Primers used in this study were: GTPBP8 F: 5′- 
GCG​GCC​AGA​GGT​GTG​TTT​TA-3′, GTPBP8 R: 5′-CCA​
TAA​CCT​GGC​ATG​TCC​AC-3′; GAPDH F: 5′- TGC​ACC​
ACC​AAC​TGC​TTA​GC-3′, GAPDH R: 5′- GGC​ATG​GAC​
TGT​GGT​CAT​GAG-3′; MT-CO1 F: 5′- CTC​TTC​GTC​TGA​
TCC​GTC​CT-3′, MT-CO1 R: 5′-ATT​CCG​AAG​CCT​GGT​
AGG​AT-3′; MT-CytB F: 5′- TAG​ACA​GTC​CCA​CCC​TCA​

CA-3′, MT-CytB R: 5′-CGT​GCA​AGA​ATA​GGA​GGT​GGA-
3′; mt-tRNAval F: 5′- TAG​ACA​GTC​CCA​CCC​TCA​CA-3′, 
mt-tRNAval R: 5′-CGT​GCA​AGA​ATA​GGA​GGT​GGA-3′; 
12S rRNA F: 5′- TAG​AGG​AGC​CTG​TTC​TGT​AAT​CGA​
-3′, 12S rRNA R: 5′-TGC​GCT​TAC​TTT​GTA​GCC​TTCAT-
3′; 16S rRNA F: 5′-AGA​GAG​TAA​AAA​ATT​TAA​CAC​
CCA​T-3′, 16S rRNA R: 5′-TTC​TAT​AGG​GTG​ATA​GAT​
TGG​TCC​-3′; 18S rRNA F: 5′-CCA​GTA​AGT​GCG​GGT​
CAT​AAGC-3′, 18S rRNA R: 5′-CCT​CAC​TAA​ACC​ATC​
CAA​ TCGG-3′; mtDNA F: 5′-ACC​ACA​GTT​TCA​TGC​
CCA​TCGT-3′, mtDNA R: 5′-TTT​ATG​GGC​TTT​GGT​GAG​
GGA​GGT​-3′; β-globin F: 5′-GGT​GAA​GGC​TCA​TGG​CAA​
GAAAG-3′ and β-globin R: 5′-GTC​ACA​GTG​CAG​CTC​
ACT​CAGT-3′.

Co‑immunoprecipitation analysis

Immunoprecipitation of expressed GTPBP8-myc was per-
formed using Dynabeads™ Protein G (10004D, Invitrogen) 
according to the manufacturer's instructions. Briefly, 50 µL 
Dynabeads™ Protein G beads were first coated with 1 µg 
mouse anti-MYC antibody (sc-40, Santa Cruz Biotechnol-
ogy) or normal mouse IgG1 (sc-3877, Santa Cruz Biotech-
nology). After transient expression of GTPBP8-myc in 
U2OS cells for 48 h, mitochondria were extracted and lysed 
in ice-cold 1% DDM in PBS buffer containing a complete 
protease inhibitor cocktail. After 60 min of incubation on 
ice, the insolubilized material was removed by centrifuga-
tion at 20,000 ×g for 20 min at 4 °C. The supernatants were 
subsequently incubated with antibody-bound Dynabeads™ 
Protein G overnight at 4 °C. After washing, the protein G 
Dynabeads-antibody-protein was eluted with 50 mM glycine 
(pH 2.8) to dissociate the complex at RT for 2 min. The 
samples were subjected to SDS-PAGE and immunoblotting.

Proximity protein purification

U2OS were transfected with the MAC-tagged GTPBP8 
expression vector or a control MAC-tagged GFP vector 
using Fugene 6 (Invitrogen) according to the manufacturer’s 
instructions. Cells were treated with 50 μM biotin for 24 h 
before harvesting, and one biological sample contains cells 
derived from 5 × 150 mm fully confluent dishes (approxi-
mately 5 × 107 cells). Each sample has three biological rep-
licates. Samples were frozen at − 80 °C until further use. For 
proximity purification (BioID), cells were lysed and loaded 
onto columns (Bio-Rad) containing the Strep-Tactin matrix 
(IBA, GmbH). The detailed procedures are described in [39].
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Mass spectrometry

Protein lysate or pulldown samples were processed for a 
reduction of the cysteine bonds with 5 mM Tris(2-carboxy-
ethyl)phosphine (TCEP) for 30 min at 37 °C and alkylation 
with 10 mM iodoacetamide. The proteins were then digested 
into peptides with sequencing grade modified trypsin (Pro-
mega V5113) at 37 °C overnight. Digested peptides were 
used for mass spectrometry analysis. The analysis was per-
formed on a Q-Exactive mass spectrometer using Xcalibur 
version 3.0.63 coupled with an EASY-nLC 1000 system via 
an electrospray ionization sprayer (Thermo Fisher Scien-
tific). Mass spectrometry was in a data-dependent acquisi-
tion mode using FTMS full scan (300–1700 m/z) resolution 

of 60,000 and collision-induced dissociation (CID) scan of 
the top 20 most abundant ions [40]. BioID samples were run 
in quadruplicates, GTPBP8 knockdown samples in tripli-
cates, respectively.

Data processing for mass spectrometry

For protein identification, Thermo.RAW files were uploaded 
into the Proteome Discoverer 1.4 (Thermo Scientific) and 
searched against the Sequest search engine of the selected 
human part of UniProtKB/SwissProt database (http://​www.​
unipr​ot.​org). All reported data were based on high- confi-
dence peptides assigned in Proteome Discoverer (Thermo 
Scientific) with a 5% FDR by Percolator. The high confi-
dence protein–protein interactions (HCIs) were identified 
using stringent filtering against GFP control samples and 
the contaminant Repository for Affinity Purification (CRA-
Pome, http://​www.​crapo​me.​org/) database [41]. HCIs data 
were imported into Cytoscape 3.4.0 for the visualization. 
The known prey–prey interaction data were obtained from 
the IMEx database (http://​www.​imexc​onsor​tium.​org/) [42]. 
Gene ontology classification analysis was based on the 
DAVID bioinformatics resource (https://​david.​ncifc​rf.​gov/) 
[43]. Hierarchical cluster was performed by centered cor-
relation using Cluster 3.0 and the clusters were visualized 
with Tree View 1.1.6, and the matrix2png web server (http://​
www.​chibi.​ubc.​ca/​matri​x2png/).

