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1 Abstract 

Mitochondria are essential organelles of eukaryotic cells, which produce the vast majority of 

the cellular ATP via oxidative phosphorylation (OXPHOS). The mitochondrial gene 

expression machinery contributes to the formation of the OXPHOS complexes by providing 

13 core protein components synthesized by dedicated mitochondrial ribosomes 

(mitoribosomes). Despite the recent progress in our understanding of the mitoribosome 

structure and function, the assembly pathway of this ribonucleoprotein complex remains 

elusive. Furthermore, an increasing number of diseases are linked to defects in the 

mitochondrial translation apparatus but the molecular basis of these disorders is still 

unknown. 

Mitoribosome biogenesis is facilitated by nuclear-encoded auxiliary factors required for the 

proper assembly and folding of RNAs and mitoribosomal proteins. The human genome 

encodes numeral GTP-binding proteins that are involved into the biogenesis of the 

mitoribosomal particles. However, the exact molecular functions of these proteins remain 

largely unknown. Using the combination of biochemical, mass spectrometry and structural 

biology methods, we identified the members of the Obg/HflX GTPases superfamily GTPBP6 

and GTPBP10 as factors required for late stages of mitoribosomal large subunit (mtLSU) 

assembly. We showed that GTPBP10 associates with the other factors, including proteins 

required for the 16S rRNA processing, mitochondrial RNA granule components and late 

mitoribosome assembly factors such as the MALSU1 module and the MTERF4-NSUN4 

complex to facilitate mtLSU maturation. Altogether, our data suggest that GTPBP10 is 

essential for mitoribosome biogenesis and thus for mitochondrial translation and OXPHOS 

complexes formation.  

The other GTPase, GTPBP6 is homologous to bacterial HflX protein. We have shown that in 

humans GTPBP6 retains its conserved function as a ribosome recycling factor. Surprisingly, 

in contrast to its bacterial counterpart, GTPBP6 does fulfill an additional role as a 

mitoribosome biogenesis factor and is essential for cell growth and mitochondrial gene 

expression under physiological conditions. GTPBP6 ablation abolishes mitoribosome 

formation associated with the accumulation of the nearly matured subunits, thereby leading 

to mitochondrial translation deficiency. Loss of GTPBP6 stalls mtLSU maturation at a very 

late assembly stage when all of the mitoribosomal proteins are incorporated. Cryo-electron 

microscopy approach revealed that GTPBP6 is required for the final folding of the catalytic 

core of the ribosome – the peptidyl transferase center (PTC). Additionally, the analysis 

disclosed an interplay of the assembly factors during the PTC maturation. Thus, we have 

shown that GTPBP5 cooperates with MTERF4-NSUN4 complex to promote the PTC folding. 



	 12	

In summary, our data has revealed that GTPBP6 and GTPBP10 coordinate late steps of the 

PTC maturation in collaboration with the other assembly factors. This mode of the 

mitoribosome biogenesis is reminiscent of other ribosomes and highlights the evolutionary 

conserved mechanism of involved GTPases. Moreover, we have disclosed an alternative 

pathway for mitoribosome recycling mediated by GTPBP6.  
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2 Introduction 
2.1 The mammalian mitochondrial ribosome: structure and function 

2.1.1 Evolution of the mitochondrial ribosome  

Ribosomes are large ribonucleoprotein complexes that catalyze protein synthesis in all living 

cells. A ribosome consists of two unequal subunits: a large ribosomal subunit (LSU) and a 

small ribosomal subunit (SSU) according to their sedimentation profile. The SSU provides 

the platform for mRNA binding and decoding while the LSU catalyzes the peptidyl 

transferase reaction leading to nascent peptide bond formation. Although ribosomes maintain 

a relatively conserved ‘core’ to fulfill universal translation function, they vary in their 

peripheral ‘shelfs’ structure and composition between different domains of life, probably 

reflecting the specific adaptation to intracellular/intraorganellar environment and needs 

(reviewed by Márquez et al., 2011; Melnikov et al., 2012). Regardless of our rather detailed 

knowledge about bacterial and eukaryotic cytosolic ribosome structure and mechanism of 

action, insights about organellar ribosomes have been just started to emerge during the last 

decade.  

The acquisition of organelles preconditioned the rise of the eukaryotic life. For example, 

mitochondria were gained as a product of endosymbiotic co-evolution between an a-

proteobacterial cell and a host cell of archaeal lineage (Roger et al., 2017; Zaremba-

Niedzwiedzka et al., 2017). Although the modern organelle fulfills a broad range of functions, 

its gene expression machinery, including the mitochondrial ribosomes (mitoribosomes), is 

entirely dedicated to the biosynthesis of the core components of the oxidative 

phosphorylation system (OXPHOS).  

As the data obtained by comprehensive structural, genomic and proteomic studies have 

been accumulated during the last two decades, we can now postulate that although 

mitoribosomes from different eukaryotic lineages share bacterial ancestry, they are strikingly 

distinct in both general architecture and rRNA/protein content (Table 1) (reviewed by 

(Kummer and Ban, 2021; Waltz and Giegé, 2020). However, a few underlying principles 

exists that can be applied to all of the mitoribosomes characterized to date: (i) mitoribosomes 

have a dual genetic origin: the rRNA content is encoded solely by mtDNA and most (or even 

all) of the MRPs are products of the nuclear genome; (ii) mitoribosomes are porous 

complexes and their sizes are larger than that of the bacterial counterpart; (iii) mitoribosomes 

are enriched in their protein content and have acquired up to 70 additional proteins in 

different lineages in comparison to their bacterial ancestor; (iv) rRNAs mostly accumulate in 

the mitoribosomal core while the MRPs cover near the entire surface, protecting rRNAs from 

reactive oxygen species (ROS); (v) many MRPs are unique to mitochondria with no 
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homologs in bacterial or cytosolic ribosomes; (vi) certain conserved MRPs have acquired 

extra species-specific sequences on their N- or C-termini; (vii) 5S rRNA – a structural 

component of the central protuberance (CP) – was lost from all mitoribosomes (with an 

exception of the plant mitoribosome) and substituted either by a structural tRNA (mammals), 

rRNA extensions (fungi), or MRPs extensions (kinetoplastids); (viii) mitoribosomes are 

associated with the inner mitochondrial membrane (IMM) to anable co-translational insertion 

of the OXPHOS proteins (Amunts et al., 2015; Desai et al., 2017; Greber et al., 2015; 

Ramrath et al., 2018; Tobiasson and Amunts, 2020; Waltz et al., 2020). 

Table 1. The diverse composition of mitochondrial ribosomes.  

 
Bacteria Mammals Fungi Plants Kinetoplastida Ciliata 

E. coli H. sapiens 
S. scrofa S. cerevisiae B. oleracea Trypanosoma spp., 

L. tarentolae T. thermophila 

Sedimentation 
coefficient 70S 55S 74S 78S 50S 80S 

Molecular 
weight, MDa 2.3 2.7 ~3-3.3 – ~4.5 ~4 

Number of 
rRNAs 

3 (16S, 5S, 
23S) 

3 (12S, 
tRNAVal/Phe, 16S) 2 (15S, 21S) 3 (18S, 5S, 

26S) 2 (9S, 12S) 2 (14S, 21S) 

Number of 
proteins 54 82 73 ~86 ~122 92 

Table is adapted from Kummer and Ban, 2021; Greber and Ban, 2016. 

Mitoribosomes underwent two distinct evolutionary phases. The first constructive phase 

occurred before the divergence of the major eukaryotic lineages resulting in an extensive 

gaining of the mitoribosomal protein mass. The second reductive phase concerned 

metazoans and kinetoplastids and led to a nearly double diminution of the rRNA content 

(Petrov et al., 2018; van der Sluis et al., 2015; reviewed by Waltz and Giegé, 2020). 

However, despite the size reduction, the structural elements of the rRNAs comprising the 

ribosome catalytic core remain largely unaffected and resemble that of bacterial ribosomes.  

The constructive phase was proposed to be driven by an accumulation of deleterious 

mutations and erosions in the genome of the pre-mitochondria, initiating the substantial 

incorporation of proteins to the mitoribosome to ‘patch’ the resulting instabilities (Petrov et al., 

2018; van der Sluis et al., 2015). Some of them are conserved in all investigated eukaryotes 

(as CP components mL41 and mL46 and mtSSU structurally integrated GTPase mS29), 

while other novel MRPs only occur in specific lineages as an adaptation to distinct 

mitoribosomal properties (Desmond et al., 2011; Petrov et al., 2018). For example, MRPs 

mL57 and mL58 are only found in yeast and were recruited to stabilize fungi-specific rRNA 

expansions.  

The primitive mitoribosomal ancestor comprised 54 MRPs, and the gaining of the 15 

mitochondrial-specific MRPs has happened before the major divergence of the eukaryotic 

lineages. Subsequent recruitment and loss of MRPs were lineage-specific (Desmond et al., 

2011; Petrov et al., 2018; Smits et al., 2007). What is the origin of the super numerous MRPs 
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in the mitoribosome? Some of the MRPs appeared as a result of gene duplication. The most 

striking example is the existence of the three isoforms for bS18 (MRPS18) (Koc et al., 

2001a). bS18m (MRPS18C) and mS40 (MRPS18B) are components of the mtSSU, whereas 

the third isoform mL66 (MRPS18A) was recruited to the mtLSU (Amunts et al., 2015; Greber 

et al., 2015). Second, mitoribosome has engaged pre-existing proteins and adapted their 

functionality as structural components. For example, mL39 was acquired into the 

mitoribosome in the form of mitochondrial threonyl-tRNA synthetase, later losing its 

functional enzyme domains by adaptive evolution (reviewed by O'Brien, 2002). mS29, also 

known as DAP3 (death-associated protein 3), is implicated in apoptosis (Koc et al., 2001b); 

reviewed by O'Brien, 2002). The other example is the recruitment of a peptidyl-tRNA 

hydrolase mL62 (ICT1) as a structural element of the CP (Brown et al., 2014; Greber et al., 

2014; Richter et al., 2010). Further analysis indicated that the incorporated copy of mL62 

fulfills a structural function solely since it locates far away from the site of action of typical 

peptidyl-tRNA hydrolases (Akabane et al., 2014; Brown et al., 2014; Greber et al., 2014). 

During the reductive phase, the diminution of the rRNA was accompanied by the loss of 

some proteins due to the contraction of their corresponding rRNA binding sites (Petrov et al., 

2018; van der Sluis et al., 2015). Indeed, gaining of the compensative elements was a 

prerequisite of the rRNA/MRPs loss and was rather a result of a neutral evolution where 

structural features were fixed into mitoribosomes following codependent mutations without 

any apparent functional reason. Interestingly, evolutionary shaping of the mammalian 

mitochondrial ribosome was coupled with the gaining of the specific assembly factors as it 

was shown, for example, for certain RNA-binding enzymes (reviewed by van Esveld and 

Huynen, 2018). 

2.1.2 Structure of the mammalian mitochondrial ribosome 

A fully-assembled, mature mammalian mitoribosome has a sedimentation coefficient of 55S 

and a molecular mass of 2.7 MDa. The rRNA content of the 55S particle is reduced to an 

inner core extensively covered by a protein coat (Sharma et al., 2003). Thus, the loss of the 

rRNA segments and recruitment of novel proteins result in a protein to rRNA ratio of 2:1, 

which is reverse in ancestral 70S ribosomes. The mtSSU consists of 12S rRNA and 30 

ribosomal proteins (r-proteins), 14 of which are mitochondrion-specific (Amunts et al., 2015; 

Greber et al., 2015). The mtLSU encompasses 2 RNA molecules – 16S rRNA and structural 

tRNAVal or tRNAPhe and 52 proteins with 22 mitochondrion-specific (Brown et al., 2014; 

Greber et al., 2014). In mammals, all of the 82 MRPs are encoded by the nuclear genome. 

The 36 mitochondrion-specific proteins form clusters that occupy the L7/L12 stalk, the central 

protuberance and the polypeptide exit site (PES) on the mtLSU as well as the head (mS29 

cluster) and the foot (mS27 cluster) of the mtSSU (Figure 1).  
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The mitoribosome is a highly dynamic structure. Therefore, its functional integrity relies on 

intersubunit contacts at the subunit interface, namely intersubunit bridges. High resolution 

structures revealed that mitoribosomal subunits in mammals interact less extensively than in 

bacteria, forming 15 intersubunit bridges (Amunts et al., 2015; Greber et al., 2015; Sharma et 

al., 2003). Remarkably, most of the contacts are mediated by protein-protein (3) or protein-

RNA (6) interactions, while in bacteria, intersubunit bridges are formed mainly via RNA-RNA 

contacts (Amunts et al., 2015; Greber et al., 2015; Liu and Fredrick, 2016; reviewed by 

Greber and Ban, 2016). Eight of these bridges are mitochondrion-specific since they are built 

by mitochondrion-specific proteins or mitochondrion-specific protein extensions (Amunts et 

al., 2015). 

 

Figure 1. Overview of the human mitoribosome structure. rRNA core (grey), proteins 
conserved with bacteria (blue), extensions of homologues proteins (yellow) and 
mitoribosome-specific proteins (red). Figure is taken from Amunts et al., 2015. Reprinted with 
permission from AAAS (licence number 5084760494378). 

 

2.1.3 Functional sites on the mammalian mitochondrial ribosome 

Although the evolutionary process has significantly modified the mitoribosome architecture 

and composition, the functional centers crucial for the universal translation mechanism were 

preserved, albeit with novel structural features. In the next chapter, these functional sites will 

be described, and the structural divergence and conservation will be highlighted.  

2.1.3.1 The central protuberance 

The CP is an essential structural element of the mtLSU. It forms two mitochondrion-specific 

intersubunit bridges with the mtSSU head contacting the intrinsic GTPase mS29. The second 

crucial function of the CP is to hold intersubunit-bound tRNAs during translation. Generally, 

the CP of the mitoribosomes is highly remodeled (Aibara et al., 2020; Brown et al., 2014; 

Greber et al., 2014). It consists mainly of helices 80-88 of the 16S rRNA domain V and is 

characterized by a replacement of the backbone 5S rRNA by a structural tRNAVal in human 

and tRNAPhe in porcine. Remarkably, the arrangement of the structural tRNAs in a tRNAPhe-
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12S rRNA-tRNAVal-16S rRNA polycistronic transcript features the engagement of the 5S 

rRNA in the same operon together with the other rRNA species in bacteria and thus allows 

their processing in stoichiometric amounts. On the organism level, a single type of these two 

structural tRNAs incorporates into the mtLSU in all tissues depending on the species. 

However, at least in humans the mitoribosome can switch to tRNAPhe instead of tRNAVal 

when the availability of the latter is compromised (Chrzanowska-Lightowlers et al., 2017; 

Rorbach et al., 2016). 

Structurally, the mammalian CP consists of a partially conserved platform formed by uL18, 

bL27, mL38, mL52 and mL62 connected via tRNAVal/Phe to the mitochondrion-specific cluster 

of mL40, mL46 and mL48 (Figure 2). The core architecture of the CP is maintained by mL38, 

which mimics the 5S rRNA function to connect the base of the CP to the 16S rRNA in the 

ribosome body. 

 

Figure 2. Structure of the human mitoribosomal central protuberance. Left panel: the CP is 
organized around the structural tRNAVal/Phe (light blue) and consists of the base (uL18m, 
bL27m, mL38, mL52 and mL62 (ICT1)) and the recruited mitoribosomal-specific cluster 
(mL40, mL46 and mL48). The rRNA core is shown in pale grey. Right top panel: view of the 
CP rotated by 180o. Right bottom panel: protein composition of the CP colored according to 
homology to bacterial ribosomal proteins. Conserved (blue), mitochonrion-specific (red) and 
homologous proteins with mitochondrion-specific extensions (yellow). Figure is taken from 
Brown et al., 2014. Reprinted with permission from AAAS (licence number 5084761044145). 

 

Evolutionary, the displacement of 5S rRNA was coupled with the universal loss of bL25 as 

the protein is tightly associated with this structural element. Considering the central role of 

the 5S rRNA in the CP structure and function, the prerequisite incorporation of the mL38, 

mL40 and mL46 was suggested for partial structural compensation (Petrov et al., 2018). 

Further shortening of the 16S rRNA segments involved in CP formation in mammals led to 

the incorporation of mL48 and the structural tRNA stabilized by pre-existing proteins uL18m 

and mL38.  
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2.1.3.2 The peptidyl transferase center 

The peptidyl transferase center (PTC) locates on the subunit interface of the mtLSU beneath 

the CP. It comprises structural elements of the 16S rRNA (multi-branched central loop of the 

domain V of the rRNA) (Figure 3) and shows unprecedented homology to both bacterial and 

cytosolic ribosomes emphasizing the conserved catalytic function (Ban et al., 2000; Greber 

et al., 2014; Nissen et al., 2000; reviewed by Polacek and Mankin, 2005). Especially, the 

interactions stabilizing the conserved CCA tails of tRNAs in the A- (aminoacyl) and P- 

(peptidyl) sites have been retained and are mediated by the A-loop (helix 92) and P-loop 

(helix 80), respectively (Brown et al., 2014; Greber et al., 2014). For instance, bases U2993 

(bacterial U2506) and A2938 (bacterial A2451) maintain the same structural orientation and 

reach the A- and P-site tRNAs, respectively (Greber et al., 2014; Voorhees et al., 2009). The 

only protein approaching the PTC rRNA is the N-terminal part of bL27m stabilizing the P-site 

tRNA acceptor arm (Aibara et al., 2020; Greber et al., 2014; 2015). In bacterial ribosomes, 

bL27 also contacts the PTC, but interacts with the A-site tRNAs (Voorhees et al., 2009). 

However, as it was shown for E. coli PTC, the protein does not contribute to the catalytic 

activity but rather implements structural function by holding rRNA elements together (Maracci 

et al., 2015). 

 

Figure 3. Schematic representation of the PTC structure. Left panel: relative position of the 
crucial 16S rRNA helices of the mtLSU core comprising the PTC and involved in polypeptide 
synthesis. Sarcin-ricin loop (SRL) belongs to the mtLSU GAC (GTPase-associated center) 
functionally closely interconnected with the PTC. Right panel: schematic depiction of the 16S 
rRNA domain V secondary structures which form the PTC as shown in the left panel. The 
colors of the 16S rRNA helices correspond to the left panel. The structure is visualized with 
UCSF Chimera (PDB: 3J7Y). 16S rRNA is shown in dark grey and proteins are shown in light 
grey. 
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2.1.3.3 The polypeptide exit tunnel  

The polypeptide exit tunnel (PET) starts at the PTC and protrudes to the polypeptide exit site 

(PES). In contrast to the remodeled PET of the yeast mitoribosome, the mammalian 

counterpart uses the canonical PET path consisted of the bacterial/cytosolic homologous 

proteins, namely bL17m, uL22m, uL23m, uL24m and uL29m. The tunnel wall is highly 

hydrophobic, mainly due to exposure of hydrophobic residues of uL22m and mimics the IMM 

environment (Brown et al., 2014). However, the major structural divergences are observed 

close to the PES due to the massive depletion of the rRNA segments (domain I and III) and 

the recruitment of the novel mitochondrion-specific proteins mL39, mL41, mL44 and mL45. 

These are coupled with the specific adaptation of the mitochondrial translation apparatus to 

synthesize, extrude and insert hydrophobic OXPHOS proteins into the IMM (Brown et al., 

2014; Greber and Ban, 2016; Greber et al., 2014; reviewed by Ott et al., 2016; Petrov et al., 

2018; Bieri et al., 2018). The mitoribosome is tethered to the IMM via charge-based contact 

mediated by mL45 that is homologous to the mitochondrial IMM translocase subunit TIM44 

and the yeast mitoribosome membrane anchor Mba1 (multi-copy bypass of AFG3 protein) 

(Englmeier et al., 2017; Kummer et al., 2018).  

Remarkably, when the mitoribosome resides in an inactive state, the PET is entirely blocked 

by insertion of the mL45 N-terminal tail cemented by electrostatic interactions between the 

basic residues and 16S rRNA moieties and the PES is further obstructed by a protrusion of 

uL23m (Figure 4) (Itoh et al., 2021; Koripella et al., 2020; Kummer et al., 2018). 

 

Figure 4. Structure of the human mitoribosome bound to the OXA1L insertase. In the inactive 
state (A) the PET is obstructed by insertion of mL45 tail (dark blue) and by a protrusion of 
uL23m (yellow). During translation elongation, when the nascent chain (red) is starting to 
emerge (B), mL45 interaction with OXA1L (orange) leads to displacement of mL45 N-
terminal tail from the PET. Additional proteins involved into interaction with OXA1L are 
shown in green (uL24m) and violet (uL29m). Figure is taken from Itoh et al., 2021. Reprinted 
with permission from AAAS (licence number 5084761209867). 
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Recent studies have resolved a long-standing question of the exact mechanism of co-

translational insertion of the nascent OXPHOS proteins into the IMM (Desai et al., 2020; Itoh 

et al., 2021). The insertion is carried out by the oxidase assembly 1–like (OXA1L) protein, a 

homolog of yeast Oxa1 and bacterial YidC (Haque et al., 2010a; 2010b). OXA1L interacts 

with the mitoribosome via three distinct contact sites. When bound to OXA1L during 

translation elongation, the rotation and displacement of the mL45 N-terminus followed by 

excision of the uL23m plug enable the growing peptide chain to leave the mitoribosome 

(Figure 4) (Itoh et al., 2021; Koripella et al., 2020; Kummer et al., 2018). Thus, in addition to 

its function as a mitoribosome membrane tether, mL45 guides the nascent chain to the exit 

of the tunnel and holds space between the PES and the IMM insertase to allow post-

translational modification and folding of the newly synthesized polypeptides. Although it was 

suggested that the specific structure of the PET favors co-translation folding of the nascent 

OXPHOS components (reviewed by Bieri et al., 2018; Greber and Ban, 2016; Ott et al., 

2016), the recent study argues that the constrictions observed in the tunnel would prevent 

the secondary structure formation until a protein does not reach the ‘folding pocket’ formed 

by mL45 and the IMM (Itoh et al., 2021).  

2.1.3.4 The L7/L12 stalk and the ribosome GTPase-associated center  

The L7/L12 stalk is an extended dynamic structure of the LSU. In bacteria, the stalk consists 

of several (typically 4, 6 or 8) copies of bL12 protein connected to the uL10 N-terminal 

domain (Davydov et al., 2019). The construct associates with respective 23S rRNA 

segments (domain II, helix 42-43) next to the uL11-binding site (helix 43-44), thereby forming 

a stalk base. The stalk is part of a ribosome site called the GTPase-associated center (GAC). 

The GAC is essential for protein synthesis, since together with helix 95 (sarcin-ricin loop, 

SRL), its function is to recruit translational GTPases and stimulate factor-dependent GTP 

hydrolysis. The computational approach allowed to predict a copy number of bL12m in 

mammalian mitochondria even before the first high-resolution structures of the mitoribosome 

stalk had been published (Davydov et al., 2019). Thus, three putative binding sites for bL12m 

dimers were allocated to uL10m. Indeed, recent structural findings revealed that the stalk 

comprises 6 N-terminal copies of the bL12 protein that bridges interactions with uL10m and 

mito-specific protein mL53 (Aibara et al., 2020). 

Due to conserved crucial function, the structural elements of the 16S rRNA that comprise the 

L7/L12 stalk in mammals (helixes 42-44) and the SRL are preserved and did not undergo 

reductive evolution (Brown et al., 2014; Petrov et al., 2018). However, the acquisition of the 

mitochondrion-specific proteins makes the structure more stable than in the other ribosomes 

owing to hydrophobic protein-protein interactions (Aibara et al., 2020; Brown et al., 2014). In 

mitoribosomes, the stalk is connected to the ribosome body via mL66 and mL53 as well as 

mitoribosome-specific N-terminal extension of uL10m (Aibara et al., 2020; Brown et al., 
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2014). In addition, mL54 is involved in stabilizing interactions with uL11m (Aibara et al., 

2020). 

2.1.3.5 The mRNA channel and the mitoribosome decoding center 

As mentioned before, there is a functional separation of the two mitoribosomal subunits 

during the translation process. The previously described mitoribosomal elements belong to 

the mtLSU and deal with polypeptides, whereas the mtSSU secures the interactions with the 

mRNA as well as cognate tRNA anticodon recognition and pairing. The mRNA enters and 

goes forward through the mitoribosome via the RNA-rich mRNA channel. Despite the 

functional parts of the channel, responsible for mRNA decoding, are relatively well conserved 

in the human mitoribosome, its entrance and exit sites are significantly remodeled due to the 

adaptation to translate short, mostly leaderless mitochondrial mRNAs (reviewed by 

(Temperley et al., 2010a). 

The canonical ring-like structure at the entrance site, which possesses the RNA-helicase 

activity to unwind mRNA secondary structures in bacteria, is absent from the mammalian 

mitoribosome due to the loss of uS4 and shortening of the uS3m N-terminus (Amunts et al., 

2015; Greber et al., 2015). Instead, the remodeled gate is partially formed by mitochondrion-

specific expansion of uS5m and has a wider diameter, and a novel pentatricopeptide repeat 

(PPR) protein mS39 (PTCD3) is recruited to the solvent side of the mtSSU head (Figure 5) 

(Amunts et al., 2015; Greber et al., 2015). A recent study has revealed the mechanism of 

mRNA delivery to the mitoribosome (Aibara et al., 2020). In an actively translating 

mitoribosome, the LRPPRC/SLIRP complex bound to the mt-mRNA interacts with mS39 

enabling mRNA engagement to the mtSSU.  