Statistical analysis

All of the experiments were done in triplicates or otherwise 
indicated. All data are reported as mean ± SD as indicated 
in the figure legends. Differences among groups were ana-
lyzed using the unpaired student t-test, one-way or two-way 
Anova.

Results

GTPBP8 is a GTPase localized to mitochondria

Primary sequence analysis of the GTPBP8 in eukaryotes, 
E. coli (YihA), and B. subtilis (YsxC) reveals that GTPBP8 
has five evolutionary conserved GTPase domains (G1–G5; 
Fig. S1A, B). To examine whether human GTPBP8 pos-
sesses GTPase activity, we purified His-tagged GTPBP8 and 
assayed its GTPase activity in vitro. The result confirmed 
GTPBP8 to exhibit a low intrinsic GTPase activity, with a 

Fig. 2   Depletion of GTPBP8 impairs mitochondrial respiration and 
the assembly of OXPHOS complexes. A Steady-state mRNA levels 
of GTPBP8 in U2OS cells after treatment with control or GTPBP8 
siRNA detected by RT-qPCR. Error bars represent the mean ± SD 
of four independent experiments. ***P ≤ 0.001, One-way Anova. B 
Immunoblotting analysis of endogenous GTPBP8 protein levels in the 
whole-cell lysate (WCL) and isolated mitochondria (MIT). TOM40 
and GAPDH were used as loading controls. C Determination of cell 
proliferation/cell viability by a  MTT assay at the indicated times 
after treatment with control or GTPBP8 siRNA for 5  days. Blank 
does not have any siRNA treatments. *P ≤ 0.05 and ***P ≤ 0.001 are 
GTPBP8 siRNA treatment results compared to the blank. ##P ≤ 0.01 
and ###P ≤ 0.001 are GTPBP8 siRNA treatment results compared 
to control siRNA, Two-way ANOVA. D Grouping of network based 
on functionally enriched GO terms and pathways after depletion of 
GTPBP8. The functionally grouped network of enriched categories 
of all identified mitochondrial proteins was generated using ClueGO/
CluePedia. All significant enriched GO terms are represented as 
nodes based on their kappa score level 0.4. Only the networks and 
pathways with P < 0.05 are shown.  Functionally grouped networks 
are linked to their biological function, where only the representative 
term for each group is labeled. The node size presents the signifi-
cance level of the enriched GO term. Functionally related groups par-
tially overlap. Visualization was carried out using Cytoscape 2.8.2. E 
Bubble plot of top10 GO terms of significantly changed mitochon-
drial proteins after depletion of GTPBP8. The heatmap in the right 
panel presents the related intensity of individual proteins in the cor-
responding GO term. F Oxygen consumption rate (OCR), measured 
using a Seahorse XF96e Analyzer after depletion of GTPBP8.  The 
OCR was determined by adding mitochondrial function inhibitors 
sequentially at the indicated times. The OCR was normalized to the 
total protein amount used for the assay. G Quantification of the basal, 
ATP linked and maximal respiration capacities from the OCR meas-
urement in F. H Quantification of cellular ATP level after GTPBP8 
depletion. I Effects of GTPBP8 depletion on the OXPHOS com-
plex assembly assessed by BN-PAGE. J Quantification of OXPHOS 
complexes in I. Normalization was done against TOM40 complex. 
In B–J, U2OS cells were treated with control or GTPBP8 siRNA 
for 5 days. Error bars represent the mean ± SD of three independent 
experiments. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001, Student’s t-test

◂
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KM and Kcat of 0.20 ± 0.04 mM and 0.0079 ± 0.0033 min−1 
(n = 3), respectively (Fig. S1C), which are comparable to 
those of other mitoribosomal GTPases [44, 45]. This dem-
onstrates that human GTPBP8 is an evolutionarily conserved 
guanosine triphosphate (GTP) binding protein.

We further examined the intracellular localization of 
GTPBP8 by immunocytochemistry using an anti-GTPBP8-
antibody. The endogenous GTPBP8 co-localized with the 
mitochondrial protein TOM20 (Fig. 1A), suggesting that 
GTPBP8 resides within the mitochondria. Expression of 
myc- or green fluorescent protein (GFP)-tagged GTPBP8 
(Figs. 1A, B, and S2A, B) in human osteosarcoma cells 
(U2OS) displayed a similar intracellular distribution, co-
localizing with the mitochondrial proteins TOM20 and 
COXIV (Fig.  1A). Furthermore, subcellular fractiona-
tion and subsequent immunoblotting of both endogenous 
GTPBP8 (Fig.  1C) and GTPBP8-myc (Fig. S2C) were 
exclusively detected in the mitochondrial fraction, as indi-
cated by the mitochondrial outer membrane (MOM) protein 
TOM40, the mitochondrial intermembrane space (IMS) pro-
tein cytochrome C, and the matrix-localized mitochondrial 
ribosomal protein uL11m. GTPBP8 was not detected in the 

cytosolic fraction, revealing that GTPBP8 localized exclu-
sively to mitochondria.

Mitochondria are enclosed by two membrane defining 
distinct functional and morphological subdomains. To 
determine the sub-mitochondrial localization of GTPBP8, 
we purified mitochondria and treated them with protein-
ase K to degrade proteins exposed on the external surface 
of the outer membrane. Immunoblotting revealed that 
both endogenous GTPBP8 (Fig. 1D) and GTPBP8-myc 
(Fig. S2D) were not degraded by proteinase K but instead 
became accessible to enzyme digestion when the mitochon-
drial membranes were solubilized by 1% NP-40, similar to 
the integral mitochondrial inner membrane (MIM) protein 
COXIV and the mitochondrial matrix protein HSP60. In 
contrast, TOM40 localized on the MOM was completely 
digested in the absence of detergent, whereas the IMS pro-
tein cytochrome C was degraded only when the MOM was 
ruptured by hypo-osmotic swelling, indicating that the dif-
ferences in their accessibility to proteinase K were due to 
their differing sub-mitochondrial localization. These data 
suggest that GTPBP8 resides either on the inner surface of 
MIM or in the mitochondrial matrix. Thus, to determine 
whether GTPBP8 is a mitochondrial soluble, peripheral, or 
integral membrane protein, mitochondria were subjected 
to alkaline carbonate treatment at different pH values. Fol-
lowing treatment at pH 11, GTPBP8 resided mainly in the 
supernatant and partially in the pellet/membrane fraction 
(Fig. 1E). However, at a pH of 12, GTPBP8 was almost 
completely released to the soluble fraction, suggesting that 
GTPBP8 is a mitochondrial matrix protein, with a fraction of 
GTPBP8 peripherally interacting with the inner mitochon-
drial membrane similar to other mitochondrial GTPases, 
including GTPBP5, GTPBP6, or GTPBP10 [22, 46, 47]. To 
corroborate these findings, we performed immuno-electron 
microscopy of GTPBP8-myc-expressing cells using an 
anti-myc antibody. The electron micrographs showed that 
GTPBP8-myc resided in the mitochondrial matrix in close 
proximity to the inner membrane (Fig. 1F), while in the con-
trol myc-expressing cells the colloidal gold particles were 
localized in the cytoplasm. Taken together, these results 
demonstrate that GTPBP8 is a mitochondrial protein in the 
matrix that is peripherally associated with the inner mito-
chondrial membrane.