 

Figure 5. The mammalian mitochondrial mRNA channel. The channel surrounds the mtSSU 
neck and houses the conserved site for mRNA decoding. As a result of an adaptation to 
specific features of the mitochondrial mRNAs, the mRNA entry and exit sites are significantly 
remodeled compared to bacterial ribosomal SSU. The entry site is formed by the 
mitochondrion-specific extension of uS5m and a newly recruited MRP mS39. The fixation of 
mRNA 3’ end is achieved at the exit site by interaction with mS37. mRNA is shown in red. 
Figure is modified from Greber et al., 2015. 
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As an adaptation to the absence of the Shine-Dalgarno sequence in mt-mRNAs, the exit part 

of the tunnel lacks the rRNA elements involved in rRNA-mRNA pairing in bacteria. Thus, the 

3’ end of the 12S rRNA is stably fixed by the association with mS37 (Figure 5) (Amunts et al., 

2015; Greber et al., 2015; Kaushal et al., 2014). The exit is also surrounded by bS1m, uS7m, 

uS11m, bS18m and bS21m where the positively charged bS1m oligonucleotide-binding 

domain additionally stabilizes mRNA (Amunts et al., 2015; Greber et al., 2015).  

The decoding center provides a platform for mRNA pairing with the cognate tRNA and 

ensures their correct interaction. The structural 12S rRNA motifs involved in the decoding 

center formation are highly conserved, suggesting that the mechanism employed by 

mitoribosomes resembles the decoding process in bacteria. The 3’ minor domain of the 12S 

rRNA (helix 44) provides a structural scaffold for the main body of the mtSSU and 

encompasses the mRNA decoding site on the subunit interface (Greber et al., 2015; Kaushal 

et al., 2014). Adenine bases A1565 and A1566 (corresponding to bacterial A1492 and 

A1493) of the helix 44 serve to discriminate between correct and incorrect codon-anticodon 

pairs (Desai et al., 2020; Greber et al., 2015). They are inserted into the minor groove of the 

codon–anticodon helix in the mitoribosomal A-site in a way residing the analogous bacterial 

proof-reading system (Ogle et al., 2001; Yoshizawa et al., 1999). Another conserved 

interaction forms between the G903 (bacterial G530) of the 12S rRNA 5’ domain and the 

codon–anticodon helix.  

2.1.3.6 tRNA binding sites  

During translation elongation tRNAs are bound to the three functional sites located at the 

intersubunit space. A-, P-, and E-sites are relatively similar to those in other ribosomes in 

nucleotide sequence and structure. However, the protein environment of the tRNA-binding 

positions is highly remodeled due to the adaptation to the considerably variable elbow 

regions of the human mitochondrial tRNAs with reduced or absent D- and/or T-loops (Helm 

et al., 2000). In addition, elimination of certain rRNA structural elements makes the tRNA 

binding sites prone to accommodate versatile structures of the tRNAs. For example, the A-

site remodeling includes the loss of the conventional A-site finger formed by rRNA helix 38 

and bL25 (Aibara et al., 2020; Brown et al., 2014; Greber et al., 2014; 2015). To compensate 

for the absence of the structural elements engaged in tRNA accommodation, the 

mitoribosome evolved a new element called P-site finger. It is formed by two proteins 

structurally belonging to the CP – mL40 and mL48. The finger is inserted between A- and P-

sites where the N-terminal helix of mL40 interacts with A- and P-site tRNAs elbow regions 

(Aibara et al., 2020; Greber et al., 2015). mL48 does not touch tRNAs directly but forms 

hydrophobic contacts with mL40, thus securing its sustaining function (Aibara et al., 2020). 

The E-site, which is positioned close to the L1 stalk and ejects tRNAs from the ribosome, has 

lost essential rRNA elements involved into tRNA binding such as helices 76-77 (Brown et al., 
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2014; Greber et al., 2014). The long C-terminal helix of the mitochondrion-specific MRP 

mL64 together with uS7m stabilizes the elbow region of E-site tRNA (Aibara et al., 2020; 

Greber et al., 2014). 

2.1.4 Mitochondrial translation 

Translation is the finalizing step of mitochondrial gene expression. As a basic matrix process, 

mitochondrial translation proceeds through three canonical steps assisted by a conserved 

set of translation factors encoded by nDNA: initiation, elongation and termination of the 

polypeptide synthesis followed by recycling of the mitoribosomes at the end of the translation 

cycle. Despite the bacterial origin of the mitochondrial translation apparatus, evolutionary 

divergence of the mitoribosome architecture, mitochondrial genetic code and specific 

features of the mt-mRNAs contribute to the remarkable differences between bacterial and 

mitochondrial translation processes. Strikingly, human mitochondria use alternative codons 

to initiate and terminate protein synthesis; mRNAs do not have 5’ untranslated regions 

(UTRs) and 3’ polyadenine (poly-A) tails are shortened; 2 mRNAs, ND4L/ND4 and 

ATP8/ATP6, are bi-cistronic and each of them contains two partially overlapping open 

reading frames (ORFs) (Figure 6) (reviewed by Temperley et al., 2010a; Hällberg and 

Larsson, 2014; Ott et al., 2016; Kummer and Ban, 2021). As the number of individual codons 

in mt-mRNAs excesses the number of tRNAs, the latter often have a modified uridine base in 

the wobble position introduced by GTP-binding protein 3 (GTPBP3), allowing non-

conventional base pairing (reviewed by Bohnsack and Sloan, 2018). 

 

Figure 6. The mitochondrial genome and RNAs. Right panel: circular mtDNA consists of 2 
strands: the heavy strand (H-strand) and the light strand (L-strand). L-strand encodes for 8 
mitochondrial tRNAs (mt-tRNA, beige dots) and ND6 mRNA. H-strand contains a regulatory 
non-coding region (NCR, grey) and encodes for 12 mRNAs and 14 tRNAs as well as 12S 
rRNA and 16S rRNA (dark grey). Left panel depicts characteristic features of the mt-mRNAs, 
such as short or absent poly-A tails and absence of the 5’ UTR. Two mRNAs are bi-cistronic 
(ND4L/ND4 and ATP8/ATP6). Figure is modified from Hällberg and Larsson, 2014 and 
Richter-Dennerlein et al., 2015). 
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2.1.4.1 Initiation 

Translation initiation begins with the formation of the initiation complex on the SSU. In 

bacteria, it contains initiation factors IF1, IF2, IF3, mRNA and fMet-tRNAfMet and proceeds 

through the formation of the distinct initiation complexes (IC) (reviewed by Rodnina, 2018). 

IF3 and IF2*GTP bind SSU and promote the recruitment of IF1, which preserves the A-site 

against premature tRNA accommodation; IF2*GTP recruits fMet-tRNAfMet and IF3 monitors 

the P-site for the presence of mRNA start codon. Recruitment of a mRNA to the SSU via 

pairing of the Shine–Dalgarno (SD) sequence with anti-SD of the rRNA accomplishes the 

formation of the SSU IC. Remarkably, the factor recruitment does not always follow the same 

order, and mRNA can associate with the SSU even without any IF (Milón and Rodnina, 

2012). After mRNA joining IF3 ensures the correct codon-anticodon interaction in the P-site 

and leaves the complex allowing LSU to join, resulting in 70S-IC formation. Further, IF1 

leaves the complex allowing B2a intersubunit bridge formation (conserved in mitoribosome) 

(Kaledhonkar et al., 2019). During subunit joining IF2*GTP comes in close contact with the 

GAC, and thus GTP is hydrolyzed, allowing fMet-tRNAfMet to release from IF2 interaction and 

accommodate the classical P/P state.  

The process of leaderless mRNA engagement into translation complex appeared more 

complicated and not fully understood. These mRNAs can directly bind 70S ribosomes, and 

then fMet-tRNAfMet is delivered by IF2 and IF3. To maintain the complex integrity, IF3 was 

suggested to adopt a non-canonical position preventing the ribosomal complex dissociation 

(reviewed by Rodnina, 2018). Perhaps, this situation is more applicable to the mitoribosomes 

since most of the mitochondrial mRNAs are leaderless.  

Two alternative strategies for the initiation complex formation in mammalian mitochondria 

were recently suggested using in vitro reconstitution of the initiation complexes followed by 

cryo-EM analysis. The first model (Khawaja et al., 2020) claims that the pathway starts with 

the formation of the pre-IC1 complex consisted of mtSSU and mtIF3 (Figure 7). Interaction 

between mtIF3 and mS37 promotes conformational changes of the complex, thereby 

allowing the accommodation of mtIF2 and is designated as pre-IC2 (Figure 7). mtIF2 

extension between domains II and III fulfills the function of the missing IF1 (Gaur et al., 2008; 

Kummer et al., 2018). Similarly to bacteria, mtIF2 is required for fMet-tRNAfMet engagement 

to the P-site (Kummer et al., 2018). However, the positioning of extended N- and C-terminal 

domains of mtIF3 on the complex exclude the initiator fMet-tRNAfMet binding. Therefore, 

mtIF3 must leave the complex before fMet-tRNAfMet can be accommodated. Finally, pre-IC2 

associates with the mtLSU, thus allowing initiator tRNA and leaderless mRNA to join. After 

mRNA is delivered to the mitoribosome by LRPPRC/SLIRP module, it becomes engaged into 

the mRNA tunnel via mS39 (Aibara et al., 2020; Kummer et al., 2018). 
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Figure 7. Translation cycle in human mitochondria. Initiation proceeds through the formation 
of 2 mitochondrial pre-initiation complexes when mtIF3 (mtPIC-1) and mtIF2 (mtPIC-2) 
subsequently bind to the mtSSU. Dissociation of mtIF3, binding of the mtLSU and loading of 
the mRNA and initiator fMet-tRNAfMet accomplishes the IC formation. When fMet-tRNAfMet 
accommodates in the P-site paired to the mRNA start codon, mtIF2 leaves the complex, and 
elongation starts with the delivery of the second tRNA by EF-Tu. Peptidyltransferase reaction 
between A- and P-site tRNAs and mtEF-G1 joining facilitates the rotated state of the 
mitoribosome, thus allowing translocation of tRNAs to the P- and E-sites, respectively. 
Termination is implemented by release factor(s) (for example, mtRF1a) and results in the 
ejection of the nascent polypeptide from the mitoribosome. Afterward, the mitoribosome 
undergoes recycling driven by mtRRF in a complex with mtEF-G2 while mtIF3 prevents 
premature subunit association. Figure is taken from Ferrari et al., 2021. Reprinted with 
permission from John Wiley and Sons, FEBS Letters (licence number 5084761436386). 

 

The alternative model of the IC formation was a prerequisite of the aforementioned and is 

based on the biochemical in vitro studies (Ayyub et al., 2018; Bhargava and Spremulli, 2005; 

Christian and Spremulli, 2009; Haque et al., 2008) and cryo-EM analysis of the mtSSU*mtIF3 

complex (Koripella et al., 2019a), and the most prominent differences concern the function of 

mtIF3 into the initiation complex formation. In contrast to the first model, mtIF3 is considered 

to be essential for positioning the leaderless mRNA in the P-site via C-terminal domain 

mitochondrion-specific KKGK motif. In addition, in the presence of mRNA the mtIF3 

mitochondrion-specific N-terminal extension undergoes a significant shift, thus promoting the 

mtIF2*GTP*fMet-tRNAfMet recruitment.   
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2.1.4.2 Elongation 

During the elongation step, the translating complex moves along mRNA and converts the 

genetic information encoded by nucleotides into the corresponding polypeptide sequence. 

Elongation of the protein synthesis includes three cycles: mRNA decoding by cognate tRNA, 

peptide bond formation and translocation of the mRNA–tRNA module. The basic elongation 

mechanism remains conserved among all ribosomes (reviewed by Ott et al., 2016; Rodnina 

et al., 2017; 2018; 2019).  

When the translationally competent mitoribosomal complex is finally formed, the A-site 

remains empty and the P-site is occupied by the mRNA start codon paired to fMet-tRNAfMet. 

The second aminoacyl-tRNA (aa-tRNA) is delivered to the A-site by elongation factor mtEF-

Tu*GTP where it recognizes the mRNA codon and adopts A/T state (Figure 7) (Desai et al., 

2020; Kummer and Ban, 2020; reviewed by Kummer and Ban, 2021; Ferrari et al., 2021). aa-

tRNA-mtEF-Tu*GTP recruitment is performed by L7/L12 stalk in a way reminiscent of 

bacteria. Dedicated rRNA helices in the mtSSU decoding center execute the quality 

screening to ensure the cognate aa-tRNA binding (please, refer to section 2.1.3.5). If the aa-

tRNA fits, mtEF-Tu*GTP gets into close contact with the SRL, which mediates GTP 

hydrolysis; mtEF-Tu*GDP leaves the translation complex, allowing the delivered aa-tRNA to 

accommodate the canonical A/A position.  

The correct accommodation of the aa-tRNA in the A-site authorizes the second step – 

peptidyl transferase reaction. The reaction is achieved by conserved elements of the 16S 

rRNA in the PTC, which facilitates the P-tRNA to occupy the position appropriate for a 

nucleophilic attack (please, refer to section 2.1.3.2). The a-amine of the A-site amino acid 

mediates a nucleophilic attack on the carbonyl carbon of the P-site amino acid, consequently 

breaking the ester bond between the amino acid and P-site tRNA and attaching the carbonyl 

carbon to the a-amine at the A-site; therefore, the growing peptide chain is transferred to the 

A-site and leaves the P-site tRNA deacetylated (Desai et al., 2020; Kummer and Ban, 2020). 

The deacetylated P-site tRNA enhances the formation of tRNA hybrid states. mRNA-tRNA 

movement from the A- and P-site to the P- and E-site, respectively, is facilitated by massive 

subunit rotation. On the mtLSU tRNAs CCA 3’-ends occupy the new positions corresponding 

to the P- and E-sites, whereas the anticodon stem loops lag and still hold A- and P-sites in 

the mtSSU, thus forming the hybrid states A/P and P/E (Desai et al., 2020). The binding of 

the mtEF-G1*GTP (elongation factor G1) stabilizes the hybrid state and induces the next 

step of translocation coupled with GTP-hydrolysis and GAC closure (Figure 7) (Desai et al., 

2020; Koripella et al., 2020a; Kummer and Ban, 2020). The mtSSU body returns into the 

non-rotated position but the head swivels and thus finally reposits the anticodon stem loops 

to the P- and E-sites allowing tRNAs to accommodate the P/P and E/E states. The 
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translocation step accomplishes when the mtSSU head finally returns to the non-rotated 

position, E-site tRNA is ejected by the mitochondrial-specific element composed by mL64 

and uS7m, and mtEF-G1*GDP leaves the translation complex. Thus, only the peptidyl tRNA 

stays bound in the P-site, and a new mRNA codon is present in the A-site for the next cycle 

of elongation (Koripella et al., 2020a; Kummer and Ban, 2020). 

2.1.4.3 Termination 

Translation termination initiates once a stop-codon occurs in the A-site. In bacteria, the 

canonical stop codons (UAA, UAG and UGA) are recognized by the release factors RF1 and 

RF2. The termination factors facilitate the hydrolysis of the ester bond between the peptidyl-

tRNA and the nascent peptide chain mediated by their conserved GGQ motifs. 

Subsequently, the newly synthesized polypeptide leaves the ribosome complex, and RF3 

induces the ejection of RF1/RF2 (reviewed by Rodnina, 2018). Mitochondria have an altered 

genetic code, and therefore, the translation termination mechanism evolved accordingly. For 

example, in human mitochondria, UGA encodes tryptophan instead of a stop codon, which 

might be the reason why no homologous RF2 has been identified in human mitochondria. In 

addition, two mitochondrial mRNAs (MT-CO1 and MT-ND6) carry alternative stop codons 

(AGA and AGG, respectively), which were suggested to require -1 frameshifting to be 

recognized by conventional termination mechanism (Temperley et al., 2010b, reviewed by 

Hällberg and Larsson, 2014; Ott et al., 2016; Temperley et al., 2010a). 

Four putative translation termination factors have been described in mitochondria based on 

their homology to known bacterial release factors and the presence of the essential catalytic 

GGQ motif: mtRF1, mtRF1a, mL62 (ICT1) and C12ORF65 (mtRF-R, mitochondrial 

translation release factor in rescue). Only mtRF1 and mtRF1a possess all domains found in 

canonical release factors, whereas mL62 and C12ORF65 lack stop-codon recognition 

domains. So far, peptidyl hydrolase activity has been demonstrated for mtRF1a, mL62 and 

C12ORF65-MTRES1 (mitochondrial transcription rescue factor 1) complex (Akabane et al., 

2014; Desai et al., 2020; Feaga et al., 2016; Kogure et al., 2014; Nozaki et al., 2008; Richter 

et al., 2010; Soleimanpour-Lichaei et al., 2007; Wesolowska et al., 2014). In vitro data 

demonstrate that mtRF1a can discriminate UAA and UAG (Soleimanpour-Lichaei et al., 

2007) and were further supported by visualizing the factor bound to the terminating 

mitoribosomes with the UAA codon in the A-site (Kummer et al., 2021). mtRF1a utilizes 

essentially the same mechanism of stop codon recognition and polypeptide release as it was 

described for bacteria (Svidritskiy and Korostelev, 2018). Interestingly, mL62 was reported to 

act on canonical stop codons, non-canonical stop codons and ribosomes that lack a codon in 

the A-site using heterologous system with 70S bacterial ribosomes (Richter et al., 2010). 

Recent structural data has revealed that mL62 is involved in mitoribosome rescue scenario, 

being specifically bound to the mitoribosomes stalled on truncated mRNAs without a codon 



	 28	

in the A-site (Kummer et al., 2021).  

C12ORF65 (mtRF-R) has been identified as a part of a mitoribosome-associated quality 

control pathway (Desai et al., 2020). Upon mitoribosome stalling during the elongation step, 

C12ORF65 (mtRF-R) cooperates with RNA-binding protein MTRES1 (C6ORF203) to release 

the nascent polypeptide chain from the mtLSU after mitoribosome splitting. Accordingly, no 

C12ORF65 (mtRF-R) was detected to be bound to the 55S mitoribosomes programmed with 

mRNAs bearing non-canonical stop codons or with truncated mRNA (Kummer et al., 2021). 

2.1.4.4 Recycling 

When translation is finished, mitoribosome undergoes recycling step, which includes the 

dissociation into the subunits and ejection of the remaining tRNA and mRNA. In bacteria, 

recycling is carried out by three factors: EF-G, the ribosome recycling factor RRF, and IF3 

(Karimi et al., 1999). Collaborative action of EF-G and RRF splits the ribosome into subunits, 

whereas IF3 dissociates the remaining tRNA (reviewed by Rodnina, 2018). The canonical 

mitochondrial recycling system consists of mtRRF, mtEF-G2 and mtIF3 (Rorbach et al., 

2008; Tsuboi et al., 2009; Christian and Spremulli, 2009; reviewed by Chicherin et al., 2019). 

Similarly to the bacterial recycling system, mtRRF binding to the mitoribosome require 

prerequisite deacylation of the P-site tRNA. Subsequent engagement of mtEF-G2 to the 

GAC induces large-scale rotation of mtRRF, thereby making the complex sterically 

incompatible with helix 44 of the 12S rRNA (Figure 7) (Kummer et al., 2021). Moreover, 

mtRRF embraces helix 69 of the 16S rRNA and altogether, this leads to disruption of the B2a 

intersubunit bridge (Kummer et al. 2021). After subunit splitting, mtIF3 stays bound to the 

mtSSU to prevent subunit association (Kummer et al., 2021; Ayyub and Varshney, 2019; 

Khawaja et al., 2020). However, the data obtained as a part of this thesis suggest the 

presence of an alternative recycling mechanism mediated by GTPBP6 and will be further 

introduced in the Discussion chapter as well as mechanistic details of both recycling systems 

(please, refer to section 5.5). 
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2.2 Mammalian mitochondrial ribosome assembly 

In principle, the mitoribosome biogenesis can be divided into several distinct but 

interconnected steps: (i) transcription of the rRNAs and the structural tRNA from the mtDNA 

template; (ii) post-transcriptional processing of the rRNAs/tRNAVal/Phe; (iii) synthesis of the 

MRPs on cytosolic ribosomes and their import into mitochondria; (iv) assembly of 12S rRNA 

and 30 MRPS (MRPs of the SSU) and 16S rRNA, tRNAVal/Phe and 52 MRPL (MRPs of the 

LSU) into mature subunits; (v) assembly of the 55S mitoribosome from the subunits as a step 

of translation initiation. Thus, the assembly of the mitoribosome essentially relies on the 

coordinated expression of both nuclear and mitochondrial genomes and requires the 

assistance of at least 250-300 nuclear-encoded factors (reviewed by Pearce et al., 2017). 

The process is spatially-temporally organized within different sub-compartments in the 

mitochondrial matrix (Figure 8). 

 

Figure 8. Compartmentalization of the mitochondrial gene expression. mtDNA replication and 
transcription are coupled with initial steps of the mitochondrial ribosome assembly and take 
place within the nucleoid. Further, mt-RNA processing and maturation continues within the 
RNA granules where structural ribosomal RNAs (12S and 16S rRNA and tRNAVal/Phe) 
associate with MRPs. Degradation of the RNA species is performed by the degradosome 
complex localized in D-foci. Figure taken from Barchiesi and Vascotto, 2019. Reprinted with 
permission from MDPI open access Creative Common CC BY provided that any part of the 
article may be reused without special permission. 
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2.2.1 Compartmentalization and kinetics 

2.2.1.1 Compartmentalization of the mitochondrial ribosome assembly 

The nucleoid 

The very first steps of mitoribosome assembly involve the transcription of the rRNAs and the 

structural tRNA from the mtDNA template and occur within foci called nucleoid (Figure 8) 

(reviewed by Barrientos, 2015; Bogenhagen et al., 2014). The multilayer architecture of the 

compartment includes an inner core region which comprises the circular double-stranded 

mtDNA compactly packed by mitochondrial transcription factor A (TFAM) and key mtDNA-

associated proteins involved in mtDNA maintenance, replication and transcription (Ekstrand 

et al., 2004; Kukat et al., 2015; reviewed by Bonekamp and Larsson, 2018; Farge and 

Falkenberg, 2019; Lee and Han, 2017).  

The diverged mitochondrial transcription machinery is driven by a single subunit 

mitochondrial RNA polymerase (mtRNAP or POLRMT). In vitro reconstitution suggests that 

mtRNAP in mammals requires just a few co-factors to initiate and maintain the RNA 

synthesis: TFAM and mitochondrial transcription factor B2 (TFB2M) form the initiation 

complex and TEFM stabilizes the elongation step (Falkenberg et al., 2002; Litonin et al., 

2010; Agaronyan et al., 2015; Hillen et al., 2017a; 2017b). Both strands of the mtDNA are 

transcribed, resulting in the formation of two nearly genomic-sized polycistronic transcripts. 

The peripheral part of the nucleoid comprises proteins involved in RNA processing and 

partially overlaps with the mitochondrial RNA granules (MRGs) – the centers for RNA 

maturation. 

Mitochondrial RNA granules  

Further steps of the mitoribosome assembly require the hierarchical processing of the 

ribosomal RNAs and their incorporation into the growing mitoribosomal particles together 

with MRPs. In order to sequester and process the newly synthesized transcripts, 

mitochondria have evolved specialized non-membrane compartments (MRGs) (Figure 8) 

(Antonicka et al., 2013; Jourdain et al., 2013; Antonicka and Shoubridge, 2015; reviewed by 

Jourdain et al., 2016). Recently, using super-resolution microscopy techniques, RNA 

granules were shown to exhibit the properties of fluid condensates and localize in close 

vicinity to the IMM (Rey et al., 2020). They consist of compacted RNA species covered by 

RNA-binding proteins (Antonicka and Shoubridge, 2015; Rey et al., 2020).  

Dedicated mitochondrial ribonucleases drive generation of individual functional RNA species 

from 2 polycistronic transcripts. Ribonuclease P (mtRNase P) complex (MRPP1, MRPP2 and 

MRPP3) cleaves the 5’ ends while ELAC2 (RNase Z) processes at the 3’ ends of the tRNAs 

that punctuate most of the ORFs (so-called ‘tRNA punctuation’ model) (Brzezniak et al., 
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2011; Holzmann et al., 2008; Ojala et al., 1981; Sanchez et al., 2011). However, it is evident 

from the mtDNA genetic composition that not all of the transcripts are primed with tRNAs 

(Figure 6). The excision of these transcripts requires other mechanisms that remain to be 

clarified (reviewed by D'Souza and Minczuk, 2018; Kummer and Ban, 2021; Barchiesi and 

Vascotto, 2019).  

In principle, the initial cleavage of the transcript containing tRNAPhe-12S rRNA-tRNAVal-16S 

rRNA sequence should result in the formation of individual rRNAs and a structural tRNAVal/Phe 

since it satisfies the classical tRNA punctuation model. It remains a mystery whether 

incorporation of the MRPs to the rRNA scaffold happens after the complete release of 12S 

and 16S rRNAs or can occur already before or during the cleavage. Experimental data 

suggest that MRP clusters are able to occupy non-cleaved rRNAs, although to a lower 

extend, but the formation of the complete mitoribosome is abolished (Rackham et al., 2016). 

The post-transcriptional chemical modification of rRNAs is vital for ensuring the stability and 

functionality of mitoribosomes and will be reviewed further (please, refer to section 2.2.2). 

Cryo-EM analysis of the mtLSU has revealed that the structural tRNAVal/Phe follows the 

common pattern of tRNA post-transcriptional modifications such as an addition of the CCA 3’ 

end essential for cognate amino acid accommodation added by tRNA-nucleotidyltransferase 

1 (TRNT1) (Greber et al., 2014; Nagaike et al., 2001) and methylation of the A9 base (m1A9) 

by MRPP1/MRPP2 (Vilardo et al., 2012). 

The surveillance and degradation of the mt-RNAs are regulated by several mechanisms, 

which in principle should be applicable to all of the RNA species. However, the current 

knowledge is mostly restricted to mRNA metabolism. Excess and aberrant RNAs are 

subjected to degradosome, which in mammals is a complex of polynucleotide phosphorylase 

(PNPase) and the RNA helicase SUV3. The degradosome resides in the distinct foci within 

the mitochondrial RNA granules (D-foci) (Figure 8) (Borowski et al., 2013). The 

PNPase/SUV3 complex is accompanied by REXO2 exoribonuclease capable of degrading 

very short RNA molecules (Bruni et al., 2013).  

2.2.1.2 Kinetics of the mitoribosome assembly 

The bacterial ribosome assembly pathway is well resolved both in vivo and in vitro. 

Pioneering classical studies performed by Nierhaus and Nomura revealed that the building of 

the ribosome includes both parallel and hierarchical incorporation of the individual r-proteins 

and protein clusters (Dohme and Nierhaus, 1976; Nierhaus and Dohme, 1974; Traub and 

Nomura, 1968). Thus, the r-proteins were classified as primary-binding that associate directly 

with rRNAs, thereby facilitating the recruitment of the secondary (dependent on primary r-

proteins) and tertiary (dependent on secondary r-proteins) binders. More recent studies 

resolved the assembly of the 70S ribosome in vivo using SILAC (stable isotope labeling by 
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amino acids in cell culture) combined with mass spectrometry approach (Chen and 

Williamson, 2013). The study revealed that consistent with the in vitro reconstitution, protein 

clusters assemble in a hierarchical order. A combination of the biochemical and cryo-EM 

approaches further confirmed that r-proteins binding drives folding of the rRNA structure and 

induces conformational changes to create new binding sites for secondary proteins. Notably, 

the formation of the crucial functional sites on the ribosome, such as the CP and the PTC are 

defined as rate-limiting steps and accomplishes the assembly process (Nikolay et al., 2018). 

In contrast to in vitro studies in vivo assembly involve numerous assembly factors and 

emphasizes that bacterial ribosome assembly starts co-transcriptionally (Chen and 

Williamson, 2013; reviewed by Davis and Williamson, 2017). Yeast mtLSU biogenesis 

resembles the bacterial pathway and proceeds through the hierarchical incorporation of 

preassembled MRP modules into the growing particle (Zeng et al., 2018). In addition, 

homologs of the bacterial 50S LSU assembly factors have been defined to act in similar 

stages in the yeast mtLSU assembly.  

The first assembly map of the human mitoribosome has been obtained using SILAC pulse-

labeling in combination with the analysis of protein-protein interaction surfaces in the 

mitoribosome structure (Bogenhagen et al., 2018). MRPs form assembly clusters, which join 

the growing mitoribosomal particles in a coordinated manner following the same tendency 

observed during bacterial and yeast (mito)ribosome biogenesis (Figure 9). Early-assembly 

MRPs are enriched into the nucleoid fraction and often share extensive interactions with the 

rRNAs (Bogenhagen et al., 2014; 2018). The intermediate-binding proteins have less direct 

contact with the rRNA, and their incorporation relies on protein-protein interactions with the 

primary binders as well as on rRNA remodeling induced by incorporation of the early 

clusters. Late biogenesis stages are accompanied by the tuning of the intersubunit interface, 

where the late MRPs join the growing particle. 

Insights into late stages of human mtLSU assembly also have been gained using single-

particle cryo-EM. The analysis of the native assembly intermediates revealed that similarly to 

bacterial ribosome biogenesis, the folding of the intersubunit rRNA and the maturation of the 

PTC complete the mtLSU assembly (Brown et al., 2017). 
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Figure 9. The assembly map of the human mitoribosome. MRPs form assembly clusters, 
which join the growing particles in a hierarchical order. mtLSU MRPs can be classified as 
early-, intermediate- or late-binding, while mtSSU MRPs represent 2 major groups of early- 
or late-binding proteins. Figure is based on the data obtained by Bogenhagen et al., 2018 
and is taken from Lopez Sanchez et al., 2021. Reprinted with permission from MDPI open 
access Creative Common CC BY provided that any part of the article may be reused without 
special permission. 

 
2.2.2 Assembly factors 

Numerous assembly factors orchestrate the biogenesis process of the mitoribosome. The 

growing list includes RNA helicases and modifying enzymes, GTPases and other factors 

involved in RNA/protein chaperoning, that ensure the proper folding of the RNA and protein 

components into the maturing mitoribosomal particles. 

2.2.2.1 RNA helicases 

RNA helicases are known for their essential function in RNA metabolism pathways, including 

ribosome biogenesis in all domains of life. The enzymes bind and remodel ribonucleoprotein 

complexes allowing to accommodate new proteins and facilitate RNA-protein interactions 

(reviewed by Martin et al., 2013). In humans, two putative DExH/D-box RNA helicases 

DHX30 and DDX28 were identified as essential components of the MRGs (Antonicka and 

Shoubridge, 2015). DHX30 is involved presumably in early stages of the mitoribosome 

biogenesis, acting on a nascent rRNA (Antonicka and Shoubridge, 2015; Minczuk et al., 

2011). Similarly, DDX28 acts relatively early during mtLSU assembly and stabilizes 16S 

rRNA (Tu and Barrientos, 2015).  



	 34	

2.2.2.2 Methyltransferases 

There are two universally conserved methylated residues in the mtSSU rRNA, N6-

dimethylated adenines m6
2A1583 and m6

2A1584 (m6
2A1518 and m6

2A1519 in E. coli 16S 

rRNA numbering) located in helix 45. Methylation at these sites facilitates contact between 

helices 44 and 45, thereby stabilizing the decoding center of the ribosome in both bacteria 

and human mitochondria (Demirci et al., 2010; Liu et al., 2019). In mammals, the 

modification is installed by TFB1M (transcription factor B, mitochondrial) (Metodiev et al., 

2009). Dimethylation requires the presence of the mitochondrial ribosome binding factor A 

(mtRBFA), which binds directly to the methylation sites and promotes TFB1M activity 

(Rozanska et al., 2017). 

The methyltransferase NSUN4 (NOL1/NOP2/Sun domain family member 4) modifies a m5C 

base at a position C1488 in human 12S rRNA (Metodiev et al., 2014). The equivalent 

modification of the 16S rRNA in bacteria (C1404) catalyzed by RsmF presumably occurs 

during late stages of ribosome assembly (Demirci et al., 2010). Similarly, in mice NSUN4 

ablation leads to impaired 55S formation accompanied by accumulation of the nearly 

matured subunits (Metodiev et al., 2014). Interestingly, NSUN4 lacks RNA-binding domain 

and in vitro studies suggest that NSUN4 affinity to the 12S rRNA is increased by another 

factor MTERF4 (mitochondrial transcription termination factor 4) (Yakubovskaya et al., 2012). 

Methyl-5-uridine (m5U) modification at the position U1076 of 12S rRNA is installed by 

TRMT2B (tRNA methyltransferase 2 homolog B) (Laptev et al., 2020b; Powell and Minczuk, 

2020). However, in contrast to the other 12S rRNA modifying enzymes, no significant defect 

into mitoribosome assembly and function was detected upon TRMT2B loss in cultured 

human cells (Powell and Minczuk, 2020).  

The 12S rRNA m4C1486 is introduced by the methyltransferase-like 15 enzyme METTL15 

(Chen et al., 2020; Van Haute et al., 2019; reviewed by Laptev et al., 2020a; Lopez Sanchez 

et al., 2020). Although the methylation site is not conserved among ribosomes, the loss of 

m4C1486 modification leads to aberrant assembly of the mtSSU and accumulation of late-

stage assembly intermediates (Chen et al., 2020; Van Haute et al., 2019). Notably, 

decreased C1486 methylation negatively affects the m5C1488 modification catalyzed by 

NSUN4, suggesting a potential interdependence of these two nearby residues (Chen et al., 

2020; Van Haute et al., 2019). 

The mtLSU 16S rRNA contains two universally conserved 2’-O-ribose methylations, Gm2815 

and Um3039 (Gm2251 and Um2552 in E. coli) located in the P-loop and A-loop, respectively. 

The Gm2815 modification is introduced by mitochondrial rRNA methyltransferase 1 (MRM1) 

in human mitochondria. MRM1 is enriched in the nucleoid fraction, suggesting its 

involvement in early stages of mtLSU biogenesis (Lee and Bogenhagen, 2014; Lee et al., 
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2013). U3039 is modified by MRM2 (Lee and Bogenhagen, 2014; Lee et al., 2013; Rorbach 

et al., 2014). MRM2 depletion strongly affects the mtLSU maturation and consequently 

impairs mitochondrial translation and OXPHOS function (Rorbach et al., 2014). Akin to 

human MRM2, the bacterial homolog RrmJ/FtsJ/RlmE acts late during LSU formation 

modifying U2552 (Arai et al., 2015; Bügl et al., 2000). Intriguingly, overexpression of the two 

GTPases ObgE and EngA suppresses the negative effect of RrmJ/FtsJ/RlmE depletion and 

stimulates the LSU assembly to proceed further even in the absence of the modification (Tan 

et al., 2002). The third site for 2’-O-ribose methylation in the 16S rRNA is G3040 modified by 

MRM3. Although Gm3040 modification is not conserved, it is critical for the mtLSU 

biogenesis (Lee et al., 2013; Rorbach et al., 2014). 

The 16S rRNA base methylation of A2617 requires the action of TRMT61B (tRNA 

methyltransferase 61B). The event is probably coupled with early maturation of the 16S 

rRNA since TRMT61B is able to modify naked rRNA in vitro (Bar-Yaacov et al., 2016). This 

base contributes to the formation of the B3 intersubunit bridge and therefore stabilizes the 

mitoribosome (Bar-Yaacov et al., 2016; Greber et al., 2015). 

2.2.2.3 Pseudouridine synthase module 

The only pseudouridine conversion is identified at position U1397 in the 16S rRNA 

introduced by RPUSD4. The enzyme is an essential component of the MRGs and its 

deficiency leads to the aberrant assembly of the mtLSU and dramatically decreased levels of 

the 55S mitoribosome (Antonicka et al., 2017; Zaganelli et al., 2017). RPUSD4 is a part of a 

functional pseudouridine synthase module together with RPUSD3, TRUB2, NGRN, 

WBSCR16 (RCC1L, RCC1-like G exchanging factor-like protein), FASTKD2 and PTCD1 

(Arroyo et al., 2016; Perks et al., 2018). Ablation of any of these factors impairs the 16S 

rRNA stability and compromises mtLSU formation, although their precise role in 16S rRNA 

metabolism remains elusive.  

2.2.2.4 Endoribonuclease 

YbeY is a highly conserved endoribonuclease that is involved in the late biogenesis steps of 

the SSU in bacteria providing a quality control function to ensure the correct maturation of 

the 16S rRNA (Babu et al., 2020; Jacob et al., 2013). In human mitochondria, YbeY is 

believed to regulate the stability of the 12S rRNA and incorporation of the uS11m (D’Souza 

et al., 2021; Summer et al., 2020). Although the endoribonuclease activity of YbeY was 

confirmed using total RNA isolated from human cells (Ghosal et al., 2017), its substrate 

specificity and potential mechanism of action in humans needs to be further characterized.  
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2.2.2.5 Other assembly factors 

MALSU1 (mitochondrial assembly of ribosomal large subunit 1) is essential for mtLSU 

biogenesis and promotes the incorporation of uL14m into the growing particle (Fung et al., 

2013; Rorbach et al., 2012; Wanschers et al., 2012). Despite a relatively early association of 

MALSU1 with the mtLSU intermediate, the factor stays bound to the 39S particle until 

complete maturation. Recent cryo-EM findings resolved this discrepancy and demonstrated 

that MALSU1 forms a complex with L0R8F8 and mt-ACP (mitochondrial acyl carrier protein) 

which eliminates the possibility of the immature mtLSU to associate with mtSSU (Brown et 

al., 2017). Interestingly, the MALSU1/L0R8F8/mt-ACP anti-association function is not 

restricted to mitoribosome biogenesis but also plays an important role in a mitoribosome 

recycling. The complex was found to be associated with the mtLSU particle undergoing post-

splitting quality control (Desai et al., 2020). 

In addition of its function in 12S rRNA maturation and, thus, in mtSSU assembly, NSUN4 

also interacts with the mtLSU in a complex with MTERF4. The complex was suggested to 

target the mtLSU for the 55S mitoribosome formation (Cámara et al., 2011; Metodiev et al., 

2014; Spåhr et al., 2012). However, the precise role of the MTERF4-NSUN4 dimer into 

mitoribosome assembly remained unclear for a long time and was revealed as a part of this 

study (please, refer to Discussion chapter, section 5.4). 

MPV17L2 (Mpv17-like protein 2) localizes to the inner mitochondrial membrane and 

associates with both mtLSU and 55S mitoribosome (Dalla Rosa et al., 2014). Thus, 

MPV17L2 is probably involved in the late stages of the mitoribosome maturation. Depletion 

of MPV17L2 results in decreased levels of the mitoribosomal particles and negatively affects 

protein synthesis. 
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2.3 GTP-binding proteins 

GTP-binding proteins (GTPBPs) or GTPases are a superclass of hydrolase enzymes that are 

characterized by their ability to bind GTP and hydrolyze it to GDP by evolutionary conserved 

GTP-binding domain (G-domain) and participate in virtually all fundamental processes within 

the cell (Leipe et al., 2002; reviewed by Verstraeten et al., 2011). TRAFAC (named after 

translational factors) GTPases represent the main focus of this chapter since they are largely 

involved into translation machinery biogenesis and function.  

2.3.1 Structure and molecular functions 

Analysis of the available 3D structures suggests that despite of low primary sequence 

homology, GTPBPs possess highly conserved architecture of the functional motifs. The ~20 

kD G-domain carries out GTP-binding and hydrolysis and therefore represents the minimal 

functional core of a GTPase (reviewed by Bourne et al., 1991; Vetter and Wittinghofer, 

2001). Typically, it consists of 6 hydrophobic b-strands alternated with 5 amphipathic a-

helices and connected by linker loops (Figure 10). G-domain includes 4 to 5 conserved 

sequence motifs (named G1-G5 after guanine-nucleotide binding) (Leipe et al., 2002; Vetter 

and Wittinghofer, 1999; Wittinghofer and Vetter, 2011). However, due to circular 

permutations, the order of the motifs does not always correspond to their numbering. Initially 

identified in Ras (Rat sarcoma protein), G1-G4 are the most conserved among GTPases, 

while G5 is highly variable and sometimes not present. Remarkably, G1-G3 variations were 

defined in all NTP-binding proteins and serve as a foothold for phosphate binding, while G4-

G5 are responsible for the guanine base recognition.  

 

Figure 10. Structure of the G-domain. Upper panel: The canonical structure of the G-domain 
based on GTPase Ras. a-helices are shown in green and b-strands in gray. Lower panel: 
Conserved sequence motifs of the TRAFAC GTPases G-domain. x corresponds to any 
amino acid.  
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The G1 motif, or the P-loop (also known as Walker A motif) connects the first b-strand with 

the following a-helix. G1 consensus Gx4GK(S/T) (where x corresponds to any amino acid) is 

highly conserved in all NTP utilizing proteins, including GTPases as well as ATPases. 

Structurally it forms a pocket for nucleotide-phosphate binding. More precisely, the 

interaction with the a- and b-phosphate of the NTP is ensured by the main chain amino-

groups of Gly and Lys as well as side chain amino-group of Lys that connects b- and g-

phosphates. Ser/Thr residue is involved in the coordination of the magnesium ion, an 

essential NTPase co-factor that bridges b- and g-phosphates.  

The G2 motif involves the N-terminal end of the b2 strand and a part of the loop that 

anticipates it. Upon nucleotide binding the G2 motif considerably changes its architecture 

and therefore is called switch I region, reflecting its ability to sense the nucleotide-bound 

state. Despite maintaining the same function, the primary amino acid sequence of this region 

is highly variable among the P-loop GTPase supeclass but tends to be conserved within 

every individual (sub)family. The only amino acid which sustains in all of the members of 

TRAFAC class is Thr. This residue forms main-chain hydrogen bonds to the tertiary 

phosphate of the bound NTP and coordinates the Mg2+ ion via hydroxyl group, thereby 

stabilizing the g-phosphate. 

The G3 motif (also known as Walker B motif) is settled in the C-terminal part of the b3 strand 

and extends to the following loop. It overlaps partially with the region known as switch II and 

possesses the same function as switch I. G3 conserved primary sequence is Dx2G(Q), where 

Asp indirectly connects with the Mg2+ and Gly interacts with the g-phosphate via hydrogen 

bonds. The Gln belongs to switch II and fulfills essential catalytic function into GTP 

hydrolysis.  

The G4 motif consists of 4 hydrophobic or non-polar residues of the b5 strand and followed 

by (N/T)(K/Q)xD consensus. Asp and Gln form hydrogen bonds to the O5 of the guanine ring 

via its carboxy oxygens and Asn contacts the purine base. In TRAFAC GTPases G4 

cooperates with G1 motif to promote nucleotide binding (via Lys of G4 and Gly of G1). 

The G5 motif, which is situated on the loop connecting b6 strand with a5 helix, is not 

particularly conserved; however, structural evidence suggests that main chain amino group 

of Ala of its consensus E(A/C/S/T)SA(K/L) connects to the O6 of the guanine ring. The 

extensive hydrogen bonds network built by G4/G5 motifs and the guanine base sterically and 

electrostatically excludes an interaction of a GTPase G-domain with ATP. 

The classical paradigm suggests that GTPases accomplish their function as molecular 

switchers cycling between inactive GDP-bound state, transient ‘empty’ state and structurally 

distinct active GTP-bound state (Bourne et al., 1991; 1990; Vetter and Wittinghofer, 2001). 
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GTP-binding, therefore, facilitates the GTPase interaction with its effector molecules and 

triggers a cellular response. With certain exceptions, the basic GTPase cycle is relatively 

slow due to the low intrinsic rate of GTP hydrolysis and GDP/GTP exchange. To facilitate the 

processes, GTPBPs cooperate with guanine nucleotide exchange factors (GEFs) and 

GTPase activating proteins (GAPs) (Figure 11).  

 

Figure 11. The GTPase cycle. GTPase oscillates between an active (GTP-bound) and 
inactive (GDP-bound) state. GTP hydrolysis is stimulated by the GTPase activating protein 
(GAP) and GDP/GTP exchange is performed by guanine nucleotide exchange factor (GEF). 
In case of TRAFAC GTPases, the ribosome serves as a GAP and nucleotide exchange 
usually occurs spontaneously without assistance of a GEF. Switch I and switch II regions 
considerably change their conformation upon GTP binding. 

 

Conversion of a GTPase from an inactive GDP-bound state (OFF state) to an active GTP-

bound conformation (ON state) is called GTPase switch (Figure 11). The mechanism is 

conserved and involves functionally significant structural rearrangements of the switch I and 

switch II regions. Nucleotide exchange by trGTPases/RA-GTPases is usually very fast and 

spontaneous due to the high intracellular GTP concentration and to weak nucleotide binding 

(reviewed by Bennison et al., 2019; Maiti et al., 2021; Maracci and Rodnina, 2016; 

Verstraeten et al., 2011). Substitution of GDP with GTP is achieved by destabilization of the 

Mg2+ ion in the nucleotide-binding pocket which leads to GDP release. Intrinsic GTPase 

activity of the trGTPases and TRAFAC GTPases involved into (mito)ribosome assembly is 

very low and accelerates significantly upon binding to the ribosome, which serves as a GAP 

(reviewed by Bennison et al., 2019a; Maiti et al., 2021; Maracci and Rodnina, 2016; Rodnina 

et al., 2000).  

2.3.2 Ribosome assembly GTPases  

To date, GTPases represent the most abundant class of the mitoribosome biogenesis 

factors. In total, six GTPases were identified to play an essential role in mitoribosome 

biogenesis in humans, namely MTG3, ERAL1, GTPBP5-7 and GTPBP10 (reviewed by Maiti 
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et al., 2021). The factors mentioned above have bacterial homologs and belong to several 

superfamilies of the TRAFAC GTPases class (Leipe et al., 2002; reviewed by Verstraeten et 

al., 2011). Since GTPBP6 and GTPBP10 were characterized as a part of this doctoral study 

(Lavdovskaia et al., 2020; 2018) and represent the direct contribution of the author to the 

scientific field, these GTPases will be introduced into the Discussion chapter (please, refer to 

section 5). 

2.3.2.1 Era family (related to ERAL1) 

In bacteria, Era (E. coli Ras-like protein) is involved in diverse intracellular functions, 

including ribosome assembly. Era comprises two functional domains: N-terminal GTP-

binding domain and a unique C-terminal domain involved in RNA-binding (KH motif) (Figure 

12) (reviewed by Bennison et al., 2019; Britton, 2009; Goto et al., 2013; Karbstein, 2007; 

Verstraeten et al., 2011).  

 

Figure 12. The domain architecture of the ribosome assembly GTPases. Conserved 
sequence motifs of the GTPase domain (G1 – G5) are shown as boxes in different shades of 
blue. The RbgA/YqeH subfamily GTPases are characterized by circular permutation of the 
motifs. Additional known structural features/domains characteristic to each GTPase family 
are indicated.  

 

Era is involved in the assembly and maturation of the bacterial SSU and acts presumably as 

a rRNA chaperone specifically interacting with the anti-SD sequence of the SSU rRNA. In 

addition, the binding of Era is structurally incompatible with bS1 protein and IF3, thus 

keeping the SSU in a conformation unfavorable for premature LSU and mRNA association 

(reviewed by Bennison et al., 2019; Goto et al., 2013; Karbstein, 2007; Verstraeten et al., 

2011). Remarkably, under physiological conditions addition of Era alone was efficient to 
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reconstitute the SSU assembly in vitro (Tamaru et al., 2018). 

Similarly to its bacterial counterpart, human ERAL1 (Era-like G-protein 1) was suggested to 

act as an RNA chaperone since it binds to the 3’ end of the 12S rRNA near to the conserved 

adenines dimethylated by TFB1M (Dennerlein et al., 2010). Both ablation and 

overexpression of ERAL1 are detrimental for mitoribosome biogenesis. Thus, depletion of 

the protein leads to the 12S rRNA instability, thereby negatively affecting the mtSSU 

formation (Dennerlein et al., 2010). In line with the function of its bacterial homolog, an 

elevated level of ERAL1 arising due to defects in its controlling CLPP (caseinolytic peptidase 

proteolytic subunit) protease inhibits the incorporation of the bS1m to the mtSSU particle 

(Szczepanowska et al., 2016).  

2.3.2.2 YihA/YsxC/EngB family (related to GTPBP8) 

Bacterial YihA/YsxC/EngB (essential neisserial GTP-binding protein B) was found to be 

essential for the late stages of LSU biogenesis (Schaefer et al., 2006). GTP hydrolysis by 

YsxC is stimulated by mature 50S LSU and to a lower extend by immature LSU particles (Ni 

et al., 2016).  

A human homolog of EngB – GTPBP8 has been suggested to be a component of MRGs as it 

was identified among the DDX28 interaction partners (Maiti et al., 2018; Tu and Barrientos, 

2015). However, currently, there is no evidence of GTPBP8 involvement in mitoribosome 

biogenesis in mammals. In T. brucei and P. falciparum EngB/YihA associates with mtLSU in 

a GTP-dependent manner and is involved into the maturation of the domain II of the mtLSU 

rRNA together with the other GTPases (Gupta et al., 2020; Jaskolowski et al., 2020). 

2.3.2.3 YlqF/YawG/YqeH family  

YlqF/YawG/YqeH GTPases represent a separate family within the TRAFAC class 

characterized by circularly permutated GTPase domain (G4-G5-G1-G2-G3) (Figure 12). 

YlqF/YawG/RbgA subfamily (related to GTPBP7) 

YlqF/YawG/RbgA subfamily proteins comprise the N-terminal circularly permuted GTPase 

domain and the C-terminal AmiR–NasR Transcription Antitermination Regulator (ANTAR) 

domain implicated into RNA binding (reviewed by Bennison et al., 2019; Gulati et al., 2013; 

Leipe et al., 2002). RbgA (ribosome biogenesis GTPase A) GTPase activity is stimulated by 

binding to the mature LSU and 70S ribosome, but not to the immature LSU particles (Achila 

et al., 2012; Ni et al., 2016). Biochemical studies combined with mass spectrometry revealed 

that RbgA is a late LSU biogenesis factor and ablation of the protein leads to the formation of 

the immature LSU particles missing uL16, bL27 and bL36 and severely depleted bL28, bL33 

and bL35 (reviewed by Goto et al., 2013; Jomaa et al., 2014). Cryo-EM analysis shows that 
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RbgA stabilizes rRNA involved into the CP and the PTC formation, thus allowing the 

recruitment of the aforementioned r-proteins into the structure (Seffouh et al., 2019).  