GTPBP8 is a nuclear DNA (nDNA)-encoded protein 
and is imported into the mitochondria after synthesis. In 
addition to the highly conserved GTPase domains, human 
GTPBP8 possesses a specific N-terminal extension of 84 
amino acids predicted to contain a putative mitochondrial 

Fig. 3   Loss of GTPBP8 impairs mitochondrial translation. A Steady 
state levels of oxidative phosphorylation complex proteins encoded 
by mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) after 
depletion of GTPBP8. The right panel shows quantification of the 
relative MT-CO1 and MT-CytB protein abundance normalized to 
TOM40. B The mRNA expression levels of MT-CO1 and MT-CytB 
normalized to 18S rRNA. C Steady-state levels of mtDNA content 
detected by quantitative PCR. The total mtDNA levels were normal-
ized to β-globin. D Metabolic labeling of mitochondrial translation 
products with [35S]-methionine/cysteine for the indicated time in 
U2OS cells. E The heatmap depicts the quantified 35S intensity in D 
for mitochondrially translated proteins relative to the corresponding 
intensity in Coomassie staining. The color bar represents the normal-
ized 35S intensity value. F Quantification of 35S intensity for mito-
chondrially translated 13 proteins after depletion of GTPBP8. The 
values were normalized to the corresponding intensity in Coomassie 
staining. Error bars represent the mean ± SD of three independent 
experiments. **P ≤ 0.01 and ***P ≤ 0.001, Student’s t-test. Metabolic 
labeling of mitochondrial translation products with [35S]-methionine/
cysteine was performed for 30 min in U2OS cells after depletion of 
GTPBP8. The cells were treated with control and GTPBP8 siRNA 
for 5  days. G Metabolic labeling of mitochondrially translated pro-
teins with [35S]-methionine/cysteine for 30 min with or without 6 h 
of chasing in U2OS cells. In A–C, error bars represent the mean ± SD 
of three independent experiments. Student’s t-test. H The heatmap 
depicts the quantified 35S intensity in panel G for mitochondrially 
translated proteins relative to the corresponding intensity in Coomas-
sie staining. The color bar represents the normalized 35S intensity 
value

◂



	 L. Wang et al.

1 3

361  Page 12 of 22

Top (10%) Bottom (30%)- RNase

+ RNase

u mL11

u mL11

GTPBP8

GTPBP8

mS27

mS27

7 8 9 10 11 1412135 6 15 16 322212028171 913 41 2

31
kDa

20
38

31
kDa

20

38

24

8  11 415 15 16 1917 18 20 2122 233 41 2 24

A

0
10

20
30

40
50

GTPBP8
uL11m
mS27

1 2 3 4 5 6 7 8 9 10 11 12 1314 1516 1718 19 202122 23 24

Sucrose Con.

28S

39S

55S

D

EB

uL24m

u mL11

u mL16

b mL27

b mL21

uL1m

bL12m
mL45

GTPBP8

mS27

mS35
TOM40

GAPDH

20

kDa

28

26

15

19

34

21

32

25

38

40

40

36

28S 39S 55S

C
Relative 

protein level 

F

bL31m 15

uL1m

b 2L 1mm 40L

m 43L

m 44L

m 45L

m 46L

Mitochondrial translation

GTPBP8

Respiratory electron transport
and the citric cycle

Fatty acid metabolism

Bait to prey interaction
Prey to prey interaction

bL31m

Input Eluate
uL16m IP

u mL16 26

GTPBP8 25
kDaInput Eluate

Control IP
Input Eluate

uL31m IP

bL m31 15

GTPBP8 25
kDaInput Eluate

Control IP

Input Eluate
mL46 IP

mL46 32

GTPBP8 25
kDaInput Eluate

Control IP
Input Eluate

mS27 IP

mS27 38
GTPBP8 25

kDaInput Eluate
Control IP

uL24m

u mL11

u mL16

b mL27

b mL21

mL45

mL46

mL40

GTPBP8

mS35

TRMT61B

26

25

20

19

28

16

30

35

32

40

53

15bL31m

Input Eluate
myc IP

kDaInput Eluate
Control IP

GTPBP7 39

Fig. 4   GTPBP8 associates with the large mitoribosomal subunit. A 
The comprehensive interactome of GTPBP8 using a proximity-depend-
ent  biotin  identification (BioID) analysis. The protein complex/func-
tional groups were indicated by different colors. The mitoribosomal 
large subunit (mt-LSU) proteins are highlighted in cyan. Bait to bait 
interactions are shown with solid lines, and prey-to-prey interactions are 
shown with dashed lines. B Steady state levels of mitoribosomal proteins 
after GTPBP8 depletion. C Quantification of the steady state levels of 
mitoribosomal proteins in panel B. The protein level was normalized to 
TOM40. Error bars represent the mean ± SD of three independent rep-
etitions. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001, Student’s t-test. D 