GTPBP7 (MTG1) is homologous to bacterial RbgA and S.cerevisiae/T.brucei Mtg1p, where 

the latter is involved in the PTC maturation forming an extensive network with the other 

assembly factors such as mtEngA (Barrientos et al., 2003; Jaskolowski et al., 2020; 

Tobiasson et al., 2021). Similarly, in humans, GTPBP7 acts at late stages of mtLSU 

biogenesis and is essential for mitochondrial translation (Kim and Barrientos, 2018). 

According to the model suggested by the authors, GTPBP7 is required for the proper folding 

of the 16S rRNA and uL19m and its release from the mtLSU is coupled with GTP hydrolysis 

and mB6 intersubunit bridge formation.  

YqeH subfamily (related to MTG3) 

YqeH is involved in early stages of SSU biogenesis, and its GTPase activity is stimulated by 

the ribosomal protein bS5 (Anand et al., 2009). Depletion of the protein abolishes the 70S 

ribosome formation accompanied by an accumulation of the free LSU. However, no free SSU 

particles were detected, and the accumulation of the SSU rRNA precursor was observed 

(Loh et al., 2007). 

MTG3 (mitochondrial ribosome associated GTPase 3)/NOA1 (nitric oxide associated-

1)/C4orf14 is a mammalian mitochondrial homolog of the bacterial YqeH and yeast Mtg3p. 

Mtg3p was proposed to be involved into the maturation of the mtSSU rRNA precursor (Paul 

et al., 2012). In mammals, the ablation of MTG3 leads to mitochondrial translation deficiency 

and causes global OXPHOS defect associated with impaired 55S mitoribosome formation 

and accumulation of the mtSSU precursor (He et al., 2012; Kolanczyk et al., 2011).  

2.3.2.4 Obg/HflX superfamily 

Obg/HflX superfamily share a glycine-rich sequence (GAx2GxGxGx3l, where l is one of the 

aliphatic residues Ile, Leu, or Val) after the G3 motif and a YxFxTx5G sequence in the G2 

motif (Leipe et al., 2002; reviewed by Verstraeten et al., 2011).  

Obg (ObgE/CtgA) family (related to GTPBP5 and GTPBP10) 

The Obg (spo0B-associated GTP-binding protein) family is characterized by a unique N-

terminal glycine-rich Obg-fold (Figure 12) (Bennison et al., 2019; Leipe et al., 2002; reviewed 

by Verstraeten et al., 2011). Obg family proteins are conserved among different life domains 

and are involved in many crucial processes in bacteria including ribosome biogenesis 

(reviewed by Bennison et al., 2019; Verstraeten et al., 2011). ObgE/CtgA is essential for cell 

viability, and expression of mutant variants of ObgE causes an accumulation of the LSU/SSU 

rRNA precursors and non-mature LSU particles enriched with maturation factors RrmJ 

(ribosomal RNA large subunit methyltransferase J) and RluC (ribosomal large subunit 
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pseudouridine synthase C) and partially lacking uL16, bL33 and bL34  (Jiang et al., 2006). 

The Obg-fold is thought to be crucial for mediating protein-protein interactions by ObgE and 

mimics tRNA structure (Feng et al., 2014; Lee et al., 2010). The structure of the ObgE-50S 

LSU complex revealed that ObgE locates close to the methylation sites modified by RrmJ, 

RluD and RluC (Feng et al., 2014). Thus, the structural data suggest that ObgE monitors the 

methylation status of the PTC rRNA helices. Additionally, the factor prevents premature 

subunit association. More recent findings provide insights into the cooperative action of 

ObgE together with the other biogenesis factors, including methyltransferase RluD, during 

the maturation of the LSU active sites and suggest that incorporation of the late-binding r-

proteins uL16 and bL36 triggers GTPase activity of ObgE (Nikolay et al., 2021). 

GTPBP5 (ObgH1, MTG2) and GTPBP10 (ObgH2) are human homologs of the bacterial 

ObgE GTPase, which are involved into mtLSU biogenesis. GTPBP5 is required for the late 

stages of the mtLSU assembly and specifically interacts with the 16S rRNA and MRM2 

(Cipullo et al., 2021b; Maiti et al., 2020). As a result, GTPBP5 ablation leads to accumulation 

of the nearly matured mtLSU particles enriched with late biogenesis factors such as 

MTERF4-NSUN4, GTPBP7, GTPBP10 and MALSU1 (Cipullo et al., 2021b; Maiti et al., 

2020). The late-binding protein bL36 is missing from the complex as well as Um3039 

modification introduced by MRM2 (Maiti et al., 2020). Thus, GTPBP5 was proposed to be 

required for the PTC folding preceding methylation of the U3039 and incorporation of bL36m. 

In yeast, Mtg2p promotes mitoribosome assembly and its overexpression partially rescues 

mrm2 depletion phenotype (Datta et al., 2005). 

HflX family (related to GTPBP6) 

The HflX-related GTPases structure comprises the specific N-terminal domain of the protein 

(HflX domain or ND1, HflX for high frequency of lysogenization, X-locus) connected to the 

canonical G-domain (ND2) via a long flexible glycine-rich linker (Figure 12). The C-terminal 

GTPase domain is not conserved and sometimes even absent (reviewed by Verstraeten et 

al., 2011; Wittinghofer and Vetter, 2011). HflX is widely present in nearly all domains of life, 

excluding fungi, and is non-essential in bacteria under physiological conditions. HflX was 

found to be associated with both 70S ribosomes and 50S LSU (Zhang et al., 2015). 

However, despite HflX association with ribosomal particles, there is no direct evidence of its 

role in ribosome biogenesis in bacteria. Instead, the protein is required to rescue ribosomes 

stalled under stress conditions possessing both ATPase activity of HflX domain to unwind 

altered rRNA (Dey et al., 2018; Ghosh et al., 2016) and GTPase activity to dissociate from 

the LSU (Coatham et al., 2016; Rudra et al., 2020; Zhang et al., 2015). The preferable 

substrate for HflX is vacant ribosomes or translation complexes with deacylated tRNA in the 

P-site (Zhang et al., 2015). HflX*GTP binds stalled complexes and induces the disruption of 

the conserved intersubunit bridge B2a (Zhang et al., 2015).  
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3 Aims and objectives 

Despite the available detailed structure of the mammalian mitoribosome, the biogenesis 

process of this ribonucleoprotein machinery remains largely elusive. The insights into the 

ancestral bacterial ribosome assembly pathway have been gained extensively both in vivo 

and in vitro; however, they cannot be directly applied to the mitochondrial counterpart due to 

substantial structural differences. The ribosome maturation process requires several auxiliary 

factors to facilitate the folding of rRNA and proteins into the growing particles. Among those 

factors, TRAFAC GTPases represent one of the major groups. For example, the Obg/HflX 

superfamily members are known to be involved into ribosome biogenesis and function in 

bacteria. Based on sequence similarities, human GTPBP10 and GTPBP6 were classified as 

members of the Obg/HflX superfamily with a putative role in mitoribosome biogenesis and 

function; however, experimental evidence of their involvement in mitochondrial gene 

expression is missing.  To functionally investigate GTPBP6 and GTPBP10, we addressed 

the following questions: 

Question 1: Where do the GTPases localize in human cells? 

Question 2: Do GTPBP6 and GTPBP10 associate with the 55S mitoribosome or with the 

small or large ribosomal subunit? 

Question 3: What are the consequences of the loss of function of these factors? 

- Are they essential for cell growth? 

- Are they required for mitochondrial gene expression? 

- Are they a requisite for mitoribosome biogenesis? 

Question 4: What is their molecular function during mitoribosome assembly? 

Question 5: Does GTPBP6 retain its function as a ribosome recycling factor in human 

mitochondria as its bacterial counterpart HflX? 
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ABSTRACT

The human mitochondrial translation apparatus,
which synthesizes the core subunits of the oxida-
tive phosphorylation system, is of central interest as
mutations in several genes encoding for mitoribo-
somal proteins or translation factors cause severe
human diseases. Little is known, how this complex
machinery assembles from nuclear-encoded protein
components and mitochondrial-encoded RNAs, and
which ancillary factors are required to form a func-
tional mitoribosome. We have characterized the hu-
man Obg protein GTPBP10, which associates specif-
ically with the mitoribosomal large subunit at a late
maturation state. Defining its interactome, we have
shown that GTPBP10 is in a complex with other
mtLSU biogenesis factors including mitochondrial
RNA granule components, the 16S rRNA module
and late mtLSU assembly factors such as MALSU1,
SMCR7L, MTERF4 and NSUN4. GTPBP10 deficiency
leads to a drastic reduction in 55S monosome for-
mation resulting in defective mtDNA-expression and
in a decrease in cell growth. Our results suggest
that GTPBP10 is a ribosome biogenesis factor of the
mtLSU required for late stages of maturation.

INTRODUCTION

Mammalian mitochondrial ribosomes (mitoribosomes)
are essential as they synthesize the mitochondrial DNA
(mtDNA)-encoded core subunits of the oxidative phospho-
rylation (OXPHOS) system. The signi!cance of this ma-
chinery is demonstrated by a growing number of patients
with severe mitochondrial diseases associated with muta-
tions in genes encoding for mitoribosomal proteins (MRPs)
(1). Although mitoribosomes derived from a bacterial an-
cestor, there are substantial differences in structure and

composition comparing the 55S human mitoribosome and
the 70S bacterial ribosome. The 70S particle, composed of
a 30S small ribosomal subunit (SSU) and a 50S large ri-
bosomal subunit (LSU), shows a very compact structure
with approximately 70% rRNA and 30% proteins. The 55S
mitoribosome, which consists of a 28S mitochondrial SSU
(mtSSU) and a 39S mitochondrial LSU (mtLSU), exhibits
a more porous structure with a reverse rRNA:protein ra-
tio (2). During evolution the human mitoribosome acquired
additional proteins and N- and C-terminal extension to
the pre-existing ones leading to ∼50% of the MRPs be-
ing unique to the 55S without any homologue in bacte-
ria. Additionally, the 55S is of dual genetic origin, mean-
ing the rRNA (12S and 16S rRNA) and the tRNA of the
central protuberance are encoded by the mtDNA, whereas
all the 82 MRPs are encoded by the nucleus suggesting a
complex assembly pathway with the requirement of coordi-
nated communication between different cellular compart-
ments. In the last decades the bacterial ribosome was exten-
sively studied in its function and assembly in vitro and in vivo
(3). Having a common ancestor, similarities in the assembly
pathway comparing the 70S and the 55S particles are ex-
pected. However, due to the aforementioned differences in
structure and composition, signi!cant differences are highly
likely to be present for the assembly of this complex ma-
chinery. For the in vivo assembly of the 70S ribosome sev-
eral ancillary factors are required including RNA helicases,
RNA modifying enzymes, chaperones and GTPases (3).
The GTPases comprise the highly conserved Obg family,
whose members are present in bacteria, but also in eukary-
otes. It has been demonstrated in various bacterial species
that Obg proteins associate with the LSU (4–8), however,
the molecular function of Obg proteins in ribosome bio-
genesis is still elusive. Feng et al. have suggested that the E.
coli Obg protein (ObgE) acts as an anti-association factor
to prevent the formation of the 70S ribosome. Thus, ObgE
might function as a quality control factor in late assem-
bly stages of the LSU in bacteria (9). In human, there are
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two homologues of ObgE, namely GTPBP5 (OBGH1) and
GTPBP10 (OBGH2) (10). Both exhibit GTPase activity in
vitro and complemented ObgE deleted E. coli strains sug-
gesting conserved function of Obg proteins throughout evo-
lution. However, while GTPBP5 was localized to mitochon-
dria, associating with the mtLSU, GTPBP10 was proposed
to be present in the nucleolus suggesting different functions
of the human Obg proteins (10,11).

Here, we show that GTPBP10 is a mitochondrial protein,
peripherally associated with the inner mitochondrial mem-
brane. GTPBP10 associates with the mtLSU at a late matu-
ration state, but not with the mtSSU or with the assembled
55S monosome. The loss of GTPBP10 leads to a signi!cant
decrease in monosome formation associated with reduced
steady state levels of selected MRPs as well as of 16S rRNA
leading to ablated mtDNA gene expression. In addition, we
show that both the N-terminal Obg domain, and also the
GTPase domain of GTPBP10 are required for mtLSU bind-
ing. In contrast to previous observations, our data suggest
that both human Obg homologues and not only GTPBP5
localize to mitochondria (10) and that GTPBP10 is required
for mtLSU biogenesis at a late assembly stage.

MATERIALS AND METHODS

Cell culture

The cultivation media and chemicals were purchased
by Sigma or GIBCO unless speci!ed otherwise. Hu-
man embryonic kidney cell lines (HEK293-Flp-In T-Rex;
HEK293T), 143B wild-type, and 143B Rho0 cells were cul-
tured in Dulbecco’s modi!ed Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-
glutamine, 1 mM Sodium pyruvate, 50 !g/ml uridine, 100
units/ml Penicillin and 100 !g/ml Streptomycin at 37◦C un-
der 5% CO2 humidi!ed atmosphere. Cells were systemat-
ically tested for the presence of Mycoplasma. For testing
cell growth 7.5 × 104 cells were seeded into 6-well plates
and cell number was monitored after 1, 2 and 3 days using
a Neubauer chamber.

Stable inducible HEK293T cell lines expressing C-
terminal FLAG tagged mS40 and GTPBP10 wild type
(WT) or mutated variants of GTPBP10 were gener-
ated as described previously (12,13). Brie"y, HEK293T
cells were simultaneously transfected with pOG44 and
pcDNA5/FRT/TO plasmids containing the respective
FLAG construct using GeneJuice (Novagen) or Superfect
(Qiagen) as transfection reagent according to manufac-
turer’s instructions. Selection of clones with FLAG con-
struct insertion was started on the second day after transfec-
tion using Hygromycin B (100 !g/ml) and Blasticidin S (5
!g/ml). After approximately two weeks, single clones were
isolated, induced with tetracycline and analysed for expres-
sion by Western blotting.

Gtpbp1064R65K HEK293T cell line was generated apply-
ing the CRISPR/Cas9 technology as previously described
(13,14). HEK293T cells were transfected with pX330-
gRNA-GTPBP10 plasmid containing guide RNA sequence
targeting Gtpbp10 gene (CCAGCCACAAACCGTTTCCG
AGG) and with the pEGFP-N1 plasmid for GFP-mediated
single cell sorting. Resulting clones were subjected to pri-

mary screening by immunoblotting and the mutation in the
GTPBP10 coding sequence was analysed by sequencing.

Cell lysates, mitochondria isolation from cultured cells and
mitoplasts preparation

Cells were lysed in NP-40 containing lysis buffer (50 mM
Tris/HCl pH 7.4, 130 mM NaCl, 2 mM MgCl2, 1% NP-40,
1 mM PMSF and 1× Protease inhibitor cocktail (Roche)),
vortexed for 30 s, centrifuged for 2 min at 560 g and super-
natant saved for further analyses.

Mitochondria were isolated as described previously (15).
Brie"y, cells were resuspended in homogenization buffer
(300 mM Trehalose, 10 mM KCl, 10 mM HEPES pH
7.4) with addition of 1 mM PMSF and 0.2% BSA and
pottered with Homogenplus Homogenizer (Schuett-Biotec,
Germany). Suspension was subjected to differential cen-
trifugation and isolated mitochondria were pelleted at 11
000 g for 10 min, washed with homogenization buffer and
subjected to further analyses. For mitoplasts preparation,
mitochondria were resuspended in homogenization buffer
containing 0.1% Digitonin, incubated on ice for 30 min
and treated with proteinase K for 15 min. After blocking
Proteinase K with 2 mM PMSF, resulting mitoplasts were
washed !ve times prior further analyses.

Protein localization assays

Proteinase K assay and Carbonate extraction of membrane
proteins were executed as previously described (16).

Immunodetection of proteins

Primary antibodies used in this study were: rabbit anti-
GTPBP10 (Novusbio NBP1-85055), rabbit anti-uL1m
(PRAB4964), rabbit anti-uL3m (ProteinTech 16584-1-
AP), rabbit anti-bL12m (ProteinTech 14795-1-AP), rab-
bit anti-uL13m (ProteinTech 16241-1-AP), rabbit anti-
u23m (PRAB1716), rabbit anti-bL32m (PRAB4957), rab-
bit anti-mL44 (ProteinTech 16394-1-AP), rabbit anti-mL62
(10403-1-AP), rabbit anti-uS14m (ProteinTech 16301-1-
AP), rabbit anit-bS15m (ProteinTech 17006-1-AP), rabbit
anti-bS16m (ProteinTech 16735-1-AP), rabbit anti-mS27
(ProteinTech 17280-1-AP), rabbit anti-mS40 (ProteinTech
16139-1-AP), rabbit anti-MALSU1 (ProteinTech 22838-1-
AP), rabbit anti-NGRN (ProteinTech 14885-1-AP), rab-
bit anti-GTPBP7 (ProteinTech 13742-1-AP), mouse anti-
SDHA (Invitrogen 459200), mouse anti-GAPDH (Santa
Cruz sc-32233), mouse anti-COX1 (Invitrogen 459600),
mouse anti-COX2 (ab110258), rabbit anti-MFN2 (Protein-
Tech 12186-1-AP), rabbit anti-TIM23 (PRAB1527), rabbit
anti-TIM44 (ProteinTech 13859-1-AP).

[35S]Methionine de novo synthesis

Labeling was performed as described previously (16,17).
Prior to labeling, cells were treated with 100 !g/ml eme-
tine (Invitrogen) or anisomycin to inhibit cytosolic transla-
tion. Mitochondrial translation products were labeled with
0.2 mCi/ml [35S]Methionine for 1 h (pulse labeling), sep-
arated on 10–18% Tris-Tricine gel, blotted, visualized by

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/46/16/8471/5063820 by guest on 06 June 2021



Nucleic Acids Research, 2018, Vol. 46, No. 16 8473

Typhoon imaging system (GE Healthcare) and quanti!ed
using ImageQuant TL. For pulse-chase experiments media
was changed after 1 h pulse labeling and cells were further
incubated for 3, 6 or 24 h prior analysis.

Co-immunoprecipitation

Immunoprecipitation of FLAG-tagged proteins were per-
formed as described (13) with some modi!cations. Mito-
chondrial lysates were prepared in buffer containing 50 mM
Tris/HCl [pH 7.4]; 100 mM NH4Cl; 10 mM MgCl2; 10%
glycerol; 1 mM PMSF and 1% digitonin. After centrifuga-
tion at 16 000 g at 4◦C for 10 min supernatants were sub-
jected to co-immunoprecipitation using either anti-FLAG
M2 Af!nity Gel (Sigma) or speci!c or control antibod-
ies conjugated to ProteinA-sepharose columns (GE Health-
care) for 1h. Elution of co-puri!ed proteins was achieved by
FLAG peptides or by pH-shift.

Isokinetic sucrose gradient analysis

Lysed mitoplasts (500 !g in 3% sucrose, 100 mM NH4Cl,
20 mM MgCl2, 20 mM Tris-HCl, pH 7.5, 1% Digitonin, 1×
PI-Mix, 0.08 U/!l RiboLock RNase Inhibitor) or af!nity
puri!ed native complexes were separated by linear sucrose
gradient centrifugation (5–30% (w/v) in 100 mM NH4Cl, 20
mM MgCl2, 20 mM Tris–HCl pH 7.5, 1× Protease inhibitor
cocktail (Roche)) at 79 000 g, 4◦C for 15 h using SW41 Ti
(Beckman Coulter). Fractions (1-16) were collected apply-
ing BioComp fractionator and analysed by western blot.

RNA isolation and northern blot

RNA was isolated from whole cell extracts using
TRIzol reagents (Invitrogen), following the manufac-
turer’s instructions. RNA separation on a denaturing
formaldehyde/formamide 1.2% agarose gel was performed
as previously described (18). [32P]-radiolabeled probes were
generated utilizing T4 Polynucleotide Kinase (Thermo
Scienti!c) according to the manufacturer’s instructions.
Imaging was performed with Typhoon imaging system
(GE Healthcare).

Quantitative mass spectrometry analyses

SILAC experiments were performed as described previ-
ously (13). In brief, cells were cultured for !ve passages
in DMEM containing either ‘light’ or ‘heavy’ (13C6

15N4-
arginine 13C6

15N2-lysine, Cambridge Isotope Laboratories,
Tewksbury, MA, USA) labeled amino acids supplemented
with 10% dialyzed FBS and 600 mg/l proline.

Equal amounts of isolated mitochondria from differen-
tially SILAC-labeled HEK293T wild type cells and cells ex-
pressing GTPBP10FLAG were mixed prior to immunopre-
cipitation. Puri!ed protein complexes were separated on a
4–12% Nu-PAGE (Invitrogen) and gel slices were digested
with trypsin (Sigma Aldrich) and subjected to quantitative
mass spectrometry as described previously (19) using Or-
bitrap Fusion (ThermoFisher). Data were analyzed using
Max Quant (version 1.6.0.1) utilizing the human Uniprot
database (version 24.11.16) as a reference.

Proteins with a mean ratio ≥2 and a P-value ≤0.05
were considered to be speci!cally associated with GTPBP10
complexes.

Quanti!cation and statistical analysis

Western blots and northern blots were quanti!ed with Ty-
phoon imaging system and ImageJ software. The protein
and RNA levels are presented as percentages relative to WT
control. Error bars indicate the SEM from the mean of n ex-
periments (see !gure legends for details).

RESULTS

GTPBP10 is a mitochondrial protein homologous to bacterial
Obg proteins

As Obg proteins are highly conserved GTPases and present
in both, prokaryotes and eukaryotes, we performed cluster
analysis showing that both human Obg proteins GTPBP5
as well as GTPBP10 group together with E. coli ObgE (Fig-
ure 1A). Both proteins share ∼30% identities with ObgE
(GTPBP5: 32.7% and GTPBP10: 31.2%) and show high
similarities in the Obg fold region at the N-terminus and
in the GTPase domain, whereas the C-terminal domain
appears to be more diverse (Figure 1B). In contrast to
GTPBP5, which localizes to mitochondria, GTPBP10 was
shown to be present in the nucleolus (10). However, a re-
cent genome-wide CRISPR ‘death screen’ suggested that
GTPBP10 is required for mitochondrial OXPHOS function
(20). Based on this observation we investigated the local-
ization of GTPBP10 biochemically performing a Proteinase
K treatment on intact mitochondria and mitoplasts. Inter-
estingly, GTPBP10 followed the same pattern as the matrix
marker uS14m and was protected against Proteinase K even
in the absence of the outer mitochondrial membrane (Fig-
ure 1C). To assess whether GTPBP10 is an integral mem-
brane protein or a soluble matrix protein we performed
sodium carbonate extraction at different pH (Figure 1D).
At lower pH a signi!cant portion of GTPBP10 remained
in the membrane-containing pellet fraction, but was almost
completely extracted at a higher pH similarly to TIM44, a
component of the mitochondrial protein import motor as-
sociated with the inner mitochondrial membrane (21,22).
These results demonstrate that GTPBP10 is a mitochon-
drial matrix protein peripherally attached to the inner mi-
tochondrial membrane.

GTPBP10 is required for mitochondrial gene expression

As GTPBP10 is present in mitochondria and has been sug-
gested to be required for mitochondrial OXPHOS function
(20), we asked whether GTPBP10 is maintained in OX-
PHOS de!cient cells lacking mtDNA (rho0). Interestingly,
GTPBP10 is signi!cantly reduced in rho0 cells (Figure 2A),
which is reminiscent to other proteins required for mito-
chondrial gene expression including MRPs and ribosome
biogenesis factors such as MALSU1, DDX28 or mtRBFA
(23,24).

Based on this observation, we speculated that GTPBP10
is involved in mitochondrial gene expression. To address
this further we aimed to analyze the consequences of the
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Figure 1. GTPBP10 is a peripheral protein of the inner mitochondrial membrane belonging to the Obg-subfamily. (A) Cluster analysis of the Obg GTPase
family based on P-POD – Princeton Protein Orthology Database (http://ppod.princeton.edu/). Human GTPBP5 and GTPBP10 are indicated in red. (B)
Amino acid sequence alignment of GTPBP5 and GTPBP10 and their bacterial homologues. Blue and red boxes indicate Obg domain and the !ve motifs
of the GTPase domain (G1–G5), respectively. Arginine 64 and lysine 65 (Gtpbp1064R65K), which were deleted in GTPBP10 using CRISPR/Cas9 (see below
in the text), are labeled in blue. Amino acid substitutions for GTPBP10G82E-FLAG and GTPBP10S325P-FLAG are indicated in red. Purple shows amino
acid substitutions in the E. coli ObgE protein, which abolish its function in bacterial ribosome assembly (9). (C) Localization of the GTPBP10. Isolated
intact mitochondria (lanes 1-3), mitoplasts (lanes 4-6) and sonicated mitochondria (lanes 7,8) from HEK293T WT cells were treated with proteinase K as
indicated. MFN2, TIM23 and uS14m were used as markers of the outer mitochondrial membrane (OMM), inner mitochondrial membrane (IMM) and
matrix fraction, respectively. (D) GTPBP10 is a peripherally associated protein of the mitochondrial inner membrane. Carbonate extraction of mitochon-
drial membrane proteins at different pH from HEK293T WT cells. Fractions (T-total, P-pellet, S-supernatant) were analyzed by western blotting with
speci!c antibodies as indicated.
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Figure 2. GTPBP10 is involved in mitochondrial gene expression. (A) GTPBP10 is unstable in the absence of mtDNA. Protein steady state levels from
143B wild type (WT) or 143B-!0 cells were analyzed by western blotting. (B) Altered mitochondrial gene expression in Gtpbp1064R65K cells. Steady state
levels of mtDNA-encoded proteins (COX1 and COX2) isolated from HEK293T WT or Gtpbp1064R65K cells. SDHA is used as a loading control. (C)
Gtpbp1064R65K cells exhibit diminished mitochondrial translation. [35S]methionine de novo synthesized mtDNA-encoded proteins from HEK293T WT
cells or Gtpbp1064R65K cells were visualized by autoradiography (upper panel) or with designated antibodies (lower panel). SDHA is used as a loading
control (n = 3). (D) Ablation of GTPBP10 reduces growth rate. Equal numbers of HEK293T WT and Gtpbp1064R65K cells were seeded on day 0 (0d) and
counted after 1 day (1d), 2 days (2d) and 3 days (3d) (mean ± SD, n = 3). (E and F) GTPBP10 is required for 16S rRNA stability. (E) Steady state levels
of mtDNA-encoded RNAs extracted from HEK293T WT and Gtpbp1064R65K cells were analyzed by Northern blot with indicated probes. MT-RNR1:
12S rRNA; MT-RNR2: 16S rRNA; MT-CO1: mRNA encoding COX1; MT-CO2: mRNA encoding COX2. 18S-rRNA was used as a loading control. (F)
MT-RNR1 and MT-RNR2 were quanti!ed using ImageJ and normalized to 18S-rRNA (mean ± SEM; n = 3).

loss of function of GTPBP10 on mitochondrial protein syn-
thesis. In order to generate a stable knockout cell line we
applied CRISPR/Cas9 technology, however, we failed to
gain a complete loss of GTPBP10 as residual protein levels
were still detectable, but were signi!cantly reduced in the
obtained clone (Figure 2B). Sequencing analysis revealed
a deletion of six nucleotides (190–195) leading to the dele-
tion of two amino acids at position 64 (R) and 65 (K) in
the Obg fold domain (Supplementary Figure S1 and Figure

1B). As especially lysine at position 65 is conserved between
human GTPBP10 and ObgE it is tempting to speculate that
this deletion compromises function and thus leads to the in-
stability of GTPBP10 and therefore represents a good tool
to analyze the function of GTPBP10 in human mitochon-
dria further. In order to address the effect of functional
loss of GTPBP10 in this mutant cell line (Gtpbp1064R65K)
we performed de novo mitochondrial translation assays and
observed an overall signi!cant reduction of newly synthe-
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sized mtDNA-encoded proteins leading to reduced protein
steady state levels as represented by COX1 and COX2 (Fig-
ure 2B and C). The ablation of GTPBP10 and its accom-
panied decreased mitochondrial protein synthesis lead to
a signi!cant reduced cell growth as demonstrated by cell
counts for one to three days in glucose containing media
(Figure 2D). We asked further whether the reduced levels
of mtDNA-encoded proteins were due to decreased levels
of mitochondrial transcripts and analyzed isolated RNA
from wild type and Gtpbp1064R65K cells via Northern blot
(Figure 2E). Interestingly, the levels of the mitochondrial
rRNA of the mtSSU, 12S rRNA (MT-RNR1) and of mito-
chondrial mRNAs encoding COX1 (MT-CO1) and COX2
(MT-CO2) remained stable suggesting that GTPBP10 does
not affect mitochondrial gene expression at the level of
transcription. However, the mitochondrial rRNA of the
mtLSU, 16S rRNA (MT-RNR2) was signi!cantly reduced
suggesting defects in mtLSU and thus in mitoribosome sta-
bility or biogenesis, which might explain the diminution in
mitochondrial translation (Figure 2F).

GTPBP10 associates speci!cally with the mtLSU at a late
maturation state

As the 16S rRNA was signi!cantly reduced in
Gtpbp1064R65K, we speculated that GTPBP10 plays a
role in the biogenesis of the mtLSU. In order to address
this possibility, !rst, we analyzed whether GTPBP10
interacts with the mitoribosome. Applying sucrose density
gradient centrifugation GTPBP10 mostly migrated in
the less dense fractions, however, a portion of GTPBP10
clearly co-fractionated with proteins of the mtLSU, but
not with the monosome (Figure 3A). To assess a possible
interaction of GTPBP10 with the mtLSU, we performed
co-immunoprecipitation experiments using C-terminal
FLAG-tagged mL62 (13), a structural component of the
central protuberance of the mtLSU (25–27). Utilizing
mL62FLAG as bait, we were able to isolate the mtLSU and
the 55S monosome as demonstrated by the co-isolation
of MRPs of the mLSU and mtSSU (Figure 3B). Inter-
estingly, GTPBP10 was also signi!cantly enriched in the
elution fraction of mL62FLAG, which is in agreement with
the co-sedimentation of GTPBP10 with the mtLSU on
sucrose gradients. To exclude the association of GTPBP10
with the 55S monosome or the mtSSU we performed
similar immunoprecipitation experiments using mS40FLAG,
a component of the mtSSU (Figure 3C). Under those
conditions we expect to co-isolate the mtSSU and the
55S monosome, but no free mtLSU. Indeed, we did not
detect any GTPBP10 in this elution fraction indicating
that GTPBP10 exclusively interacts with the mtLSU, but
not with the mtSSU or the assembled 55S monosome. To
directly address whether GTPBP10 interacts only with
the completely assembled mtLSU or also with assembly
intermediates and other ribosome biogenesis factors,
we generated a stable cell line inducibly expressing a
C-terminal FLAG-tagged GTPBP10 to determine its
interactome via co-immunoprecipitation experiments. To
avoid overexpression of GTPBP10FLAG, we titrated the
concentration of the inducer tetracycline to a minimum
(Supplementary Figure S2). Western blot analysis of

co-immunoprecipitation experiments using GTPBP10FLAG

as bait con!rmed the association of GTPBP10 with the
mtLSU as all the tested MRPs of the mtLSU were enriched
in the eluate of GTPBP10FLAG (Figure 3D). In agreement
with our previous observations GTPBP10FLAG did not
co-isolate components of the mtSSU con!rming that
GTPBP10 does not interact with the mtSSU or with the
55S mitoribosome. Interestingly, we detected also a number
of known ribosome biogenesis factors including GTPBP7
(MTG1), NGRN and MALSU1 (11,20,28,29).

To comprehensively determine the interactome of
GTPBP10FLAG we performed quantitative mass spectrom-
etry analyses. We identi!ed 51 of 52 MRPs of the mtLSU
(Figure 3E, Supplementary Table S1). Only bL36m was
not detected, which seems to be a common problem as it
was also not detected in other mitoribosome analyses (30).
None of the MRPs of the mtSSU were enriched under our
set thresholds. Most interestingly, we identi!ed a number
of mtLSU assembly factors and mtRNA granule proteins,
which are involved in the processing and maturation of the
16S rRNA indicating that GTPBP10 is indeed involved in
the biogenesis of the mtLSU (Table 1). The most enriched
associated factors of GTPBP10FLAG were SMCR7L and
MALSU1. Both proteins were shown to be part of a late
mtLSU assembly intermediate as shown by cryo-EM anal-
yses (31), suggesting that GTPBP10 might act late in the
mtLSU biogenesis. In agreement with such a hypothesis is
the association with MTERF4, which targets NSUN4, also
identi!ed in the complex with GTPBP10, to the mtLSU
at a late maturation state to form the 55S monosome
(32,33). To support this observation, we performed a
FLAG-immunoprecipitation of GTPBP10 and analyzed
native isolated complexes via sucrose gradient (Figure
3F). We tested a number of mitoribosomal proteins of
the mtLSU including uL1m and uL23m, which can be
usually also detected in less dense fractions presumably
presenting assembly intermediates (Figure 3A). However,
apart from GTPBP10 itself, we did not observe any other
protein including uL1m and uL23m in the less dense
fractions suggesting that GTPBP10 does not associate with
early mtLSU assembly intermediate complexes. All tested
MRPs, which were co-puri!ed with GTPBP10 sediment
in the higher dense fractions indicating that GTPBP10
associates either with a very late assembly intermediate or
with the matured mtLSU.

Loss of GTPBP10 affects mitoribosome assembly

As GTPBP10 associates exclusively with the mtLSU, it is
tempting to speculate that GTPBP10 has a role in the bio-
genesis of the mtLSU potentially at a late assembly stage.
Hence, we aimed to analyze the consequences of the loss
of GTPBP10 on the biogenesis of the mtLSU and the
55S monosome. First, we tested GTPBP10 ablation on the
protein steady state level and observed a decrease in cer-
tain mitoribosomal proteins, especially from the mtLSU,
namely uL3m, uL13m and mL62m (Figure 4A and C). In-
terestingly, we noticed a decrease of NGRN as well, but
not of GTPBP7 or MALSU1 (Figure 4B and C), which
were all identi!ed to be in complex with GTPBP10 (Fig-
ure 3D and F) and are suggested to be involved in the as-
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Figure 3. GTPBP10 interacts with the mtLSU and assembly factors. (A) GTPBP10 co-fractionates with mtLSU. Native protein complexes were iso-
lated from HEK293T WT mitoplasts and separated by 5–30% sucrose gradient centrifugation. Fractions (1-16) were visualized by western blot with
antibodies against mtLSU (uL1m, uL23m, bL32m, mL62) and mtSSU (uS14m, uS15m). (n = 4). (B-C) GTPBP10 associates speci!cally with mtLSU.
Co-immunoprecipitation of FLAG-tagged mL62 (B) and mS40 (C). GAPDH and SDHA were used as negative controls for unspeci!c binding. Total,
3%; Eluate, 100% (n = 3). (D) Mitoribosomal proteins and biogenesis factors of the mtLSU co-purify with GTPBP10FLAG. Mitochondrial protein com-
plexes containing GTPBP10 were co-puri!ed via FLAG-tagged GTPBP10. Total, 3%; Eluate, 100% (n = 3). (E) The interactome of GTPBP10FLAG. Equal
amounts of differentially labeled mitochondria from HEK293T WT and GTPBP10FLAG cells were mixed and applied to FLAG-immunoprecipitation. Na-
tive eluted complexes were analyzed by quantitative mass spectrometry. Diagram represents the results from four experiments (including label switch). P <
0.05; mean ratio ≥2 (n = 4). (F) GTPBP10 associates with mtLSU at a late assembly stage. FLAG-immunoprecipitation via GTPBP10FLAG was performed
as in (D). Native eluate was subjected to 5–30% Sucrose gradients. Fractions were analyzed by western blot with speci!c antibodies against mitoribosomal
proteins of the mtLSU and mtSSU, and assembly factors. Total (FLAG-immunoprecipitation input), 1%; Eluate (FLAG-immunoprecipitation eluate =
gradient input), 10% (n = 3).
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Figure 4. GTPBP10 is required for 55S monosome formation. (A-C) Gtpbp1064R65K leads to reduced protein levels of selected MRPs (A) and ribosome
biogenesis factors (B). (C) Quanti!cation of steady state analysis of MRPs and biogenesis factors in Gtpbp1064R65K cells relative to HEK293T WT control.
SDHA was used as a loading control. (n = 3, mean ± SEM). (D) Ablation of GTPBP10 reduces monosome formation. Protein complexes from HEK293T
WT and Gtpbp1064R65K mitoplasts were separated on 5–30% sucrose gradients and fractions (1-16) were analyzed by western blot with speci!c antibodies
against mtSSU and mtLSU components and MALSU1. Protein distributions for uL13m (mtLSU) and uS14m (mtSSU) are presented as percentage of the
total protein abundance. (*) indicates residual signals of bL32m.
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Table 1. GTPBP10-associated factors

Name Accession Mean ratio P-value

SMCR7L L0R8F8 4.68 0.00015
MTERF4 Q7Z6M4 4.38 0.00031
MALSU1 Q96EH3 4.29 0.00038
DDX28 Q9NUL7 4.10 0.00055
NSUN4 Q96CB9 3.85 0.00102
TRUB2 O95900 3.36 0.00330
YARS2 Q9Y2Z4 3.32 0.00365
NGRN Q9NPE2 3.19 0.00513
RNMTL1/MRM3 Q9HC36 3.13 0.00593
GTPBP7/MTG1 Q9BT17 3.13 0.00590
PTCD1 O75127 3.10 0.00635
FASTKD2 Q9NYY8 3.04 0.00770
WBSCR16/RCC1L Q96I51 2.98 0.00874
SUPV3L1 Q8IYB8 2.95 0.00944
MTERF3 Q96E29 2.89 0.01210
TRMT61B Q9BVS5 2.64 0.02145
RPUSD4 Q96CM3 2.56 0.02982
HSPA9/mtHSP70 P38646 2.56 0.02582
RPL22L1 Q6P5R6 2.56 0.02608
PNPT1/PNPASE Q8TCS8 2.35 0.04580
PMPCA/MPPA Q10713 2.34 0.04656

Mean ratio ≥ 2; P-value ≤ 0.05.
Identi!ed proteins of the mtLSU (51/52) are excluded from this table (see Supplementary Table S1).

sembly of the mtLSU. Our data indicate that GTPBP10
is required for the stability of certain mitoribosomal pro-
teins and of mtLSU biogenesis factor NGRN and that
the loss of GTPBP10 impaires mitoribosome maturation.
To support this hypothesis we analyzed the formation of
the 55S monosome by co-immunoprecipitation of uL1m,
a core component of the mtLSU, which remains stable in
the absence of GTPBP10 (Figure 4A and C). As expected
in the absence of GTPBP10 the level of monosome forma-
tion decreases as demonstrated by the reduced level of co-
immunoprecipitated mtSSU protein mS27 whereas compo-
nents of the mtLSU including uL3m and uL13m remain as-
sociated to uL1m (Supplementary Figure S3).

In addition, we analyzed the consequences of the loss of
GTPBP10 on mtLSU assembly and monosome formation
via sucrose gradient centrifugation (Figure 4D). In agree-
ment with the aforementioned co-immunoprecipitation ex-
periments of uL1m, GTPBP10 ablation leads clearly to a
drastic reduction of the 55S monosome, explaining the sig-
ni!cant decrease in mitochondrial gene expression. All mi-
toribosomal proteins tested in these experiments were ac-
cumulating in the mtLSU or mtSSU, respectively. Thus,
GTPBP10 in"uences mitoribosome biogenesis at a very late
stage and loss of GTPBP10 leads to the accumulation of
mtSSU and mtLSU with reduced 55S monosome forma-
tion.

GTPBP10 mutants are impaired in mtLSU binding

As GTPBP10 is homologous to bacterial ObgE, containing
Obg domain as well as a functional GTPase domain (10),
we asked whether both domains are required for mitoribo-
some biogenesis. To address this question, we generated two
inducible stable cell lines expressing a FLAG tagged Obg
domain mutant, namely GTPBP10G82E-FLAG and a FLAG
tagged GTPase domain mutant GTPBP10S325P-FLAG. Both
variants represent mutants with the replacement of a sin-

gle highly conserved amino acid in the respective domain
(Figure 1B). Respective mutations in Obg proteins were re-
ported to have an effect on ribosome biogenesis and cel-
lular function in different bacterial strains (8,34). Interest-
ingly, the induced expression of both mutants led to a sig-
ni!cant reduction in cell growth monitored by decreased
cell numbers in comparison to HEK293T wild type or
GTPBP10WT-FLAG cells (Figure 5A). To address the cause
of this growth defect we analyzed the protein steady state
levels of mtDNA-encoded proteins and indeed, we ob-
served a signi!cant reduction in COX1 and COX2 levels in
both mutants of which the Obg mutant GTPBP10G82N-FLAG

showed the strongest effect (Figure 5B). The observed de-
crease in COX1 and COX2 levels suggest impaired mito-
chondrial gene expression in GTPBP10 mutants. Hence, we
analyzed the de novo synthesis of mtDNA-encoded proteins
by [35S]Methionine labeling. Although we monitored a re-
duction in mitochondrial protein synthesis upon overex-
pression of GTPBP10WT-FLAG, we observed a more dras-
tic decrease in mitochondrial translation in the GTPBP10
mutant cell lines which might lead to a progressively reduc-
tion in the steady state level of mtDNA-encoded proteins
(Figure 5C). To exclude that the reduction in COX1 and
COX2 are due to decreased stability of newly synthesized
mtDNA-encoded proteins, we performed [35S]Methionine
pulse-chase labeling experiments (Figure 5D). As the stabil-
ity of newly synthesized mtDNA-encoded proteins are only
marginally affected in the GTPBP10 mutants compared to
the wild type cell line it is reasonable to suggest that reduced
COX1 and COX2 levels are mainly caused by decreased mi-
tochondrial translation.

As GTPBP10 binds the mtLSU at a late assembly state
it is tempting to speculate that mtLSU biogenesis is im-
paired upon expression of GTPBP10 mutants. Thus, we an-
alyzed whether GTPBP10 mutants maintained the ability
to bind to the mtLSU. To this end, we performed FLAG-
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Figure 5. Expression of Obg and GTPase domain mutants negatively affect the function of GTPBP10. (A) GTPBP10G80E and GTPBP10S325P affect cell
growth. Equal numbers of HEK293T WT, GTPBP10G82E-FLAG, GTPBP10S325P-FLAG and GTPBP10WT-FLAG cells were seeded on day 0 (0d) and counted
after 1 day (1d), 2 days (2d) or 3 days (3d) (n = 3, mean ± SD). (B) GTPBP10G80E and GTPBP10S325P affect the steady state level of mtDNA-encoded
proteins. Proteins were extracted from indicated cell lines and analyzed by western blot. SDHA was used as a loading control. (C and D) Synthesis and
stability of mtDNA-encoded proteins in GTPBP10 mutants. Cells were pulse labeled for 1h in the presence of [35S]Methionine (lanes 1, 5, 9 and 13) and
chased for the indicated time points. Mitochondrial translation products from HEK293T WT cells or GTPBP10G82E-FLAG, GTPBP10S325P-FLAG and
GTPBP10WT-FLAG cells were visualized by autoradiography (D, upper panel). GAPDH was used as a loading control. Newly synthesized COX1, ND2
and COX2/COX3 were quanti!ed after 1h pulse labeling using ImageQuant TL (C) (mean ± SEM, n = 4). (E) GTPBP10 mutants show reduced mtLSU
binding capacity. Lysed mitochondria from cell lines expressing FLAG-tagged GTPBP10G82E, GTPBP10S325P or wild type GTPBP10 were subjected to
FLAG-immunoprecipitation. Samples were analyzed by western blot using indicated antibodies. SDHA was used as a negative control for unspeci!c
binding. Total, 3%; Eluate, 10% (n = 2).
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immunoprecipitation experiments with GTPBP10WT-FLAG

and the Obg and GTPase mutants. All FLAG-tagged ver-
sions of GTPBP10 were expressed at a similar level com-
parable to the endogenous level (Figure 5E). In contrast
to GTPBP10WT-FLAG both mutants showed a reduction
in mtLSU association as demonstrated by decreased or
non-detectable levels of co-immunoprecipitated mitoribo-
somal proteins of the mtLSU, where the GTPase mutant
GTPBP10S325P-FLAG revealed the most drastic reduction in
mtLSU binding capacity. These data suggest that both the
Obg domain as well as the GTPase domain are required for
mtLSU binding and consequently for mitoribosome bio-
genesis and therefore for mitochondrial gene expression.

DISCUSSION

The two human homologues of bacterial ObgE, namely
GTPBP5 and GTPBP10, were previously shown to lo-
calize to different cellular compartments. While GTPBP5
was demonstrated to be present within mitochondria,
GTPBP10 was shown to localize to the nucleolus using !u-
orescence microscopy (10). Our studies provide evidence
that GTPBP10 is a mitochondrial matrix protein, periph-
erally associated with the inner mitochondrial membrane,
which is also in agreement with data by Arroyo et al.
showing that GTPBP10 is required for OXPHOS function
using a genome wide CRISPR ‘death screen’. Applying
CRISPR/Cas9 technology we generated a GTPBP10 mu-
tant with a deletion of arginine and lysine at position 64
and 65 within the Obg domain leading to the instability
of the protein. This mutant cell line clearly demonstrated
a mtDNA-expression defect, which also explains the re-
quirement for OXPHOS function and concomitantly for
cell growth for this factor. In addition, the overexpression
of an Obg and a GTPase mutant variant also led to a reduc-
tion in mtDNA-expression with a progressively decrease in
mtDNA-encoded proteins accompanied with a cell growth
defect. What is the cause of this translation defect? Sim-
ilarly to other mitochondrial GTP binding proteins such
as GTPBP5 and GTPBP7 we show that GTPBP10 speci"-
cally associates with the mtLSU, but not with the mtSSU
or the assembled monosome (11). For the association of
GTPBP10 with the mtLSU both the Obg as well as the GT-
Pase domain are required as mutants loose mtLSU binding
capacity. De"ning the interactome of GTPBP10 we iden-
ti"ed besides the proteins of the mtLSU also components
of the mitochondrial RNA granules and the 16S rRNA
regulatory module such as DDX28, NGRN, WBSCR16,
RPUSD4, TRUB2, and FASTKD2 (20,23,35–38) suggest-
ing the involvement of GTPBP10 in the biogenesis of the
mtLSU. The ablation of GTPBP10 leads to a reduction of
NGRN, which might also explain the partial decrease in
the steady state level of 16S rRNA and some mitoriboso-
mal proteins as NGRN depletion is associated with 16S
rRNA diminishment (20). Interestingly, two of the most en-
riched proteins found in a complex with GTPBP10 were
MALSU1, which was previously suggested to be a ribo-
some assembly or stability factor involved in mtLSU func-
tion (28,29), and SMCR7L. Both factors were identi"ed in a
late assembly intermediate of the mtLSU by cryo-EM (31).
In addition MTERF4 and NSUN4 were also found to be

part of a GTPBP10 containing complex. As MTERF4 and
NSUN4 together associate with a late matured mtLSU fa-
cilitating monosome formation (33), it is tempting to spec-
ulate that GTPBP10 is also involved in the late steps of
mtLSU biogenesis, which would be also in agreement with
its interaction with the late assembly factors MALSU1
and SMCR7L. Similar to the loss of either MTERF4 or
NSUN4, GTPBP10 de"ciency leads to a reduction in 55S
monosome and thus to a decrease in mtDNA-expression at
the translational level (32,33). What is the role of GTPBP10
in mtLSU biogenesis? The bacterial homologue ObgE has
been suggested to be an anti-association factor preventing
the formation of a monosome with irregular LSU parti-
cles (9). A temperature sensitive bacterial ObgE mutant af-
fects rRNA processing and decreases 70S formation (8),
reminiscent to the phenotypes in GTPBP10 de"cient cells.
As GTPBP10 associates with the mtLSU at a late assem-
bly stage it is tempting to speculate that GTPBP10 might
also act as a quality control factor for mtLSU matura-
tion. Although both GTPBP5 and GTPBP10 complement
!ObgE in E. coli (10), both are required in mitochondria as
loss of either GTPBP5 (11) or GTPBP10 affect mitochon-
drial translation suggesting that they do not have overlap-
ping function in human. Interestingly, GTPBP10 shows two
deletions in the Obg domain in loop 1 and loop 3 in compar-
ison to bacterial Obg proteins or human GTPBP5 (Figure
1B). As the human mitoribosome differs substantially from
its bacterial counterpart these rearrangements in the Obg
fold of GTPBP10 might re!ect co-evolutionary changes and
might explain the requirement for two Obg proteins in hu-
man mitochondria.
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Table S1: Interactome of GTPBP10  

Related to Table 1.  