Sucrose gradient sedimentation profile of GTPBP8 compared with 
the mt-LSU protein uL11m and small subunit protein mS27. RNAase-
treated samples are in the lower panel. The mt-SSU, mt-LSU, and mono-
some fractions are highlighted by yellow, green, and purple, respectively. 
E, F Co-immunoprecipitation analysis of GTPBP8-associated proteins 
using antibody-coated Protein G Dynabeads™. U2OS cells transfected 
with GTPBP8-myc for 48 h were used for the co-immunoprecipitations. 
The input and eluate fractions were analyzed by SDS-PAGE followed by 
immunoblotting with the indicated antibodies
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import sequence (Fig. S1B). Analysis for mitochondrial 
import probability using the Mitominer algorithm revealed 
a putative mitochondrial import sequence at the N-terminus 
of human GTPBP8 (the IMPI and Target P scores were 1 
and 0.815, respectively) (http://​mitom​iner.​mrc-​mbu.​cam.​
ac.​uk/​relea​se-4.​0/​report.​do?​id=​10217​83&​trail=%​7c102​
1783 = %7c10 21,783). Thus, we tagged the N-terminal 
1–46 amino acids containing positively charged clusters or 
a mutant lacking the N-terminal 1–46 amino acids to GFP 
(GTPBP81-46aa-GFP, Figs. 1B and S1B). Transient expres-
sion of GTPBP81–46aa-GFP confirmed unambiguous mito-
chondrial localization (Fig. 1G). On the other hand, deletion 
of the N-terminal 1–46aa (GTPBP847–284aa-GFP) resulted in 
a diffuse cellular localization signal (Fig. 1G). These data 
demonstrate that the N-terminal 46aa extension is essential 
for mitochondrial import of human GTPBP8.

Depletion of GTPBP8 impaired mitochondrial 
bioenergetics

To study the cellular role of GTPBP8, we performed loss-of-
function experiments using siRNA silencing. All four tested 
siRNAs significantly depleted the mRNA level of GTPBP8 
(Fig. 2A) and showed both abrogated GTPBP8 protein levels 
in whole-cell and isolated mitochondrial lysates (Fig. 2B). 
Loss of GTPBP8 decreased cell proliferation significantly 
(Fig. 2C). To reveal the underlying mechanism by which 
GTPBP8 depletion affected cell proliferation, mass spec-
trometry (MS)-based proteomics analysis was performed. 
Reactome network analysis of all identified mitochondrial 
proteins revealed several notably changed biological pro-
cesses and molecular pathways in mitochondria after deple-
tion of GTPBP8, with substantial clustering in mitochondrial 
translation and electron transport/oxidative phosphorylation 
(Figs. 2D and S3A). Further analysis with mitochondrial pro-
teins having significant changes after depletion of GTPBP8 
showed that mitochondrial translation is the most affected 
process among the enriched biological processes (Fig. 2E). 
Additionally, most of the involved mitochondrial proteins 
displayed reduced abundance following GTPBP8 depletion 
(Fig. 2E, right panel), suggesting that loss of GTPBP8 could 
have a profound effect on mitochondrial function. Thus, we 
measured bioenergetics using high-resolution respirometry. 
The results showed that downregulation of GTPBP8 resulted 
in a clearly diminished oxygen consumption rate and respira-
tory capacity, significantly lower basal and maximum respi-
ration, as well as ATP-linked respiration (Fig. 2F and G). In 
agreement with these findings, the level of total cellular ATP 

was reduced (Fig. 2H). Collectively, these data demonstrated 
that silencing of GTPBP8 caused mitochondrial respiration 
defects and reduced cellular ATP production, resulting in 
decreased cell proliferation.

GTPBP8 is important for mitochondrial translation

Mitochondrial bioenergetics relies on the oxidative phospho-
rylation (OXPHOS) complexes, which are multimeric and, 
except complex II, composed of the subunits encoded by 
both mitochondrial DNA (mtDNA) and nDNA. To examine 
whether the bioenergetic defect caused by the depletion of 
GTPBP8 was a consequence of perturbed OXPHOS com-
plexes, we purified mitochondria to separate protein com-
plexes by native-PAGE followed by immunoblotting. Indeed, 
depletion of GTPBP8 reduced the levels of OXPHOS com-
plexes, in particular complexes I, III, IV, and V, whereas the 
abundance of the exclusively nuclear-encoded complex II 
was not affected (Figs. 2I, J and S3B). To determine whether 
the proteins encoded by mtDNA or nDNA contributed to 
the reduced complexes I, III, IV, and V, the steady-state lev-
els of proteins in the OXPHOS complexes were measured 
by immunoblotting. Strikingly, only the mtDNA-encoded 
protein levels of MT-CO1 and MT-CytB were reduced 
after GTPBP8 silencing (Fig. 3A). In contrast, the protein 
abundance of a set of nDNA-encoded proteins, including 
NDUFA9, SDHA, COXIV, and ATP5A in complexes I, II, 
IV, and V, respectively, was not affected by GTPBP8 silenc-
ing (Fig. 3A). Interestingly, the reduced protein levels of 
MT-CO1 and MT-CytB were neither caused by their tran-
scription levels (Fig. 3B) nor the mtDNA content (Fig. 3C), 
suggesting a general mitochondrial translation deficiency.

To corroborate the importance of GTPBP8 in mitochon-
drial translation, we assessed the de novo protein transla-
tion rate in GTPBP8-depleted cells. Pulse-labeling with 
[35S] methionine/cysteine at different time points in the 
presence of the cytosolic protein synthesis inhibitor ani-
somycin revealed an overall reduction of newly synthe-
sized mtDNA-encoded proteins in GTPBP8-depleted cells 
(Fig. 3D–F). To further examine whether the stability of 
mitochondrial nascent proteins was impaired, pulse-chase 
labeling was applied. After 6 h of chasing, there was no 
significant difference in protein turnover between control 
and GTPBP8 siRNA treated cells (Fig. 3G and H), indi-
cating that the nascent chains were stable. These data indi-
cated that the reduction in mtDNA-encoded protein abun-
dance in GTPBP8-silenced cells was caused by impaired 

http://mitominer.mrc-mbu.cam.ac.uk/release-4.0/report.do?id=1021783&trail=%7c1021783
http://mitominer.mrc-mbu.cam.ac.uk/release-4.0/report.do?id=1021783&trail=%7c1021783
http://mitominer.mrc-mbu.cam.ac.uk/release-4.0/report.do?id=1021783&trail=%7c1021783
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mitochondrial protein synthesis, suggesting a critical role 
for GTPBPT8 in mitochondrial translation.