	
Protein Gene 

names 
Majority protein IDs mean 

ratio 
p-value 

GTPBP10 GTPBP10 A4D1E9;C9JEQ8;C9J8R7;C9JNI1 5.677 0.000129 
SMCR7L SMCR7L L0R8F8 4.681 0.000155 
bL20m MRPL20 Q9BYC9 4.525 0.000259 
mL44 MRPL44 A0A024R473;Q9H9J2 4.495 0.000266 
uL15m MRPL15 Q9P015;B2R739;E5RIZ4;E5RHF4 4.440 0.000305 
mL52 MRPL52 A8K7J6;Q86TS9;G3V3U6;G5E9P5 4.436 0.000287 
bL21m MRPL21 Q7Z2W9;B4DXI4;A0A024R5G7;F5H7V8 4.427 0.000293 
bL27m MRPL27 Q9P0M9;D6RAN8;H7C5U8 4.425 0.000274 
mL65 MRPS30 Q9BUN6;Q9NP92;Q53H77 4.421 0.000328 
mL49 MRPL49 A0A024R578;Q13405;H0YDP7;E9PNF1;Q59GE9 4.415 0.000286 
mL63 MRP63; 

MRPL57 
A0A024RDM4;Q9BQC6 4.408 0.000313 

uL13m MRPL13 Q9BYD1;E5RJI7 4.400 0.000305 
mL42 MRPL42 S4R360;J3KPP0;A0A024RBG3;S4R2Z7;Q9Y6G3 4.393 0.000335 
mL50 MRPL50 Q8N5N7 4.385 0.000324 
MTERF4 MTERF4 Q7Z6M4;B4DFP7;C9JNJ7;B4DKD5;H7C316 4.377 0.000310 
uL4m MRPL4 A0A024R7C5;Q9BYD3;K7ES61;X6RAY8;K7ELQ0 4.372 0.000323 
mL43 MRPL43 H0Y6Y8;B1AL05;Q8N983;H0YBU8 4.372 0.000300 
uL30m MRPL30 Q8TCC3 4.371 0.000341 
uL18m MRPL18 A8K9D2;Q9H0U6 4.369 0.000301 
mL38 MRPL38 Q96DV4 4.334 0.000325 
uL14m MRPL14 A0A024RD78;Q6P1L8 4.330 0.000336 
MALSU1 MALSU1 Q96EH3 4.295 0.000377 
mL45 MRPL45 A0A087X2D5;B4DEF8;Q9BRJ2;A0A0G2JMS5;A0A087WU62 4.284 0.000400 
uL11m MRPL11 Q9Y3B7;Q53G19 4.265 0.000408 
bL28m MRPL28 Q13084;A2IDC6;Q4TT37;A2IDC7 4.258 0.000429 
mL51 MRPL51 Q4U2R6 4.228 0.000416 
mL66 MRPS18A Q9NVS2;Q5QPA5 4.224 0.000439 
bL19m MRPL19 A8K5D5;P49406;B4DIG4;S4R3W9 4.197 0.000453 
bL17m MRPL17 Q9NRX2;E9PKV2 4.157 0.000491 
bL35m MRPL35 Q9NZE8;D3YTC1 4.151 0.000512 
uL3m MRPL3 H0Y9G6;E7ETU7;P09001;B4DKM0;B4DW56;D6RC14;E9PF0

6 
4.131 0.000546 

uL2m MRPL2 Q5T653;A0A024RD44 4.122 0.000526 
uL29m MRPL47 Q9HD33 4.106 0.000613 
DDX28 DDX28 Q9NUL7 4.104 0.000548 
mL41 MRPL41 Q8IXM3 4.102 0.000602 
uL24m MRPL24 Q96A35;X6RJ73 4.101 0.000573 
mL39 MRPL39 Q9NYK5;C9JG87 4.066 0.000609 
uL23m MRPL23 A0A024RCB2;Q16540;B2R9J4;A6NJD9;A8MVT4;A8MYK1;H

7C2P7 
4.052 0.000632 

uL16m MRPL16 Q9NX20;E9PI14 4.040 0.000663 
uL1m MRPL1 A0PJ79;Q9BYD6;H0Y8N7 3.991 0.000790 
bL12m MRPL12;

MRPL7/ 
L12 

P52815;Q96Q74 3.980 0.000821 

mL54 MRPL54 Q6P161 3.944 0.000808 
uL22m MRPL22 E7ESL0;J3KQY1;Q9NWU5 3.929 0.000845 
mL53 MRPL53 Q96EL3 3.910 0.000885 
mL64 GADD45 

GIP1 
Q8TAE8;Q7LAX7 3.888 0.000978 

bL32m MRPL32 A4D1V4;Q9BYC8 3.877 0.001055 
mL62 ICT1 J3KS15;Q14197 3.868 0.001742 
bL34m MRPL34 A0A024R7J4;M0R226;Q9BQ48 3.851 0.001102 
NSUN4 NSUN4 Q96CB9;A8K8I8;B3KUM0 3.851 0.001023 
mL37 MRPL37 Q9BZE1;S4R369 3.677 0.001508 
bL33m MRPL33 O75394 3.507 0.002385 
TRUB2 TRUB2 A0A024R886;O95900 3.361 0.003298 
YARS2 YARS2 Q9Y2Z4;H0YHS6 3.325 0.003652 
bL9m MRPL9 Q9BYD2;Q5SZR1 3.244 0.004687 
uL10m MRPL10 B4DEH0;Q7Z7H8 3.238 0.005836 
NGRN NGRN Q9NPE2 3.186 0.005129 
RNMTL1 RNMTL1 Q9HC36;I3L443 3.132 0.005932 
GTPBP7 MTG1 A8K900;U3KQ69;E9PI62;Q9BT17;B4DF93;B3KWF9;E7EVK2 3.130 0.005905 
PTCD1 PTCD1; Q3ZB84;A4D273;G3V325;B4DJ38;O75127;B3KMD7;Q3SYP6 3.103 0.006355 



ATP5J2-
PTCD1 

FASTKD2 KIAA0971; 
FASTKD2 

A0A024R419;Q9NYY8;B3KMB8 3.039 0.007697 

WBSCR16 WBSCR16 Q96I51;B2RXG5 2.978 0.008737 
SUPV3L1 SUPV3L1 Q8IYB8;B7Z611 2.955 0.009437 
MTERF3 MTERF3/

MTERFD1 
Q96E29;E5RIK9;E5RIY4 2.895 0.012104 

mL46 MRPL46 Q9H2W6 2.876 0.011337 
mL48 MRPL48 Q96GC5;F5H702;F5H8D0 2.862 0.011761 
bL31m MRPL55 A0A024R3R0;Q7Z7F7 2.854 0.012008 
mL40 MRPL40 Q9NQ50 2.800 0.014138 
TRMT61B TRMT61B Q9BVS5;F8WDR2 2.641 0.021453 
RPUSD4 RPUSD4 A0A024R3K2;Q96CM3;B4DUN4 2.563 0.029822 
mtHSP70 HEL-S-

124m; 
HSPA9 

B7Z4V2;V9HW84;P38646;Q8N1C8;B7Z4T3;B7Z1V7 2.561 0.025818 

RPL22L1 RPL22L1 C9JYQ9;H0Y8C2;Q6P5R6 2.559 0.026083 
PNPT1 PNPT1 Q8TCS8 2.352 0.045804 
PMPCA PMPCA Q10713;B4DRK5 2.344 0.046558 
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Figure S1: Sequence alignment of Gtpbp10-WT and Gtpbp1064K65R CRISPR mutant 
Genomic DNA (gDNA) or RNA were isolated from wild-type and Gtpbp1064K65R mutant cell lines. 
PCR amplicons from respective genomic DNA or generated cDNA covering the guide RNA 
region were sequenced and analysed using Geneious.  
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Figure S2: Expression titration of GTPBP10FLAG

HEK293T cells expressing GTPBP10FLAG were induced with different concentration of 
tetracycline as indicated. Protein extracts were analyzed by immunoblotting. Relative 
expression level of GTPBP10 was compared to endogenous GTPBP10 of HEK293T WT 
cells.
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uL1m

Figure S3: Co-immunoprecipitation of uL1m
Isolated mitochondria from HEK293T WT and Gtpbp64R65K cells were lysed and subjected to 
co-immunoprecipitation using uL1m antibodies and control IgGs. Protein complexes were 
eluted via pH-shift and analyzed by western blotting. Total, 5%; Eluate, 100%.
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ABSTRACT

Translation and ribosome biogenesis in mitochon-
dria require auxiliary factors that ensure rapid and
accurate synthesis of mitochondrial proteins. De-
fects in translation are associated with oxidative
phosphorylation deficiency and cause severe hu-
man diseases, but the exact roles of mitochondrial
translation-associated factors are not known. Here
we identify the functions of GTPBP6, a homolog of
the bacterial ribosome-recycling factor HflX, in hu-
man mitochondria. Similarly to HflX, GTPBP6 facil-
itates the dissociation of ribosomes in vitro and in
vivo. In contrast to HflX, GTPBP6 is also required for
the assembly of mitochondrial ribosomes. GTPBP6
ablation leads to accumulation of late assembly in-
termediate(s) of the large ribosomal subunit contain-
ing ribosome biogenesis factors MTERF4, NSUN4,
MALSU1 and the GTPases GTPBP5, GTPBP7 and
GTPBP10. Our data show that GTPBP6 has a dual
function acting in ribosome recycling and biogene-
sis. These findings contribute to our understanding
of large ribosomal subunit assembly as well as ribo-
some recycling pathway in mitochondria.

INTRODUCTION

The biogenesis and the function of the mitochondrial ri-
bosome is of central importance for the !tness and via-
bility of eukaryotic cells, and mutations in genes encod-
ing for mitochondrial ribosomal proteins or translation fac-
tors lead to severe human diseases (1,2). Although the hu-
man mitochondrial genome (mtDNA) encodes only thir-

teen polypeptides, all of which are subunits of the oxida-
tive phosphorylation (OXPHOS) system, ∼25% of the mi-
tochondrial proteome is dedicated to the task of mtDNA
gene expression (3). More than 12% of the mitochondrial
proteome form the translational apparatus to synthesize
those thirteen mtDNA-encoded proteins. How the mito-
chondrial ribosome assembles and which auxiliary factors
are required for its function is poorly understood. Even
though the human mitochondrial ribosome evolved from a
bacterial ancestor, there are signi!cant differences in struc-
ture and composition between mitochondrial and bacte-
rial ribosomes. The 55S mitochondrial ribosome is com-
posed of a 28S small ribosomal subunit (mtSSU) with
the 12S rRNA and 30 proteins, and a 39S large riboso-
mal subunit (mtLSU) with the 16S rRNA, the tRNAVal

or tRNAPhe in the central protuberance and 52 proteins.
The 55S ribosome is a protein-rich particle, with a pro-
tein:RNA ratio of 70%:30%, which is reversed compared
to the bacterial ribosome (4). Approximately 50% of mi-
tochondrial ribosomal proteins lack a bacterial homolog.
Thus, it is likely that the assembly of the mitochondrial
ribosome differs from that of the bacterial one and re-
quires additional ancillary biogenesis factors. Although a
number of assembly factors have been identi!ed, includ-
ing RNA helicases, RNA modifying enzymes, chaperones
and GTPases, the list of factors required for mitochon-
drial ribosome biogenesis and function is far from com-
plete (5). Recently, the role of GTPases in human mito-
chondrial ribosome biogenesis has received particular at-
tention as their loss affects various cellular functions. For
example, GTPases ERAL1 and NOA1/C4ORF14 are re-
quired for 12S rRNA stability and mtSSU assembly (6–
9). GTPBP5, GTPBP7 and GTPBP10 are required for late
maturation stages of the mtLSU (10–16): GTPBP7 cou-
ples mtLSU assembly to intersubunit bridge formation and
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governs a quality control checkpoint for mtLSU biogen-
esis (12). GTPBP10 acts in a complex with other late as-
sembly factors such as NSUN4, MTERF4, MALSU1 and
SMCR7L (13–15). GTPBP5, which acts subsequently to
GTPBP10, is required for MRM2-catalyzed 16S methy-
lation at position U1369 (16,17). GTPBP5 loss results
in an accumulation of a late assembly intermediate con-
taining GTPBP10, MALSU1 and MTERF4, but miss-
ing bL36m. Ablation of all these GTPases leads to
loss of 55S ribosomes and to mitochondrial translation
de!ciency.

Human GTPBP6 is a poorly studied member of the trans-
lational GTPase family. The function of the factor in hu-
man cells is not known. It is homologous to the bacterial
GTPase H"X, which is a ribosome-recycling factor facili-
tating dissociation of 70S ribosomes into subunits (18–20).
H"X is not required for Escherichia coli viability under lab-
oratory conditions of rapid growth, but becomes essential
during heat shock where it helps to recycle damaged ribo-
somes (18). In addition, H"X may act as an ATP-dependent
RNA helicase capable of remodeling damaged rRNA and
thus restoring heat-inactivated ribosomes (20).

In the present study, we reveal the function of GTPBP6
in human mitochondria. Elevated levels of GTPBP6 cause
an accumulation of mtSSU and mtLSU, suggesting that
GTPBP6 facilitates 55S mitochondrial ribosome dissocia-
tion in vivo. We further validate the activity of GTPBP6 as
a ribosome-recycling factor in vitro using real-time kinetic
assays. GTPBP6 ablation leads to a drastic de!ciency in
mitochondrial translation due to defects in mitochondrial
ribosome assembly resulting in accumulation of mtLSU
intermediates at a late maturation stage when MTERF4,
NSUN4, MALSU1, GTPBP5, GTPBP7 and GTPBP10
are bound to the mtLSU. Our results suggest that human
GTPBP6 has a dual function in facilitating the recycling
and biogenesis of mitochondrial ribosomes.

MATERIALS AND METHODS

Key reagents

A list of antibodies, oligonucleotides and other materials
used within this study is provided in Supplementary Table
S1.

Cell culture

Human embryonic kidney cell line (HEK293-Flp-In T-Rex,
HEK293T) was cultured in Dulbecco’s modi!ed Eagle’s
medium (DMEM) supplemented with 10% FBS (Sigma),
2 mM L-glutamine, 1 mM sodium pyruvate, 50 !g/ml
uridine, 100 U/ml penicillin and 100 !g/ml streptomycin
(GIBCO) under standard cultivation conditions (37◦C un-
der 5% CO2 humidi!ed atmosphere). Cells were system-
atically con!rmed to be negative for the presence of My-
coplasma by GATC Biotech.

For cell counts cells were grown on standard DMEM as
described above or in medium containing 0.9 mg/l galac-
tose. Cells (7.5 × 104 to 1 × 105) were seeded on day 0
of the experiment, and were counted on day 1, day 2 and
day 3.

Stable inducible cell lines expressing C-terminal FLAG-
tagged versions of proteins were generated as described
previously (21,22) using GeneJuice (Novagen) or Lipofec-
tamine 3000 (Invitrogen) as transfection reagents following
the manufacturer’s instructions.

Gtpbp6−/− cell line was generated utilizing Alt-R
CRISPR–Cas9 system (Integrated DNA Technologies) ac-
cording to the manufacturer instructions. Brie"y, cells were
co-transfected with Cas9 enzyme and crRNA–tracrRNA
duplex. crRNA was designed to target the !rst exon of
the Gtpbp6 gene. Clones were screened for mutations in
GTPBP6 gene using the Alt-R Genome Editing Detection
Kit (Integrated DNA Technologies) and the presence of
mutations leading to premature stop codons formation in
Gtpbp6 were con!rmed by Sanger sequencing.

Cell lysates and western blotting

Cells were lysed in nonionic lysis buffer (50 mM Tris–HCl
pH 7.4, 130 mM NaCl, 2 mM MgCl2, 1% NP-40, 1 mM
PMSF and 1× Protease Inhibitor Cocktail (Roche)). Cell
lysates were separated on 10–18% Tris–Tricine gel, trans-
ferred to nitrocellulose blotting membrane AmershamTM
Protran™ 0.2 !m NC (GE Healthcare) and visualized using
speci!c antibodies.

Northern blotting

Total RNA was isolated from whole cell extracts using
TRIzol reagent (Invitrogen), loaded onto a denaturing
formaldehyde/formamide 1.2% agarose gel and blotted to
Amersham Hybond™-N membrane (GE Healthcare). Af-
ter UV-crosslinking, the membranes were incubated with
[32P]-radiolabelled probes targeting the speci!c mitochon-
drial RNAs and scanned with Typhoon imaging system
(GE Healthcare).

[35S]Methionine de novo synthesis

[35S]Methionine labeling was performed as described pre-
viously (23,24). To monitor de novo mitochondrial protein
synthesis cells were treated with 100 !g/ml emetine (Roth)
to block cytosolic translation and incubated in the pres-
ence of 0.2 mCi/ml [35S]Methionine for 1 h. Mitochondrial
translation products were visualized with Typhoon imaging
system (GE Healthcare).

Mitochondria isolation and sucrose density gradient ultracen-
trifugation

Mitochondria isolation from cultured cells was performed
as described (13). Brie"y, cells were homogenized in tre-
halose buffer (300 mM trehalose, 10 mM KCl, 10 mM
HEPES–KOH pH 7.4, 1 mM PMSF and 0.2% BSA) using
Homogenplus Homogenizer (Schuett-Biotec, Germany).
After lysis (3% sucrose, 100 mM KCl, 10 mM MgCl2, 20
mM HEPES–KOH, pH 7.4, 1% digitonin, 1× Protease in-
hibitor cocktail (Roche) and 0.08 U/!l RiboLock RNase
Inhibitor) 500 !g mitochondria were separated by sucrose
gradient ultracentrifugation (5–30% sucrose (w/v) in 100
mM KCl, 10 mM MgCl2, 20 mM HEPES/KOH, pH 7.4,
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1% digitonin, 1× Protease inhibitor cocktail (Roche)) at 79
000 × g, 4◦C for 15 h using SW41 Ti rotor (Beckman Coul-
ter). Fractions (1-16) were collected with BioComp frac-
tionator, ethanol precipitated and analyzed by western blot-
ting or mass spectrometry.

Quantitative mass spectrometry analyses

Precipitated proteins of three biological replicates of each
condition (Gradient fraction #8 of Gtpbp6−/− and WT)
were dissolved with 4 M urea in 50 mM ammonium bi-
carbonate pH 8.0 and diluted to a !nal concentration of
1 M urea and 50 mM ammonium bicarbonate. Proteins
were reduced and alkylated with 5 mM TCEP and 20
mM chloroacetamide, respectively. Proteins were digested
with trypsin in an enzyme-to-protein ratio of 1:50 at 37◦C
overnight. Peptides were acidi!ed with tri"uoroacetic acid
(TFA) to a !nal concentration of 0.5% (v/v), desalted via
MicroSpin Colums (Harvard Apparatus) following manu-
facturer’s instructions and vacuum dried. Peptides were re-
suspended in 2% acetonitrile/0.05% TFA and subjected to
LC–MS/MS.

Peptides were measured in technical duplicates via an Q
Exactive HF mass spectrometer coupled to a Dionex Ulti-
Mate 3000 UHPLC system (both Thermo Fisher Scienti!c)
equipped with an in house-packed C18 column. Separation
of peptides was accomplished via the following gradient:
mobile phase A consisted of 0.1% formic acid (FA, v/v),
mobile phase B of 80% ACN/0.08% FA (v/v). The gradient
started at 5% B, increasing to 10% B within 3 min, followed
by a continuous increase to 46% B within 74 min, then keep-
ing B constant at 90% for 5 min. After each gradient the col-
umn was again equilibrated to 5% B for 6 min. The "ow rate
was set to 300 nl/min. MS1 survey scans were acquired with
a resolution of 60 000, an injection time (IT) of 50 ms and an
automatic gain control (AGC) target of 1 × 106. Dynamic
exclusion was set to 30 s and the 30 most abundant pre-
cursor ions were considered for fragmentation. MS2 spec-
tra were acquired with a resolution of 15 000, IT was set
to 128 ms and the AGC target 1 × 105. Fragmentation was
enforced by higher-energy collisional dissociation (HCD) at
30% normalized collision energy.

Raw !les were analyzed by MaxQuant (v. 1.6.0.1, (25)).
Default settings were applied with carbamidomethylation
of cysteines as !xed and oxidation of methionines as vari-
able modi!cations, FDR was set to 0.01. The label-free
quanti!cation (LFQ) algorithm was enabled. MS data were
searched against all reviewed human proteins according to
UniProt (26 530 entries, February 2020). Perseus (v. 1.6.0.7,
(26)) was used for data analysis. Three LFQ values in at
least one group (WT and/or Gtpbp6−/−) were considered
for further processing. Missing values were imputed based
on normal distribution of LFQ values in each group. A two-
sample Student’s t-test (S0 2, permutation-based FDR 0.01
with 250 randomizations) was applied to assess statistical
signi!cance.

Protein localization assays

Intracellular GTPBP6 localization was determined as de-
scribed (24). Brie"y, isolated mitochondria or mitoplasts

from GTPBP6FLAG tagged cell line were treated with or
without Proteinase K. Samples were separated on a gel and
analyzed by western blotting. To dissect whether GTPBP6
is integrated or associated with the inner mitochondrial
membrane, mitochondria isolated from GTPBP6FLAG cell
line were incubated in 0.1 M Na2CO3 at different pH val-
ues. Samples were centrifuged at 41,000 rpm using TLA55
rotor (Beckman Coulter) for 1h. Obtained fractions were
analyzed by western blotting.

Co-immunoprecipitation

FLAG co-immunoprecipitation of GTPBP6FLAG-
associated protein complexes was performed as described
(22). Isolated mitochondria (1 mg) were lysed (20 mM
HEPES–KOH pH 7.4; 100 mM KCl; 10 mM MgCl2;
10% glycerol; 1 mM PMSF and 1% digitonin) prior cen-
trifugation at 16 000 × g at 4◦C for 10 min. Lysates were
incubated with anti-FLAG M2 Af!nity Gel (Sigma) for 1h.
GTPBP6FLAG-bound protein complexes were eluted using
FLAG peptides.

Protein puri!cation

Escherichia coli BL21 strains were transfected with plasmids
(pGex-6P-1) containing N-terminal GST-tagged wild type
and mutant variants of GTPBP6!43. Cells were grown un-
til OD600 = 0.6, induced with 1 mM IPTG and cultured
overnight at 16◦C. Obtained bacterial pellets were lysed
in lysis buffer (50 mM Tris–HCl, pH 7.4, 300 mM KCl,
1× protease inhibitor cocktail (Roche), 1 mM PMSF) us-
ing EmulsiFlex-C3 (Avestin). Cleared cell lysates were incu-
bated in the presence of 600 mM KCl to reduce contamina-
tion with bacterial ribosomes and ultra-centrifuged for 1 h
at 250 000 × g (Rotor Type 70Ti, Beckman Coulter). Salt
concentration was diluted to 300 mM prior subjecting sam-
ples to Glutathione SepharoseTM 4B beads (GE Health-
care). After overnight binding at 4◦C, beads were washed
seven times with buffer A (50 mM Tris–HCl, pH 7.4, 300
mM KCl, 1 mM PMSF, 2 mM DTT) and three times with
buffer B (50 mM Tris–HCl, pH 7.4, 70 mM NH4Cl, 30 mM
KCl, 7 mM MgCl2) and incubated overnight in buffer C (50
mM Tris–HCl, pH 7.4, 70 mM NH4Cl, 30 mM KCl, 7 mM
MgCl2, 1 mM EDTA, 1 mM DTT) with addition of 100 U
of PreScission™ protease (GE Healthcare) per 2 ml of beads
suspension. Next day elutions were collected and samples
were concentrated with Amicon® Centrifugal Filter Units
Ultracel-10K (Merck Millipore) and stored in 50 mM Tris–
HCl, pH 7.4, 70 mM NH4Cl, 30 mM KCl, 7 mM MgCl2, 1
mM DTT and 10% Glycerol at –80◦C.

Escherichia coli initiation factors, EF-Tu, EF-G and
RRF were puri!ed according to published protocols (27–
30).

Preparation of ribosome complexes

70S ribosomes were puri!ed from E. coli MRE600;
f[3H]Met-tRNAfMet and [14C]Glu-tRNAGlu were produced
according to the published protocols (30–32).

Initiation complexes (IC) and ternary complexes were re-
constituted as in (28) with following modi!cations. For IC,
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1.5 !M of 70S ribosomes mixed with 3 !M mRNA en-
coding MEKF peptide, 2.6 !M of initiation factor each
(IF1, IF2, IF3), 1 mM DTT, 1 mM GTP and 4.5 !M of
f[3H]Met-tRNAfMet were incubated at 37◦C for 5 min. For
ternary complex, 18 !M of EF-Tu was combined with 1
mM GTP, 1 mM DTT, 3 mM phosphoenol pyruvate, 0.1
mg/ml pyruvate kinase, and after 15 min of incubation at
37◦C [14C]Glu-tRNAGlu was added. Translation was per-
formed at 37◦C for 5 min after mixing 0.75 !M IC with 9
!M of ternary complex and 0.2 !M EF-G. Resulting pre-
hydrolysis complexes were puri!ed through 1.1 M sucrose
cushion for 2 h at 201 000 × g. Translation ef!ciency was
estimated by nitrocellulose !ltration followed by scintilla-
tion counting of ribosome-bound tRNAs (28).

Post-hydrolysis complexes were produced when incu-
bating pre-hydrolysis complexes with 0.1 mM puromycin
at 37◦C for 10 min. Ef!ciency of f[3H]Met-[14C]Glu-
puromycin formation was estimated by reverse-phase high
performance liquid chromatography using Cromolith RP-
8e 100–4.6 mm column (Merck) and quanti!ed with scintil-
lation counting.

Rapid kinetic measurements

The dissociation of 70S to subunits was monitored using
Rayleigh light scattering at 325 nm using stopped "ow appa-
ratus (Applied Photophysics) (18,19,33). Experiments were
performed in buffer A (50 mM Tris–HCl pH 7.5; 70 mM
NH4Cl; 30 mM KCl and 7 mM MgCl2) at 37◦C. 70S ri-
bosomes or pre- and post-hydrolysis complexes (0.05 !M)
were rapidly mixed with 1 !M of GTPBP6 (if not indicated
otherwise) in the presence of 0.5 mM GTP. In control reac-
tions, buffer A or EF-G (2 !M) and RRF (2.5 !M) were
used instead of GTPBP6. To assess the nucleotide depen-
dence of GTPBP6 induced 70S recycling, GTP was replaced
with either GDP, GTP"S, ADP or ATP (each 0.5 mM) or
buffer A. Phosphoenol pyruvate (3 mM) and pyruvate ki-
nase (0.1 !g/!l) were used in experiments to determine the
Kd of 70S and GTPBP6. All concentrations are indicated
as the !nal concentrations after mixing. The reaction was
recorded for at least 75 s and data !tting was performed
on normalized curves obtained by averaging of 5–8 traces
with GraphPad Prism 5.0 for Windows (GraphPad Soft-
ware, www.graphpad.com) or with TableCurve 2D (Systat
Software).

Quanti!cation and statistical analysis

The protein and RNA levels were measured from western
blots and northern blots using Typhoon imaging system
(GE Healthcare) and quanti!ed with ImageQuant TL soft-
ware (GE Healthcare). The results from 3 independent ex-
periments are presented as percentages relative to wild type
control ± SEM (see !gure legends for details).

RESULTS

GTPBP6, a homolog of bacterial H"X, is a mitochondrial
matrix protein

Cluster analysis of human GTPBP6 reveals that this GT-
Pase is highly conserved and homologous to the bacterial

ribosome-recycling factor H"X (Figure 1A). E. coli H"X
contains two nucleotide-binding domains, an N-terminal
putative ATP-dependent RNA helicase domain (ND1) and
a C-terminal GTPase domain (ND2) connected by an #-
helical linker (20) (Figure 1B). Human GTPBP6 and E.
coli H"X share ∼30% sequence identity and have a simi-
lar domain arrangement (Supplementary Figure S1). Hu-
man MitoCarta2.0 database and MitoProt II (v1.101) sug-
gest that GTPBP6 is a mitochondrial protein. To validate
the mitochondrial localization, we tested the sensitivity of
GTPBP6 to Proteinase K digestion in isolated mitochon-
dria and mitoplasts. As antibodies against the endogenous
GTPBP6 are unavailable, we ectopically expressed a C-
terminal FLAG-tagged version of GTPBP6 and tested the
protein localization in mitochondria isolated from these
cells. GTPBP6FLAG appears to be inside mitochondria as it
is protected against Proteinase K treatment even when the
outer membrane has been removed, similar to the matrix
marker uL3m (Figure 1C). Sodium carbonate extraction
experiments with isolated mitochondria show that some
GTPBP6FLAG is still present in the membrane fraction at
pH 11.5, but it is completely extracted at higher pH, similar
to TIM44, a protein of the import motor peripherally asso-
ciated to the inner mitochondrial membrane (Figure 1D)
(34,35). These data suggest that GTPBP6 is a mitochon-
drial matrix protein peripherally associated to the inner mi-
tochondrial membrane like other mitochondrial GTPases
such as GTPBP5 or GTPBP10 (13,16).

Excess GTPBP6 inhibits mitochondrial translation by pro-
moting ribosome dissociation

Bacterial H"X preferentially associates with the large ribo-
somal subunit (LSU) (18,36,37). By analogy, we tested the
interaction of GTPBP6 with the mitochondrial ribosome
by performing FLAG immunoprecipitation. GTPBP6FLAG

used as a bait co-precipitates all tested ribosomal pro-
teins suggesting that GTPBP6 binds either to both ribo-
somal subunits or to the assembled 55S complex (Figure
2A). Induction of GTPBP6FLAG expression results in a
slower cell growth and rapid media acidi!cation. This phe-
notype is even more pronounced in galactose-containing
media that was used to force mitochondria to produce
ATP via OXPHOS (Figure 2B), resulting in a signi!cant
(by 2.9-fold) reduction of growth rate, suggesting that
GTPBP6 overexpression negatively affects mitochondrial
function. To test whether GTPBP6 overexpression has a
direct effect on mitochondrial translation, we performed
[35S]Methionine ([35S]Met) labeling of de novo-synthesized
mtDNA-encoded proteins. Synthesis of mtDNA-encoded
proteins is markedly decreased upon overexpression of
GTPBP6FLAG compared to wild type, resulting in reduced
protein steady state levels as shown for COX1 and COX2
(Figure 2C).

H"X acts as a ribosome-recycling factor (18,19,38–40).
To test whether also GTPBP6 might facilitate ribosome dis-
sociation into subunits, we performed sucrose density gra-
dient centrifugation to analyze the ratio of mtLSU and
mtSSU relative to 55S ribosomes (Figure 2D, Supplemen-
tary Figure S2). Indeed, the fraction of free mtLSU and
mtSSU increases upon overexpression of GTPBP6FLAG at
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Figure 1. GTPBP6 is a mitochondrial protein homologous to bacterial H!X. (A) Cluster analysis of human GTPBP6 and bacterial H!X using P-POD
(Princeton Protein Orthology Database (http://ppod.princeton.edu/)). (B) Domain arrangement of H!X and GTPBP6. Nucleotide binding domains (ND1
and ND2) are indicated in red and blue, respectively, the !-helical linker in orange and the C-terminal tail in grey. (C) Human GTPBP6 is a mitochondrial
matrix protein. Mitochondria were isolated from HEK293T cells expressing C-terminal FLAG tagged GTPBP6. Intact mitochondria (lane 1–3), mitoplasts
(lane 4–6) and sonicated mitochondria (lane 7–8) were treated with Proteinase K (PK) as indicated. Samples were analyzed by western blotting using
antibodies against MFN2, TIM23 and uL3m as markers for the outer mitochondrial membrane (OMM), the inner mitochondrial membrane (IMM),
the intermembrane space (IMS), and the matrix, respectively. GTPBP6FLAG was detected using antibodies against the FLAG epitope. (D) GTPBP6 is
peripherally associated with the inner mitochondrial membrane. Mitochondrial membrane proteins were extracted using sodium carbonate solutions with
different pH. Samples (total, T; pellet, P; and supernatant, S) were analyzed by western blotting using antibodies as indicated.

the cost of 55S ribosomes (Figure 2D, E). Quanti"cation of
the ribosome pro"les yields the ratio of mtSSU:mtLSU:55S
of 1.2:1.7:1 in wild type cells, which increases to 2.7:3.3:1
upon GTPBP6 overexpression (Figure 2E), suggesting that
mtSSU and mtLSU accumulate in GTPBP6FLAG express-
ing cells. Thus, the decrease of mitochondrial gene expres-
sion can be explained by the reduced number of transla-
tionally active 55S mitochondrial ribosomes caused by the
ribosome-recycling activity of GTPBP6.

GTPBP6 dissociates 70S ribosomes in vitro

We next validated the ribosome-recycling activity of
GTPBP6 in vitro. As a reconstituted in vitro translation sys-
tem with 55S ribosomes is not available, we tested the ribo-
some dissociation activity of puri"ed recombinant GTPBP6
using isolated 70S ribosomes from E. coli. Such hybrid sys-
tems have been successfully utilized to investigate the func-
tions of human mitochondrial translation factors such as
mtIF2, mtEFTu, mtEFG2, mtRF1a or ICT1 (41–44).

Ribosome dissociation to subunits can be monitored as
a change in the intensity of scattered light (18,19,45). To
monitor the dissociation in real time, we rapidly mixed 70S
ribosomes with increasing concentrations of GTPBP6 in
the presence of excess GTP in a stopped-!ow apparatus
and recorded the change in light scattering (Figure 3A).
GTPBP6 facilitated ribosome dissociation in a concentra-
tion dependent manner. The apparent rate constants (kapp)
of reactions were plotted as a function of GTPBP6 concen-
tration (Figure 3B), and the slope of the linear "t provided
the association rate constant of about 0.13 "M−1s−1. The
dissociation rate constant of the 70S-GTPBP6 complex, de-
termined from the Y-axis intercept, is about 0.09 s−1. The
Kd of 0.7 "M, which was calculated from both rate con-
stants, is comparable to the Kd value of 1.0–1.5 "M that
was reported for the H!X-70S complex (18).

The dissociation of 70S by GTPBP6 was independent
of GTP hydrolysis (Figure 3C), as the reaction with non-
hydrolysable GTP analog GTP#S was as ef"cient as with
GTP. In contrast, the reaction with GDP-bound or apo-
GTPBP6 was very slow (Figure 3C), suggesting that the
ribosome recycling activity of GTPBP6 depends on GTP
binding, but not on GTP hydrolysis. As GTPBP6 contains
a putative ATP-dependent RNA-helicase domain (46), we
also tested whether ATP affects GTPBP6-facilitated ribo-
some dissociation and found that neither ATP nor ADP can
replace GTP (Figure 3D).

To analyze GTPBP6 action on functional ribosome
complexes, we utilized 70S ribosomes programmed with
mRNA and carrying fMet-Glu-tRNAGlu in the P site (pre-
hydrolysis complex, preHC) or 70S ribosomes with dea-
cylated tRNAGlu in the P site (post-hydrolysis complex,
postHC); both complexes had an empty A site. Similarly to
bacterial recycling factor RRF together with EF-G (Sup-
plementary Figure S3B), GTPBP6 facilitated rapid dissoci-
ation of postHC or vacant 70S ribosomes, but was less ef"-
cient on ribosomes with a peptidyl-tRNA in the P site (Fig-
ure 3E, Supplementary Table S2), suggesting that GTPBP6
activity is inhibited on translationally active ribosomes.
These data show that GTPBP6 indeed acts as a ribosome-
recycling factor facilitating the dissociation of vacant ribo-
somes as well as postHC into subunits in a GTP-dependent
manner.

GTPBP6 loss stalls mtLSU biogenesis

To test whether GTPBP6 is essential in mitochondria, we
generated knockout cell lines applying CRISPR/Cas9 tech-
nology. For detailed analysis, we have chosen two clones,
both containing mutations in exon 1 leading to prema-
ture stop codons (Supplementary Figure S4A–C). Analysis
of steady-state protein levels in the deletion clones shows
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Figure 2. Elevated levels of GTPBP6 affect mitochondrial translation. (A) GTPBP6 interacts with the mitochondrial ribosome. Lysed mitochondria (1
mg) isolated from HEK293T-GTPBP6FLAG and -wild type (WT) cells were subjected to FLAG-immunoprecipitation. Complexes were eluted using FLAG
peptide. Samples (3% total; 100% eluate) were analyzed by western blotting using speci!c antibodies as indicated. SDHA (Subunit A of the succinate
dehydrogenase) was used as a negative control. (B) GTPBP6 overexpression affects cell growth. HEK293T-GTPBP6FLAG and wild type (WT) cells were
cultured in galactose-containing media in the presence of 500 ng/ml tetracycline. Cells were counted after 1d, 2d and 3d. (n = 3; mean ± SD). (C)
Elevated GTPBP6 protein levels reduce mtDNA expression. Synthesis of mtDNA-encoded proteins in HEK293T-GTPBP6FLAG and wild type (WT) cells
was analyzed by [35S]Methionine de novo incorporation. Samples were subjected to SDS-PAGE followed by autoradiography and western blot analyses.
Calnexin was used as loading control. (D) Overexpression of GTPBP6 results in accumulation of mtSSU and mtLSU. Ribosome pro!les were analyzed
by sucrose density gradient centrifugation using lysed mitochondria (0.5 mg) isolated from HEK293T-GTPBP6FLAG and wild type (WT) cells. Fractions
(1-16) were analyzed by western blotting using antibodies as indicated (Input, 10% of material applied on a sucrose gradient). (E) Quanti!cation of the
relative distribution of mtSSU, mtLSU and 55S ribosomes using antibodies against uS14m and uL13m, respectively (100% = total protein in all fractions
of tested cell line).

a complete lack of mtDNA-encoded proteins COX1 and
COX2, suggesting that GTPBP6 is required for mitochon-
drial gene expression (Figure 4A). Ablation of GTPBP6 in-
hibits cell growth by ∼2-fold compared to wild type (Figure
4B) and generally abolishes mtDNA expression as moni-
tored by [35S]Met de novo incorporation in vivo (Figure 4C).

To validate that the loss of GTPBP6, rather than an
off-target effect, leads to the inhibition of mitochondrial
translation, we generated rescue cell lines by integrating
FLAG-tagged GTPBP6 into the Flp-In cassette of the

HEK293T Gtpbp6−/− cell lines allowing inducible expres-
sion of GTPBP6FLAG. Because overexpression of GTPBP6
has a negative effect on mitochondrial translation (Figure
2C), we titrated the inducer to a minimum to avoid false-
negative results (Supplementary Figure S4D, E). Indeed,
low-level expression of GTPBP6FLAG restored the pheno-
type in Gtpbp6−/− clone 1 con!rming the speci!city of the
knockout and the functionality of the FLAG tagged variant
of GTPBP6 (Figure 4C). In clone 2, mitochondrial transla-
tion was only partially restored possibly because the expres-
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Figure 3. GTPBP6 splits 70S ribosomes in vitro. (A) Change in light scattering as a response to GTPBP6-induced dissociation of 70S ribosomes into
subunits. 70S ribosomes (0.05 !M) were rapidly mixed with indicated concentrations of GTPBP6 in the presence of 0.5 mM GTP. The scattered light
intensity at 325 nm was measured in a stopped-!ow apparatus. Each curve represents the average of 5–8 individual traces. (B) GTPBP6 concentration
dependence of 70S ribosome recycling. The apparent rate constants (kapp) obtained by "tting the light scattering curves on Figure 3A with one-exponential
function, were plotted against GTPBP6 concentration. As kapp showed linear dependence of GTPBP6 concentration, linear "tting provided dissociation
and association constants (intercept and slope), ratio of which represents Kd of reaction. (C) Dissociation of 70S ribosomes by GTPBP6 depends on
GTP-binding but not on GTP-hydrolysis. 70S ribosomes (0.05 !M) were mixed rapidly with GTPBP6 (1 !M) in the absence or presence of GDP, GTP or
GTP"S (0.5 mM each). kapp, was estimated to be 0.09 ± 0.01 s−1 in the presence of GTP and 0.08 ± 0.01 s−1 in the presence of GTP"S. (D) GTPBP6 does
not require ATP for 70S dissociation. Experiments were performed as in (A) and (C) in the presence of GTP, ATP or ADP (0.5 mM each). (E) GTPBP6
splits post-hydrolysis complexes. Dissociation of vacant 70S E. coli ribosomes (70S), pre-hydrolysis complexes (preHC) and post-hydrolysis complexes
(postHC) (0.05 !M each) by GTPBP6 (1 !M) was determined in the presence of GTP (0.5 mM).

sion of GTPBP6FLAG was somewhat higher, which could
have an inhibitory effect on translation.

To test whether mtDNA expression de"ciency is due
to defects in mitochondrial translation, transcripton or
mt-RNA stability, we quanti"ed the steady-state levels of
the mitochondrial rRNAs, MTRNR1 (12S rRNA) and
MTRNR2 (16S rRNA), and of mitochondrial mRNAs,
MTCO1 (COX1 mRNA) and MTCO2 (COX2 mRNA) by
Northern blotting (Supplementary Figure S4F, G). We did
not observe signi"cant changes in the steady-state levels
of tested mt-RNAs suggesting that the defects in mtDNA
expression are speci"c for mitochondrial translation. We
also did not detect severe changes in the steady state lev-
els of ribosomal proteins in clone 1 (Figure 4D, E). How-
ever, when we tested whether these proteins assemble into a
functional mitochondrial ribosome, we found a signi"cant
reduction in the fraction of 55S ribosomes and a consider-
able accumulation of 28S mtSSU and 39S mtLSU, which

can explain the defects in mitochondrial translation (Fig-
ure 5A, B). Notably, we observed a strong enrichment of
NSUN4, MTERF4, MALSU1 and the GTPases GTPBP5,
GTPBP7 and GTPBP10 in the 39S mtLSU fractions, which
suggests accumulation of mtLSU assembly intermediate(s)
at a late stage of maturation (12,13,16,47,48). The steady-
state protein levels of NSUN4, MALSU1 and GTPBP10
were signi"cantly increased in Gtpbp6−/− cells compared
to wild type (Figure 5C). To determine the composition
of the complexes accumulating in fraction 8 (Figure 5A)
we applied a label-free mass spectrometry approach. Inter-
estingly, all 52 ribosomal proteins of the mtLSU were de-
tected in WT and Gtpbp6−/− samples and in most cases
were even enriched in the absence of GTPBP6 (Figure 5D,
Supplementary Table S3). This also includes bL36m, one of
the last assembled ribosomal proteins (16) suggesting that
the mtLSU in Gtpbp6−/− cells represents an almost ma-
tured mtLSU with a complete set of ribosomal proteins.
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Figure 4. GTPBP6 is essential for mitochondrial gene expression. (A) Loss of GTPBP6 inhibits synthesis of mtDNA-encoded proteins. Cell lysates from
HEK293T-wild type (WT) and Gtpbp6−/− cells were analyzed by western blotting using antibodies as indicated. Two clones obtained from CRISPR/Cas9
application followed by FACS were used, indicated as cl.1 and cl.2. (B) Ablation of GTPBP6 affects cell growth. HEK293T-wild type (WT) and Gtpbp6−/−

cells were seeded into 6-well plates using DMEM media and counted after 1 d, 2 d and 3 d (n = 3; mean ± SD). The growth rate of Gtpbp6−/− clone
1 and clone 2 was estimated to be reduced by 1.8- and 2.5-fold, respectively compared to WT. (C) Essential role of GTPBP6 in translation of mtDNA-
encoded proteins. HEK293T-wild type (WT), Gtpbp6−/− and Gtpbp6−/− cells inducibly expressing GTPBP6FLAG were analyzed by [35S]Methionine de
novo incorporation. Samples were analyzed by autoradiography and western blotting, respectively. (D) The effect of GTPBP6 ablation on synthesis of
mitoribosomal proteins. Cell lysates from HEK293T-wild type (WT) and Gtpbp6−/− cells (cl. 1) were analyzed by western blotting using Typhoon imaging
system (GE Healthcare). (*) indicates unspeci!c signal. GAPDH was used as loading control. (E) Relative protein levels were quanti!ed from (D) using
ImageQuant TL software. The expression level of tested proteins in wild type cells are marked as dashed line (100%) (n = 3; mean ± SEM; * P < 0.05; **
P < 0.01).

However, the accumulation of numerous assembly factors
on the mtLSU complex(es) (Figure 5A, D, E), which in
this state is incompetent in 55S ribosome formation, sug-
gests that !nal folding or rearrangements of ribosomal pro-
teins or/and rRNA might not be completed in the absence
of GTPBP6. Thus, GTPBP6 ablation leads to the accu-
mulation of late mtLSU assembly intermediate(s) contain-
ing NSUN4-MTERF4, MALSU1, GTPBP5, GTPBP7 and
GTPBP10 resulting in a drastic loss of mature 55S ribo-
somes and inhibition of mitochondrial translation.

Ribosome recycling and biogenesis are distinct GTPBP6
functions

As GTPBP6 plays a dual role in mitochondrial trans-
lation by facilitating ribosome recycling and biogenesis,
we asked whether these activities locate to particular re-
gions of GTPBP6. Based on the sequence similarities to
H"X, we identi!ed residues for mutational analysis (Sup-
plementary Figure S1). GTPBP6 is expected to contain two
nucleotide-binding domains, the putative ATPase domain
(ND1) and the GTPase domain (ND2) (46). Although the
experimental evidence for the functional roles of speci!c

residues in ND1 of H"X is lacking, Arg90 and Asp102 in
ND1 were predicted to be involved in ATP binding (46).
These residues correspond to Lys187 and Asp199 in human
GTPBP6 (Supplementary Figure S1). We changed these
charged amino acids to alanine resulting in two ND1 do-
main mutations, K187A and D199A. In the GTPase do-
main, Gly235 in H"X of S. solfataricus is essential for GTP
hydrolysis, as its mutation to proline leads to a complete
loss in the GTPase activity (49). This residue is conserved
and corresponds to Gly352 in human GTPBP6. Compari-
son of GTPBP6 to human GTPBP10, another member of
the OBG-H"X-like GTPase superfamily, suggested yet an-
other potentially important residue in the G5 motif, Ser437,
which corresponds to Ser325 in the GTPase domain of
GTPBP10. Mutation of Ser325 to proline results in im-
paired ribosome association (13). This conserved residue
has been predicted to abolish GTPase activity in bacterial
ObgE (50).

First, we performed rescue experiments by transfecting
Gtpbp6−/− cells cl. 1 with pcDNA5/FRT/TO encoding
GTPBP6FLAG with the respective mutations. The expres-
sion levels of mutant proteins were adjusted to a level com-
parable to the wild type GTPBP6FLAG (Figure 4C, lane 3).
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Figure 5. GTPBP6 is required for 55S ribosome assembly. (A) GTPBP6 ablation results in accumulation of mtSSU and mtLSU. Mitochondria (0.5 mg)
were isolated from HEK293T-wild type (WT) and Gtpbp6−/− cells (cl. 1). Ribosomes and ribosomal subunits were separated by sucrose density gradient
centrifugation. Fractions (1-16) were analyzed by western blotting using antibodies as indicated. (*) indicates unspeci!c signal. (B) Distribution of mtSSU,
mtLSU and 55S ribosomes calculated as percentage of uS14m and uL13m in each fraction. (C) GTPBP6 loss affects mitochondrial ribosome assembly
factors. Cell lysates isolated from HEK293T-wild type (WT) and Gtpbp6−/− cells (cl. 1) were analyzed as described in Figure 4E (n = 3; mean ± SEM;
* P < 0.05; ** P < 0.01). (D, E) mtLSU composition in Gtpbp6−/− cells. Proteins isolated from fraction 8 corresponding to mtLSU were analyzed by
label-free quantitative mass spectrometry (Gtpbp6−/− versus WT). Ribosomal proteins of mtLSU are labeled in blue, assembly factors accumulating in
Gtpbp6−/− are indicated in red and factors, which are reduced upon GTPBP6 ablation are marked in black (n = 3).
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We tested mutant cell lines for de novo synthesis of mtDNA-
encoded proteins by [35S]Met incorporation (Figure 6A,
B). GTPBP6 with a K187A mutation was as active in al-
leviating the inhibitory effect of GTPBP6 deletion as wild
type protein. The D199A and S437P mutants restored mi-
tochondrial translation, albeit not to the same extent as
wild type GTPBP6FLAG. The G352P mutant did not res-
cue the Gtpbp6−/− phenotype. Interestingly, assembly fac-
tors NSUN4 and MALSU1 accumulated in G352P mutant
similarly as in Gtpbp6−/− cells suggesting that maturation
of the mtLSU is blocked (Figure 6A, B). Accordingly, the
pro!le of mitochondrial ribosome assembly revealed the ac-
cumulation of mtLSU intermediates that are incompetent
in 55S ribosome formation in G352P mutants comparable
to Gtpbp6−/− cells (Figure 6C), suggesting the cause for the
overall translation defect.

Next, we tested these mutant variants of GTPBP6 in their
activity to facilitate 70S ribosome dissociation in vitro. In
contrast to the wild type GTPBP6, mutant variants D199A
and S437P lost the ability to split vacant 70S ribosomes.
However, mutant G352P facilitated ribosome dissociation
as ef!cient as wild type GTPBP6. Mutant K187A was even
more active than the wild type GTPBP6 (Figure 6D). The
results with the D199A and S437P mutants suggest that the
loss of in vitro ribosome-recycling activity of GTPBP6 is not
detrimental for mitochondrial translation. Vice versa, the
intact recycling activity of the G352P mutant is not suf!-
cient to restore mitochondrial translation. Thus, it is likely
that the two activities of GTPBP6, as a ribosome biogen-
esis factor and as ribosome recycling factor, are physically
separated and require different regions of the factor.

DISCUSSION

We show that GTPBP6, a so far uncharacterized human
protein, localizes to mitochondria where it plays a role in
ribosome assembly, in addition to facilitating ribosome re-
cycling. Unlike its bacterial homolog H"X, which is non-
essential at normal growth conditions, GTPBP6 is required
for mitochondrial gene expression and cell survival. Its
exact concentration in the cell is crucial as also elevated
GTPBP6 levels in human cells are harmful for mitochon-
drial translation and cell growth due to depletion of the
translating ribosomes pool and accumulation of mtSSU
and mtLSU.

Our !ndings establish that the ribosome-recycling activ-
ity of GTPBP6/H"X is a conserved feature across differ-
ent domains of life. Experiments in heterologous in vitro
system demonstrate that GTPBP6 promotes rapid disso-
ciation of E. coli vacant ribosomes and ribosomes with
a deacylated tRNA at the P site like canonical ribosome
recycling factor RRF that operates together with EF-G.
Also human mitochondria employ mtRRF and mtEFG2
(42,51) and it is unclear whether GTPBP6 ful!lls a com-
plementary and/or speci!c role in recycling speci!c ribo-
somal complexes. H"X has been proposed to rescue ribo-
somes arrested at stress conditions (18,39,40). Stalled ri-
bosomal complexes are formed if the mRNA is degraded
from the 3′ end, aminoacyl tRNAs are depleted, during
certain antibiotic treatments or under heat shock condi-

tions. Neither GTPBP6 (this study) nor H"X (18) split the
70S ribosomes with a peptidyl-tRNA in the P site (preHC)
as ef!ciently as ribosomes with a deacylated tRNA in the
P site (postHC). It was proposed that the preceding ac-
tion of peptidyl-tRNA hydrolases like ArfB or ArfA-RF2
might be required before H"X is able to recycle ribosomes
(18). Also human mitochondria contain peptidyl-tRNA
hydrolases such as C12ORF65 and ArfB homolog ICT1
(mL62) which may act on translationally arrested ribo-
somes (52–54). C12ORF65 and ICT1 belong to the same
protein family as bacterial termination factors 1 and 2 that
catalyze peptidyl-tRNA hydrolysis during termination of
translation. However, C12ORF65 and ICT1 lack motifs for
stop codon-speci!c translation termination activity, which
prompted the suggestion that they might be involved in ri-
bosome rescue in mitochondria (44,55–57). Although ICT1
has been identi!ed as a ribosomal protein located in the
central protuberance of the mtLSU (44,58,59), it has also
been shown to exhibit codon-independent, but ribosome-
dependent peptidyl release activity in vitro (44). It is possible
that a free pool of ICT1 is available to terminate arrested ri-
bosomes (60) that could be then recycled by GTPBP6. H"X
has been shown to recycle ribosomes in different bacterial
species (18,19,38–40). The functional importance and regu-
lation of H"X is different depending on the organism. In E.
coli and S. aureus expression of H"X is upregulated during
heat stress (18,38). In Listeria monocytogenes macrolides
and lincosamides promote ribosome stalling which in turn
induces the expression of H"X (39). In contrast, human
GTPBP6 is probably expressed constitutively in all tissues
(46) and its expression must be tightly controlled, as abnor-
mally high GTPBP6 levels in lymphoblasts have been asso-
ciated with language impairment in men with Klinefelter’s
syndrome (61).