GTPBP8 associates with the mitoribosomal large 
subunit (mt‑LSU)

To assess how GTPBP8 functions in mitochondrial transla-
tion, we applied proximity labeling by fusing GTPBP8 to 
BioID [48] to identify the interaction partners of GTPBP8. 
The comprehensive interactome analysis revealed that 11 
mitochondrial translation-related proteins, including 8 mt-
LSU proteins, two mitochondrial aminoacyl-tRNA syn-
thetases (YARS2 and IARS2), and a methyltransferase 
TRMT61B (an assembly factor of the mitroribosome), were 
pulled down with GTPBP8 (Fig. 4A, Table S1), indicating 
that GTPBP8 may be associated with mitoribosomes. To 
further assess the link between GTPBP8 and mitoribosomes, 
the effects of GTPBP8 depletion on the abundance of mitori-
bosomal proteins were examined. Altogether, 74 out of 82 
MRPs and 28 factors involved in mitoribosomal assembly 
were detected (Fig. S4, Table S2). Clearly, the abundance 
of most of the MRPs was reduced after the depletion of 

GTPBP8 (Fig. S4, Table S2). Consistently, western blot 
analysis revealed that depletion of GTPBP8 significantly 
decreased the steady-state levels of tested MRPs (Figs. 4B, 
C and S4C).

To corroborate the interaction of GTPBP8 with mitori-
bosomes, the mitoribosomal protein profile was examined 
by an isokinetic sucrose density gradient. Interestingly, 
GTPBP8 was predominantly detected in the mt-LSU frac-
tion, corresponding to factions 9 and 10 in Fig. 4B (39S mt-
LSU), but not in the 55S monosome or the mitoribosomal 
small subunit (28S, mt-SSU) fraction (Fig. 4D). To confirm 
that GTPBP8 was specifically associated with the mt-LSU 
and not a protein complex of similar density, we pre-treated 
mitochondrial lysates with ribonuclease A (RNaseA) to 
digest mitochondrial ribosomal RNA (mt-rRNA) and dis-
rupt the mitoribosomal integrity. RNaseA treatment shifted 
the detected mt-LSU protein uL11m and the mt-SSU pro-
tein bL27m to less dense fractions together with the major-
ity of GTPBP8, confirming that GTPBP8 associated with 
the mt-LSU (Fig. 4D). To understand the molecular details 
of GTPBP8’s interaction with mt-LSU, we performed co-
immunoprecipitation (co-IP) experiments. A previous find-
ing showed that downregulation of the bacterial GTPBP8 
homolog YsxC resulted in immature ribosomal particles 
lacking some large ribosomal subunit proteins [49]. Com-
bining with our BioID results, several proteins, including 
µL11m, µL16m, bL21m, µL24m, bL27m, bL31m, mL40, 
mL45, mL46, TRMT61B, and an mt-SSU protein mS35, 
were selected as prey for the immunoprecipitation experi-
ment. Our data revealed that µL16m and bL31m were clearly 
co-precipitated with GTPBP8, but not with the other tested 
proteins (Fig. 4E). To confirm the association of GTPBP8 
with µL16m and bL31m, we performed reverse co-immu-
noprecipitation experiments using µL16m or bL31m as bait. 
GTPBP8-myc can be mutually immunoprecipitated with 
uL16m and bL31m (Fig. 4F), demonstrating that GTPBP8 
is specifically associated with µL16m and bL31m.

GTPBP8 is required for the mt‑LSU assembly 
at a late stage

To understand the role of GTPBP8 in association with mitor-
ibosomes, we analyzed the biogenesis of 39S mt-LSU, 28S 
mt-SSU, and 55S monosomes in GTPBP8-depleted cells 
(Fig. 5). Strikingly, silencing of GTPBP8 led to a profound 
decrease of 55S monosomes and the concomitant accumu-
lation of the mt-LSU subunit (Fig. 5A–D), suggesting that 
the immature mt-LSU particles could not be assembled into 

Fig. 5   Loss of GTPBP8 causes aberrant accumulation of the large 
mitoribosomal subunit and reduction of fully assembled 55S mono-
sosmes. A Effects of GTPBP8 depletion on the sucrose gradient sedi-
mentation profiles of the mitoribosomal proteins. Total cell lysates 
(900 μg protein) were separated on a 10–30% isokinetic sucrose gra-
dient. 24 equal fractions were taken and analyzed by western blotting 
with the indicated antibodies. The mt-SSU, mt-LSU, and monosome 
fractions are highlighted by orange, green, and purple, respectively. B 
Quantified gradient distribution of indicated mitoribosomal proteins 
upon GTPBP8 depletion. Lines represent the mean of three independ-
ent repetitions. The mt-SSU, mt-LSU, and monosome fractions are 
highlighted by orange, green, and purple, respectively. C The inten-
sity ratios of the monosome (fractions 12 and 13) against the mitori-
bosomal large subunit (fractions 9 and 10) or the mitoribosomal small 
subunit (fractions 6 and 7). D The protein levels in the mitoribosomal 
large subunit fractions of the sucrose gradient, normalized to the total 
protein. E The 16S and 12S rRNA profiles in the individual sucrose 
gradient fractions  in WT and  GTPBP8-depleted cells. The mt-SSU, 
mt-LSU, and monosome fractions are highlighted by orange, green, 
and purple, respectively. F The quantified relative levels of rRNA 
in the mt-LSU (fractions 9 and 10), mt-SSU (fractions 6 and 7), and 
monosome fractions (fractions 12 and 13). G Steady-state levels of 
mitochondrial rRNAs detected by quantitative RT-PCR. Cytoplasmic 
18S rRNA was used as a loading control. The relative 12S and 16S 
rRNA levels were normalized to 18S rRNA. H Steady-state level of 
mitochondrial transfer RNA valine (mt-tRNAVal) detected by quanti-
tative RT-PCR. The total mt-tRNAVal levels were normalized to 18S 
rRNA. All the experiments in Fig. 5 were done in U2OS cells treated 
with siRNA for 5 days. Error bars represent the mean ± SD of three 
independent repetitions. *P ≤ 0.05 and **P ≤ 0.01, Student’s t-test
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monosomes. The changes were similar for all the MRPs 
tested, including uL11m, uL24m, uL16m, mS27, and mS35. 
In contrast, the gradient sedimentation profile of the 28S 
mt-SSU was not affected by the depletion of GTPBP8, 
except for the reduction of the 55S monosome level 
(Fig. 5A–D). The rRNA profiles of the gradients showed 
that the level of 12S rRNA in the mtSSU fraction was simi-
lar in WT and GTPBP8-depleted cells, but the 16S rRNA 
level increased in the mt-LSU fraction but decreased in the 
monosome fraction in the GTPBP8-depleted cells, reflecting 

the abnormal accumulation of mt-LSU and impaired mono-
some formation (Fig. 5E and F). The overall abundance 
of mitochondrial rRNAs was not significantly altered in 
GTPBP8- depleted cells (Fig. 5G), which was also true 
for tRNAVal (Fig. 5H). The comparable sedimentation pat-
terns of the mt-LSU protein markers in WT and GTPBP8 
depleted cells indicate that GTPBP8 acts in the late stage 
of mt-LSU maturation. This is consistent with the result 
of GTPBP8 specifically binding to the late assembly pro-
teins uL16m and bL31m (Fig. 4E and F). Taken together, 
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Fig. 6   Changes of the mitoribosomal protein abundance after deple-
tion of GTPBP8 or target proteins. A Representative images of immu-
noblot analysis of the steady-state levels of GTPBP8 and mitori-
bosome proteins after depletion of target proteins in U2OS cells. 
Antibodies are listed on the right side. E Represents early, I interme-
diate and L late assembly MRPs. B Quantification of the steady state 
levels of indicated proteins in panel A. Silenced genes are indicated 

on the top, and abundance changes of different proteins are indicated 
on the right. Error bars represent the mean ± SD of three independ-
ent repetitions. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001, Student’s 
t-test. C Changes of the steady-state GTPase levels after 5  days of 
siRNA treatment. The quantification results on the right were normal-
ized against GAPDH and represented three independent experiments. 
*P ≤ 0.05, ** ≤ 0.01, and *** ≤ 0.001, Student’s t-test
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silencing of GTPBP8 results in the accumulation of late mt-
LSU assembly intermediates and a profound decrease of the 
fully assembled 55S monosomes, indicating that GTPBP8 
is involved in the late stage of mitoribosomal maturation.

To gain further evidence for the role of GTPBP8 in the 
hierarchical incorporation of the mitoribosomal proteins 
with the growing mt-LSU particles, we individually knocked 
down eight mt-LSU proteins assembled at distinct stages, 
and GTPBP8 (Fig. 6A and B). Depletion of mL45, mL64, 
and bL36m decreased the level of most of the tested MRPs, 
while downregulation of the other MRPs affected the MRP 
levels in a less dramatic manner (Fig. 6A and B). Loss of 
GTPBP8 significantly reduced the abundance of most tested 
MRPs, including uL16m, further demonstrating its critical 
role in mitoribosomal assembly. Interestingly, the GTPBP8 
level tended to increase when the late assembly mt-LSU 
proteins uL16m and bL31m were depleted and to decrease 
slightly when the other mt-LSU proteins were depleted 
(Fig. 6A and B). This result supports the role of GTPBP8 in 
the late assembly steps of mt-LSU, suggesting that GTPBP8 
acts before the late assembly proteins uL16m and bL31m. 
This is consistent with the recent findings from the structures 
of the assembly intermediates of the mitoribosomal large 
subunit in the parasite Trypanosoma brucei [50], showing 
that uL16m and bL31m were missing in the structure of 
the assembly intermediate containing mt-EngB (the parasite 
homolog of GTPBP8).

The so far characterized four mitochondrial GTPases 
critical for the mt-LSU assembly include GTPBP5, 
GTPBP6, GTPBP7, and GTPBP10 [18, 22, 28, 44, 46, 
47, 51, 52]. To examine the functional link among these 
GTPases, we knocked down each GTPase individually and 
detected the level changes of the others (Fig. 6C). GTPBP6 
was not studied due to the poor quality of the antibody. The 
result revealed that GTPBP8 abundance increased when 
GTPBP7 was depleted but decreased when GTPBP10 was 
depleted. Knockdown of GTPBP10 decreased the levels 
of all four GTPases, whereas GTPBP5 depletion did not 
affect the abundance of the other GTPases significantly 
although the levels of GTPBP7 and GTPBP8 tended to 
decrease and GTPBP10 level increased. Moreover, down-
regulation of GTPBP7 increased the GTPBP10 level, 
but silencing of GTPBP10 decreased the GTPBP7 level. 
These data revealed that the abundance of these GTPases 
is mutually affected in cells, suggesting that they are func-
tionally linked. Previous studies showed that depletion of 
bacterial YsxC (GTPBP8) or RbgA (GTPBP7) resulted 
in similar extensive structural changes in several func-
tional domains, including the central protuberance, the 

GTPase associated region, and key RNA helices in the A, 
P, and E sites of the bacterial 50S large subunit [49, 50]. 
These findings indicate that YsxC (GTPBP8) and RbgA 
(GTPBP7) may share functional roles in the maturation 
of these sites. Thus, we performed the Co-IP experi-
ments to examine the interaction between GTPBP7 and 
GTPBP8. The results revealed that human GTPBP8 does 
not directly interact with GTPBP7 (Fig. 4E). Together, our 
data showed that GTPBP8 plays a role in mitochondrial 
ribosomal assembly and shares this function with other 
GTPase assembly factors.

Rescue of defects in mitoribosomal assembly 
and mitochondrial translation by GTPBP8

To assess whether the defects in mitoribosomal assembly 
and mitochondrial protein translation were specific con-
sequences of GTPBP8 silencing, we performed rescue 
experiments (Figs. 7 and S5B, C). The impaired biogenesis 
of 55S monosomes and aberrant accumulation of mt-LSU 
in fraction 10 as a consequence of defective maturation 
were rescued by the expression of GTPBP8 in GTPBP8-
depleted cells (Fig. 7A and B). We quantified and con-
firmed rescue in GTPBP-myc-expressing conditions by 
running relevant sucrose gradient fractions correspond-
ing to mt-LSU, mt-SSU, and monosome on denaturing 
gels (Fig. 7C). Moreover, the newly synthesized mtDNA-
encoded proteins reflecting mitochondrial translation were 
rescued by the expressed GTPBP8-myc in siRNA-treated 
cells (Figs. 7D, E and S5B, C). In line with the rescue 
of monosome abundance and mitochondrial translation, 
the reduced protein levels of MT-CO1, Mt-CytB, µL16m, 
and µL11m were also significantly rescued (Fig. 7F and 
G). Furthermore, the mitochondrial respiration (Figs. 7 
H, I and S6) and the cellular ATP production (Fig. 7J) 
were rescued. These results demonstrate that the defects in 
mitoribosomal assembly and mitochondrial translation are 
specific to GTPBP8 depletion. In conclusion, our results 
reveal that GTPBP8 is important for the maturation of 
mt-LSU and the biogenesis of mitoribosomes, which are 
required for mitochondrial translation and mitochondrial 
respiration.
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Discussion

Mitoribosome biogenesis is a co-ordinated and hierarchi-
cal process that requires a significant fraction of cellular 
resources devoted to macromolecular synthesis and traf-
ficking. The mtDNA contributes only to the RNA compo-
nents of the mitoribosomes, and mitoribosomal biogenesis 
requires the synthesis of 82 human mitoribosomal pro-
teins encoded by nuclear DNA, translated on cytoplasmic 
ribosomes, and individually imported into mitochondria. 
These processes occur in a highly orchestrated and regu-
lated assembly line, which is coordinated by a number 
of assembly factors. While the high-resolution cryo-EM 
structures of the mammalian mitoribosomes have recently 
become available, knowledge of the molecular details of 
the mammalian mitoribosomal assembly, specific factors 
involved, and sequence is still very limited. In this study, 
we demonstrate that GTPBP8 is a mitochondrial protein 
required for the late assembly of the large mitoribosomal 
subunit (39S mt-LSU) and is important for mitochondrial 
translation. GTPBP8 is imported into mitochondria by an 
N-terminal pre-sequence and binds specifically to the 39S 

mt-LSU. Downregulation of GTPBP8 caused an abnormal 
accumulation of late mt-LSU immature particles, which 
led to a sharp reduction of functional 55S monosomes. 
The decrease in the steady-state levels of mitoribosomal 
proteins, particularly the late assembly proteins such as 
bL31 and uL16m, upon GTPBP8 depletion (Fig. 6B) fur-
ther supports the role of GTPBP8 in late-stage mt-LSU 
assembly. Importantly, the specific interactions between 
GTPBP8 and late assembly proteins uL16m and bL31m 
(Fig. 4E and 4F) provide strong molecular evidence for 
GTPBP8's role in facilitating late-stage mt-LSU assem-
bly. Regulation of mitoribosome assembly and biogenesis 
is paramount to mitochondrial respiration and, thus, to 
cell viability, proliferation, and differentiation. Indeed, 
our data showed that the loss of GTPBP8 led to defective 
mitochondrial translation, which consequently impaired 
the assembly of OXPHOS complexes and mitochondrial 
respiration. As a result, cellular ATP production was 
reduced, resulting in decreased cell proliferation.

The mitochondrial translation system is of prokaryotic 
origin. Thus, many proteins involved in mitoribosomal 
biogenesis have bacterial homologs [15]. The bacterial 
homolog of GTPBP8, Ysxc/Yiha, has been reported to 
be essential for B. subtilis, E. coli, S. pneumoniae, H. 
influenzae, and M. genitalium [29–31, 49]. Depletion of 
YsxC resulted in defects in ribosome biogenesis with the 
accumulation of aberrant large subunit intermediates, 
ultimately causing severe growth deficiency [29–31, 49]. 
This role in ribosomal assembly is conserved for human 
GTPBP8. Our data show that human GTPBP8 exclusively 
associates with the mt-LSU, neither with the mt-SSU nor 
the monosome, suggesting that GTPBP8 transiently binds 
the 39S mt-LSU during mt-LSU assembly but detaches 
from the mt-LSU before formation of the monosome. The 
comparable sedimentation pattern of the mt-LSU pro-
tein markers in GTPBP8-depleted cells indicates a role 
for GTPBP8 at the late stage of the mt-LSU assembly. 
Furthermore, GTPBP8 interacts with the mitoribosomal 
proteins uL16m and bL31m, which both are assembled 
into the 39S mt-LSU at late stages. uL16m in the A site 
and bL31m in the central protuberance were found missing 
in YsxC-depleted cells [49], suggesting the importance of 
GTPBP8 for the assembly of uL16m and bL31m. Consist-
ently, uL16m was absent from the large subunit assembly 
intermediate of the parasite Trypanosoma Brucei, in which 
mt-EngB (human GTPBP8), Mtg1 (human GTPBP7), 
and mt-EngA were present [50], indicating that uL16m 
is assembled to the large subunit after the recruitment of 
these GTPases. uL16 was also found missing in the bac-
terial immature ribosomal intermediates upon depletion 
of RbgA (GTPBP7) [49, 53, 54], supporting the notion 
that both GTPBP8 and GTPBP7 are indispensable for the 
assembly of uL16m. Moreover, a previous study reveals 

Fig. 7   Defects in mitoribosomal assembly and mitochondrial trans-
lation caused by GTPBP8 depletion can be rescued by GTPBP8 
expression. A The representative mitoribosome profiles in GTPBP8-
depleted and GTPBP8-myc-expressed cells. The mt-SSU, mt-LSU, 
and monosome fractions are highlighted by orange, green, and pur-
ple, respectively. B Quantified gradient distribution of indicated 
mitoribosomal proteins upon GTPBP8-silencing and GTPBP8-myc-
expression. Lines represent the mean of three independent experi-
ments. The mt-SSU, mt-LSU, and monosome fractions are high-
lighted by orange, green, and purple, respectively. C Rescue of the 
indicated protein levels in the mt-LSU (fractions 9 and 10), mt-SSU 
(fractions 6 and 7) and monosome fractions (fractions 12 and 13). 
Quantification of mitoribosomal protein abundance was shown on 
the right. D Rescue of mitochondrial translation defect caused by 
GTPBP8 depletion. Top: Metabolic labeling of mitochondrial trans-
lation products with [35S]-methionine/cysteine for 30 min in control, 
GTPBP8-depleted or rescued cells. Bottom: immunoblotting for the 
steady state level of GTPBP8. E Quantification of 35S intensity for 
mitochondrially translated proteins relative to the corresponding 
intensity in Coomassie staining. Error bars represent the mean ± SD 
of three independent repetitions. *P ≤ 0.05, **P ≤ 0.01, and 
***P ≤ 0.001, Student’s t-test. F Steady state levels of MT-CO1 and 
mitoribosomal proteins in control, GTPBP8 depleted, and GTPBP8-
myc rescued cells. TOM40 and GAPDH were used as loading con-
trols. G Quantification of protein levels in F. *P ≤ 0.05, **P ≤ 0.01, 
and ***P ≤ 0.001, Student’s t-test. H Rescue of the oxygen consump-
tion rate (OCR) by expressing GTPBP8-myc in GTPBP8-depleted 
cells, measured using a Seahorse XF96e Analyzer.  The OCR was 
determined by adding mitochondrial function inhibitors sequentially 
at the indicated times. The OCR was normalized to the total protein 
amount used for the assay. I Quantification of the basal, ATP linked 
and maximal respiration capacities from the OCR measurement in 
H. J Rescue of cellular ATP level by expressing GTPBP8-myc in 
GTPBP8- depleted cells. Error bars represent the mean ± SD of three 
independent experiments. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001, 
Student’s t-test
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that a mitochondrial assembly of ribosomal large subunit 
protein 1 (MALSU1) forms a preassembly complex with 
uL14m, making the mt-LSU binding site accessible for the 
immediate association of GTPBP7, which further enables 
the binding of uL16m to the mt-LSU [51].

Ribosome biogenesis is assisted by an increasing number 
of assembly factors, and the guanosine triphosphate hydro-
lases (GTPases) are the most abundant class. In mammalian 
mitoribosomes, only a few GTPases have been characterized 
so far. Two GTPases, the mitochondrial ribosome-associated 
GTPase 3 (MTG3) [also known as nitric oxide-associated 
protein 1 (NOA1) or C4ORF14] and Era G-protein-like 1 
(ERAL1), are involved in mt-SSU biogenesis [27, 55–57]. 
Four GTPases are required for mt-LSU biogenesis [18], 
including GTPBP5 (also known as MTG2/OBGH1, bacte-
rial ObgE), GTPBP6 (bacterial HflX), GTPBP7 (also known 
as MTG1, bacterial RbgA), and GTPBP10 (also known as 
OBGH2) [22, 28, 44, 46, 47, 51]. GTPBP7 (MTG1) was 
the first GTPase to be thoroughly studied [44, 51]. Similar 
to GTPBP8, GTPBP7 depletion leads to abnormal accu-
mulation of mt-LSU and loss of the 55S monosome [51]. 
GTPBP7 facilitates the incorporation of late assembly 
MRPLs, at least bL36m and bL35m, into the mt-LSU and 
remains bound to the mt-LSU until the maturation of the 
mtLSU is completed [51]. GTPBP5 (MTG2, OBGH1) and 
GTPBP10 (OBGH2) are homologs of the Obg proteins in 
bacteria. Both GTPBP5 (MTG2, OBGH1) and GTPBP10 
(OBGH2) are involved in the late assembly stages of mt-
LSU and the formation of monosomes, but they act at 
distinct time points [28, 46, 47, 52]. In contrast, loss of 
GTPBP6 stalled mtLSU biogenesis at a very late assembly 
stage when all of the 52 MRPs, including the last assem-
bly protein bL36m, as well as GTPBP5, GTPBP7, and 
GTPBP10, were bound to the mt-LSU complex [22], dem-
onstrating that GTPBP6 is required for the very final steps 
of mt-LSU maturation. Accordingly, a sequential action of 
these GTPases on the large mitoribosomal subunit assembly 
was proposed [18], with GTPBP10 being the first assem-
bly factor, followed by GTPBP5, GTPBP7, and GTPBP6. 
Recently, the parasite homolog of GTPBP8, mt-EngB, was 
found to bind a LSU assembly intermediate together with the 
other two GTPases, mt-EngA and Mtg1 (GTPBP7) [50]. mt-
EngB is recruited only to a later assembly intermediate com-
plex, where mt-EngA interacts with Mtg1 to form a docking 
site for mt-EngB [50], suggesting that mt-EngB (GTPBP8) 
acts downstream of Mtg1 (GTPBP7) and mt-EngA. Inter-
estingly, depletion of bacterial YsxC (GTPBP8) or RbgA 
(GTPBP7) resulted in similar extensive structural changes in 
several functional domains, including the central protuber-
ance, the GTPase associated region, and key RNA helices in 
the A, P, and E sites of the bacterial 50S large subunit [49, 
50], indicating that YsxC and RbgA may share functional 
roles in the maturation of these sites. Structurally, mt-EngB 

(GTPBP8) and Mtg1 (GTPBP7) are in contact with each 
other in the assembly intermediate [50]. However, our data 
indicate that GTPBP8 and GTPBP7 do not directly interact 
with each other in human cells. A conformational change of 
Mtg1 (GTPBP7) was observed in the assembly intermedi-
ate when mt-EngB (GTPBP8) was bound [50], suggesting 
that GTPBP8 may facilitate the role of GTPBP7 in the large 
subunit assembly. Simultaneous binding of these GTPases 
to an assembly intermediate suggests that GTPBP8 works in 
conjunction with the other GTPases, particularly GTPBP7, 
during mt-LSU assembly. However, the molecular mecha-
nism underlying their cooperative interplay in the maturation 
of mt-LSU requires further studies.

Our data indicate that GTPBP8, like other assembly fac-
tors, plays a facilitating role rather than an indispensable 
one in mitoribosomal large subunit assembly. Depletion 
of GTPBP8 caused defects in mitochondrial translation, 
but did not block the translation completely. A previ-
ous study showed that similar phenotypes were observed 
when GTPBP5 was depleted (Figs. 3A, 4A and B in [52]). 
Knockout of GTPBP5 did not change the sedimenta-
tion pattern of mitoribosome drastically (Fig. 4A and B 
in [52]), nor completely block mitochondrial translation 
(Fig. 3A in [52]). These data suggest that GTPBP8 may 
be part of a larger network of factors involved in mt-LSU 
assembly, and multiple assembly factors act in concert to 
ensure the efficient and accurate assembly of the mito-
chondrial ribosome. Depletion of a single factor such as 
GTPBP8 or GTPBP5 leads to observable defects, but these 
defects may not completely disrupt mitoribosomal assem-
bly or mitochondrial translation due to the redundancy and 
cooperative nature of these factors.

In conclusion, our data uncover human GTPBP8 to be 
an important mitochondrial GTPase involved in the late-
stage assembly of the large mitoribsomal subunit and 
important for the maturation of the translationally com-
petent monosomes. The previous studies, together with our 
work, have expanded the model for mitoribosome assem-
bly facilitated by the mt-LSU associated GTPases [18]. 
These steps for mt-LSU maturation are critical because 
depletion of these GTPases results in immature mt-LSU 
intermediates and impaired monosome formation, and sub-
sequently in translational deficiency.
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