In contrast to the 70S splitting activity of E. coli RRF,
which depends on GTP hydrolysis by EF-G (Supplemen-
tary Figure S3A) (28), GTPBP6 requires only GTP binding
but not hydrolysis to dissociate the 70S ribosomes. It is pos-
sible that GTP hydrolysis induces the release of GTPBP6
from the LSU, as suggested for H"X (18). This indicates
that GTPBP6 could act as an anti-association factor be-
fore GTP is hydrolyzed. Nonetheless, the rapid kinetics of
70S ribosome dissociation by GTPBP6 is typical for a re-
cycling factor and differs from the slow reaction caused by
bacterial anti-association factor IF3, which binds to already
dissociated subunits and prevents their re-association (Sup-
plementary Figure S3C) (28). It is reasonable to assume
that GTPBP6 can act both as a recycling and as an anti-
association factor.

Although the binding site of GTPBP6 on the bacterial
or the mitochondrial ribosome is yet to be determined, it
is feasible to assume that as a translational GTPase with
conserved G-motifs GTPBP6 binds to the GTPase associ-
ated centre of the ribosome. The ribosome splitting function
indicates that GTPBP6 might also reside at the interface
of the two subunits. Thus, GTPBP6 probably binds on the
50S subunit to the similar location as H"X or a canonical
ribosome recycling factor such as mtRRF (18,62). Super-
imposed E. coli H"X-bound 50S and human 39S mtLSU
demonstrate structural conservation along the H"X bind-
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Figure 6. Mutation analyses of GTPBP6. (A, B) Residue G352 is required for GTPBP6 acting as a ribosome biogenesis factor. Gtpbp6−/− cells expressing
wild type or mutant variants of GTPBP6 were analyzed by [35S]Methionine de novo incorporation. GTPBP6FLAG protein expression was induced with
tetracycline (GTPBP6-WT: 1 ng/ml; -K187A: 1 ng/ml; -D199A: 12 ng/ml; -G352P: 10 ng/ml; -S437P: 25 ng/ml) and adjusted to the level comparable to
the one in Figure 4C, lane 3. All mutants were generated in Gtpbp6−/− cl. 1. Samples were analyzed by autoradiography and western blotting. (C) GTPBP6-
G352P mutant is incompetent in forming functional 55S ribosomes. Mitochondrial lysates (0.5 mg) from WT, Gtpbp6−/− (cl. 1), Gtpbp6−/−+GTPBP6-
WTFLAG and Gtpbp6−/−+GTPBP6-G352PFLAG were analyzed by sucrose density gradient centrifugation as in Figure 5A. (D) GTPBP6 mutants G352P
and K187A facilitate dissociation of 70S ribosomes into subunits. Puri!ed mutant and the wild type proteins (1 !M) were mixed with 70S ribosomes (0.05
!M) in the presence of GTP (0.5 mM GTP) as described in Figure 3, and the dissociation was monitored by a change in light scattering.

ing site that encompasses A- and P-loops at the PTC, helix
89, which connects the PTC to the sarcin-ricin loop (SRL),
and SRL (Supplementary Figure S5). Thus, it is conceiv-
able that GTPBP6 might act on a similar position on the
bacterial 50S as well as on the 39S mtLSU.

Most importantly, we demonstrate that human GTPBP6
has acquired an additional role as a ribosome biogenesis

factor. Although it has been proposed that also H"X might
play a role in ribosome assembly in E. coli (37), it is un-
likely that H"X is a bona !de ribosome biogenesis factor as
H"X loss does not show any assembly defect under labora-
tory growth conditions and its expression is induced by heat
shock (18). In contrast, ablation of GTPBP6 leads to stalled
mitochondrial ribosome biogenesis although all 52 riboso-
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mal proteins of the mtLSU are assembled. GTPBP6 loss is
characterized by an accumulation of mtLSU complex(es),
enriched in NSUN4-MTERF4, MALSU1 and the GT-
Pases GTPBP5, GTPBP7 and GTPBP10 (Figure 5A, D, E).
These factors are required for mtLSU assembly at late mat-
uration stages and thus for 55S ribosome formation (12–
14,16,47,48,63,64). A similar assembly intermediate also ac-
cumulates upon loss of GTPBP5, which is required for 16S
modi!cation within the peptidyl transferase center (PTC)
catalyzed by MRM2 (16,17). It has been proposed that
GTPBP5 is part of a quality control system monitoring the
maturation of the PTC to prevent premature subunit join-
ing (16). It is tempting to speculate that GTPBP6 might also
act as an anti-association factor to ensure late maturation
steps of the mtLSU. However, in contrast to GTPBP5 loss,
GTPBP6 de!ciency results in the accumulation of mtLSU
complex(es) containing bL36m suggesting that GTPBP6
acts downstream of GTPBP5, GTPBP7 and GTPBP10. Al-
though we showed that only GTP-bound GTPBP6 dissoci-
ates the ribosomes ef!ciently, it is tempting to assume that
GTP is also required for the late maturation steps of the
ribosome. As proposed for other mitochondrial GTPases
(12,16), GTPBP6 release from the mtLSU, likely coupled
to GTP hydrolysis, might facilitate mtSSU joining.

It is reasonable to assume that the ribosome recycling and
biogenesis activities of GTPBP6 are independent of each
other and employ different structural elements of the fac-
tor. Ribosome recycling is likely catalyzed by the conserved
GTPase ND2 domain of GTPBP6/H"X (65), whereas the
variable ATP binding domain ND1 might have acquired
different specialized functions in various organisms (46).
In E. coli ND1 appears to act as an ATP-dependent RNA
helicase rescuing heat-damaged ribosomes, whereas the ar-
chaeon S. solfataricus lacks the domain altogether (20,66).
Our data indicate that the mutation in the ND2 domain
which impairs GTP hydrolysis in S. solfataricus H"X (49),
does not impair GTPBP6-dependent recycling of 70S ri-
bosomes in vitro, but fails to rescue the mitochondrial ri-
bosome assembly de!ciency. If the G352 residue is indeed
important for the GTPase activity of GTPBP6, this !nd-
ing suggests that GTP hydrolysis is required either for the
speci!c function of GTPBP6 in ribosome biogenesis, or for
GTPBP6 dissociation from the ribosome. Contrary to the
G352P mutation, D199A and S437P replacements abolish
the activity of GTPBP6 in ribosome recycling, however,
they are able to restore the mitochondrial translation phe-
notype in Gtpbp6−/− cells. Thus, ribosome-recycling activ-
ity might not be an essential function of GTPBP6, possibly
because it can be covered by mtRRF-mtEFG2. However,
it might be crucial under certain stress conditions like in
bacteria or when the canonical recycling machine mtRRF-
EFG2 is non-functional. In summary, our !ndings demon-
strate that GTPBP6 is a versatile protein with a dual func-
tion in human mitochondria and suggest that its role in
ribosome biogenesis is essential for mitochondrial transla-
tion.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Supplementary data 

 

Table S1: Key reagents 

 SOURCE IDENTIFIER 

Antibodies 

Rabbit polyclonal anti-uS7m Sigma Prestige Cat#HPA023007 

Rabbit polyclonal anti-uS14m  ProteinTech Cat#16301-1-AP  

Rabbit polyclonal anti-uS15m ProteinTech Cat#17006-1-AP 

Rabbit polyclonal anti-bS16m ProteinTech Cat#16735-1-AP 

Rabbit polyclonal anti-mS25 ProteinTech Cat#15277-1-AP 

Rabbit polyclonal anti-mS27  ProteinTech Cat#17280-1-AP 

Rabbit polyclonal anti-uL1m self made PRAB4964 

Rabbit polyclonal anti-uL3m ProteinTech Cat#16584-1- AP 

Rabbit polyclonal anti-bL12m ProteinTech Cat#14795-1-AP 

Rabbit polyclonal anti-uL13m ProteinTech Cat#16241-1-AP 

Rabbit polyclonal anti-bL20m ProteinTech Cat#16969-1-AP 

Rabbit polyclonal anti-uL23m self made PRAB1716 

Rabbit polyclonal anti-bL32m self made PRAB4957 

Rabbit polyclonal anti-mL44 ProteinTech Cat#16394-1-AP 

Rabbit polyclonal anti-mL45 ProteinTech Cat#15682-1-AP 

Rabbit polyclonal anti-mL62 ProteinTech Cat#10403-1-AP 

Rabbit polyclonal anti-MALSU1 ProteinTech Cat#22838-1-AP 

Rabbit polyclonal anti-NSUN4 ProteinTech Cat#16320-1-AP 

Rabbit polyclonal anti-GTPBP5 (MTG2) Sigma Prestige Cat#HPA047379 

Rabbit polyclonal anti-GTPBP7 (MTG1) ProteinTech Cat#13742-1-AP 

Rabbit polyclonal anti-GTPBP10 Novusbio Cat#NBP1-85055 

Mouse monoclonal anti-FLAG Sigma Prestige Cat#F1804 

Rabbit polyclonal anti-MFN2 ProteinTech Cat#12186-1-AP 

Rabbit polyclonal anti-TIM23 self made PRAB1527 

Rabbit polyclonal anti-TIM44 ProteinTech Cat#13859-1-AP 

Mouse monoclonal anti-COX1 Invitrogen  Cat#459600 
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Mouse monoclonal anti-COX2 Abcam Cat#ab110258 

Mouse monoclonal anti-Calnexin Proteintech Cat#66903-1-Ig 

Mouse monoclonal anti-SDHA Invitrogen Cat#459200 

Mouse monoclonal anti-GAPDH Santa Cruz  Cat#sc-32233 

Rabbit polyclonal anti-MTERF4 Sigma Prestige Cat#HPA027097 

Chemicals 

Anti-FLAG M2 Affinity Gel Sigma-Aldrich A2220 

L-[35S]methionine Hartmann Analytic SCM-01 

EasyTides® Adenosine 5’-triphosphate, [γ-
32P] 

PerkinElmer BLU502Z250UC 

Emetine dihydrochloride hydrate Roth  

Lipofectamine 3000 Invitrogen L3000-015 

GeneJuice Novagen 70967-3 

Alt-R® CRISPR-Cas9 tracrRNA, ATTO™ 
550 

Integrated DNA 
technologies 

1075927 

 

Alt-R® S.p. Cas9 Nuclease V3 

 

Integrated DNA 
technologies 

1081058 

 

Glutathione SepharoseTM 4B beads  GE Healthcare 17-0756-01 

PreScissionTM protease GE Healthcare 27-0843-01 

TRIzol® Reagent Ambion 15596018 

Critical Commercial Assays 

Alt-R® Genome Editing Detection Kit 

 

Integrated DNA 
technologies 

1075932 

 

Rapid DNA Ligation Kit ThermoFisher Scientific K1423 

T4 Polynucleotide Kinase (T4 PNK) ThermoFisher Scientific EK0031 

Wizard® Plus SV Minipreps DNA Purification 
System 

Promega A1460 

Wizard® SV Gel and PCR Clean-Up System Promega A9282 

QuikChange Lightning Site-Directed 
Mutagenesis Kit 

Agilent Technologies 210519-5 

Cell Lines 

HEK293-Flp-In T-Rex ThermoFisher Scientific R78007 

HEK293-Flp-In T-Rex-Gtpbp6 -/- cl.1 This study N/A 

HEK293-Flp-In T-Rex-Gtpbp6 -/- cl.2 This study N/A 

HEK293-Flp-In T-Rex-GTPBP6FLAG This study N/A 

HEK293-Flp-In T-Rex-GTPBP6K187A-FLAG This study N/A 

HEK293-Flp-In T-Rex-GTPBP6D199A-FLAG This study N/A 

HEK293-Flp-In T-Rex-GTPBP6G352P-FLAG This study N/A 

HEK293-Flp-In T-Rex-GTPBP6S437P-FLAG This study N/A 
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Oligonucleotides 

Guide RNA: targeting the Exon 1 of 
GTPBP6: 5’-
AGATGCGGACGAGAACGCCG-3’ 

This study; Integrated 
DNA technologies 

N/A 

Primer: Generation of the FLAG-tagged 
version of GTPBP6 Forward: 5'-
TATAAAGCTTATGTGGGC 
CCTGCGGGCCGCCGTACGCCC-3'  

This study; Microsynth N/A 

Primer: Generation of the FLAG-tagged 
version of GTPBP6 Reverse: 5'-
TATAGATATCTTACTTGTCATCGTCGTCC
TTGTAGTCTCCTGGAAAGAGCTTCCGGA
ATTTGCCG-3'  

This study; Microsynth N/A 

Primer: Generation of the FLAG-tagged 
mutant (K187A) version of GTPBP6 
Forward: 5’-
GCTGCCCCGACCAAGGCAGAACTGGAA
GCCGCCTGGGGCGTG-3’ 

This study; Microsynth N/A 

Primer: Generation of the FLAG-tagged 
mutant (K187A) version of GTPBP6 
Reverse: 5’-
GGCGGCTTCCAGTTCTGCCTTGGTCGGG
GCAGCCATCCTCTC-3’ 

This study; Microsynth N/A 

Primer: Generation of the FLAG-tagged 
mutant (D199A) version of GTPBP6 
Forward: 5’-
GGCGTGGAGGTGTTTGCCCGCTTCACGG
TCGTCCTGCACATC-3’ 

This study; Microsynth N/A 

Primer: Generation of the FLAG-tagged 
mutant (D199A) version of GTPBP6 
Reverse: 5’-
GACGACCGTGAAGCGGGCAAACACCTCC
ACGCCCCAGGCGGC-3’ 

This study; Microsynth N/A 

Primer: Generation of the FLAG-tagged 
mutant (G352P) version of GTPBP6 
Forward: 5’-
GTACGTGGACACCATCCCCTTCCTCTCC
CAGCTGCCGCACGGC-3’ 

This study; Microsynth N/A 

Primer: Generation of the FLAG-tagged 
mutant (G352P) version of GTPBP6 
Reverse: 5’-
CAGCTGGGAGAGGAAGGGGATGGTGTC
CACGTACAGGACGGTC-3’ 

This study; Microsynth N/A 

Primer: Generation of the FLAG-tagged 
mutant (S437P) version of GTPBP6 
Forward: 5’-
GAACGTCGTGCCCGTGCCTGCCCTGCG
GGGCCACGGGCTCCAG-3’ 

This study; Microsynth N/A 
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Primer: Generation of the FLAG-tagged 
mutant (S437P) version of GTPBP6 
Reverse: 5’-
GTGGCCCCGCAGGGCAGGCACGGGCAC
GACGTTCGGTTCCG-3’ 

This study; Microsynth N/A 

Probe for northern blot: targeting MTRNR1 
(12S rRNA) 5’-
TCGATTACAGAACAGGCTCCTCTAG-3’ 

This study; Microsynth N/A 

Probe for northern blot: targeting MTRNR2 
(16S rRNA) 5’- 
GTTTGGCTAAGGTTGTCTGGTAGTA-3’ 

This study; Microsynth N/A 

Probe for northern blot: targeting MTCO1 5’- 
GTCAGTTGCCAAAGCCTCCGATTATG-3’ 

This study; Microsynth N/A 

Probe for northern blot: targeting MTCO2 5’-
GACGTCCGGGAATTGCATCTGTTTT-3’ 

This study; Microsynth N/A 

Probe for northern blot: targeting 18S-rRNA 
5’- 
TTTACTTCCTCTAGATAGTCAAGTTCGAC
C-3’ 

(1); Microsynth  

Recombinant DNA 

pOG44 Flp-Recombinase Expression Vector ThermoFisher Scientific V600520 

pcDNA5/FRT/TO ThermoFisher Scientific V6520-20 

pGex-6P-1 Merck GE28-9546-48 

Software and Algorithms 

ImageJ https://imagej.nih.gov/ij/ 

ImageQuant TL 7.0 GE Healthcare 

http://www.gelifesciences.com/webapp/wcs/stor
es/servlet/catalog/en/GELifeSciences-
de/products/AlternativeProductStructure_16016/ 
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Table S2: Apparent rate constant (kapp) of 70S ribosome recycling catalyzed by 

human GTPBP6 and E.coli RRF-EF-G (related to Figure 3) 

 

 

 

 

 

 

n = 3; mean ± standard deviation.  

 

Table S3: Label-free quantitative mass spectrometry analyses of mtLSU 

complexes in Gtpbp6-/- cells vs. WT (related to Figure 5) (see excel file)  

Complex kapp1 (s-1) kapp2 (s-1) 

preHC + GTPBP6 0.05 ± 0.006  

postHC + GTPBP6 0.08 ± 0.012  

70S + GTPBP6 0.09 ± 0.006  

preHC + RRF + EF-G 0.31 ± 0.05 0.02 ± 0.003 

postHC + RRF + EF-G 0.34 ± 0.02  

70S + RRF + EF-G 0.33 ± 0.04  
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Figure S1: Sequence alignment of human GTPBP6 and the bacterial homolog 

HflX from E. coli, B. subtilis and S. aureus using ClustalW2 (related to Figure 

1). 

Mutated residues analyzed in this study are indicated in red. 

 

Figure S2: Elevated expression of GTPBP6 does not affect mtLSU assembly 

factors (related to Figure 2).  

Mitochondrial lysates (0.5 mg) isolated from cells overexpressing GTPBP6FLAG were 

dissected by sucrose density gradient centrifugation in comparison to wild type. 

Fractions were analyzed by western blotting using indicated antibodies. Figure 

represents an extended version of Figure 1D. In addition to markers of the mtLSU 

and mtSSU, the levels and distribution of the assembly factors NSUN4, MALSU1 and 

GTPBP10 have been determined using specific antibodies. 

 

Figure S3: 70S subunit dissociation facilitated by RRF and EF-G (related to 

Figure 3). 

(A) Time courses of ribosome dissociation measured upon addition of RRF (2.5 µM) 

and EF-G (2 µM) to 70S ribosomes (0.05 µM). For method details, see Figure 3C 

and Methods.  

(B) Dissociation of different ribosomal complexes facilitated by RRF-EF-G. 

Complexes were prepared as in Figure 3E. Concentrations are as in (A). 

(C) Ribosome dissociation upon addition of IF3 (1 µM) to 70S ribosomes (0.05 µM). 

70S + IF3: kapp = 0.04 s-1. Experiment was performed as in 3C and S3A.  

 

Figure S4: Characterization of CRISPR/Cas9 generated Gtpbp6 knock out cell 

lines (related to Figure 4). 

 (A) Genotyping of the Gtpbp6-/- clone 1 genomic DNA by Sanger sequencing. 

Chromatogram represents an amplicon generated by PCR covering the guide RNA 

target site in the first exon of GTPBP6 in Gtpbp6-/- clone 1. Resolving the double 

peaks suggests that Gtpbp6-/- clone 1 has heterozygous single (allele 1) or double 

(allele 2) nucleotide deletions.  
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(B) Sequence alignment of the first exons of GTPBP6-WT and Gtpbp6-/- clone 2. The 

absence of the double peaks in chromatogram of Gtpbp6-/- clone 2 indicates the 

presence of the homozygous 332 bp insertion. 

(C) Schematic representation of the affected Gtpbp6 locus (upper panel) and 

corresponding translation frames (lower panel). Full-length GTPBP6 consists of 516 

amino acid residues. The presence of frame shift mutations leading to the premature 

stop codons formation in Gtpbp6-/- clone 1 results in formation of 2 truncated protein 

variants (113 aa – allele 1 and 102 aa – allele 2). Insertion in Gtpbp6-/- clone 2 leads 

to formation of 112 aa protein.  

(D-E) GTPBP6FLAG expression in Gtpbp6-/- cells. Expression of GTPBP6FLAG in 

Gtpbp6-/- cells clone 1 (D) and clone 2 (E) was induced with different concentration of 

tetracycline as indicated. Whole cell protein extracts were isolated and analyzed by 

western blotting. Relative expression levels of GTPBP6FLAG were determined using 

FLAG antibodies. Calnexin was used as a loading control. 

(F) GTPBP6 loss does not affect mt-RNA levels. RNA was isolated from HEK293T-

wild type (WT) and Gtpbp6-/- cells and analyzed by Northern blotting using specific 

probes against MTRNR1 (12S rRNA), MTRNR2 (16S rRNA), MTCO1 (COX1 

mRNA), MTCO2 (COX2 mRNA) and 18S rRNA (loading control).  

(G) RNA levels were visualized using Typhoon imaging system (GE Healthcare) and 

quantified with ImageQuant TL software. Steady state RNA levels from wild type 

cells are marked as dashed line (100%). (n = 3; mean ± SEM).  

 

Figure S5. HflX binds on E. coli 50S subunit to the site that is also conserved in 

human 39S mtLSU.  

(A) Superimposition of human mitochondrial 39S mtLSU (yellow, PDB 3J9M, (2)), 

HflX-bound E. coli 50S LSU (blue, PDB 5ADY, (3)) and free E. coli 50S LSU (green, 

PDB 4YBB, (4)). View from the small subunit side. HflX is shown in transparent blue.  

(B) HflX contacts conserved elements of 50S subunit, such as 23S rRNA helix 69 

(H69), L7/L12 stalk, sarcin-ricin loop (SRL) and peptidyl transferase center (3).  

(C, D). In addition to SRL (panel B), also A- and P-loop at the PTC are structurally 

similar in 39S and 50S; as well as H89, which was shown to form extensive 

interactions with HflX on 50S subunit (3).  
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(E) HflX induces a displacement of H69 that forms intersubunit bridge B2a both in 

bacterial and mitochondrial ribosome. Its flexible loop is not resolved in 39S mtLSU. 

(F) Large conformational changes also occur on L7/L12 stalk of 50S upon the 

binding of HflX. This is illustrated with the displacement of uL11 (blue). 
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The human mitochondrial ribosome (mitoribosome) syn-
thesizes 13 essential subunits of the oxidative phosphor-
ylation (OXPHOS) system. Defects in mitoribosome

biogenesis or function result in OXPHOS deficiency and cause
severe early-onset mitochondrial diseases1. The mitoribosome is
composed of a small and a large ribosomal subunit (mtSSU and
mtLSU, respectively), which each contain a ribosomal RNA (12S,
16S rRNA) and a number of mitoribosomal proteins (MRPs).
Structural analyses of the mitoribosome have revealed its overall
architecture and differences to cytoplasmic and bacterial
ribosomes2,3. However, little is known about the mechanisms of
mitoribosome assembly.

Biogenesis of the large ribosomal subunit (LSU) in all trans-
lation systems proceeds through distinct steps in which the for-
mation of the peptidyl transferase center (PTC), the active site of
the ribosome, represents the last and most critical step and
requires the assistance of assembly factors4–7. In particular, uni-
versally conserved GTPases, which act as quality control and
antiassociation factors, play key roles during late LSU assembly
stages and ensure proper maturation of the PTC8. In human
mitochondria, the GTPases GTPBP5, GTPBP6, GTPBP7, and
GTPBP10 mediate mtLSU maturation, as their deletion results in
a loss of active mitoribosomes and stalls mtLSU biogenesis at
distinct states8–14. In particular, ablation of either GTPBP5 or
GTPBP6 in human cells results in the accumulation of late
mtLSU assembly intermediates containing GTPBP7, GTPBP10,
MALSU1, MTERF4, NSUN4 and, in the case of GTPBP6 loss,
GTPBP59,12,14. MTERF4 is a putative RNA-binding protein that
forms a stable complex with the methyltransferase NSUN415,16,
which modifies the 12S rRNA during mtSSU biogenesis17.
However, the role of the MTERF4-NSUN4 complex in mtLSU
assembly is unclear. Previous structural studies of mtLSU
assembly intermediates purified from wild-type human cells
revealed premature rRNA conformations and showed that
MALSU1 forms a submodule with L0R8F8 and mtACP that binds
to the mtLSU and likely prevents premature subunit association5.
These results indicate that the GTPases act hierarchically and
cooperate with other maturation factors during mtLSU biogen-
esis. However, the mechanistic basis of GTPase-driven LSU bio-
genesis and PTC folding is not known.

Here, we combine genetic perturbation and endogenous
complex purification with in vitro reconstitution and cryo-
electron microscopy (cryo-EM) to dissect the molecular basis of
GTPase-mediated human mtLSU maturation and mitoribosome
recycling.

Results and discussion
Two distinct mtLSU biogenesis intermediates accumulate in
the absence of GTPBP6. We isolated mtLSU complexes from a
human cell line lacking GTPBP6, which accumulate assembly
intermediates that contain GTPBP7, GTPBP10, and GTPBP5 as
well as MALSU1, MTERF4, and NSUN412. Mass-spectrometric
analyses confirmed the presence of these proteins as well as all 52
MRPs (Supplementary Fig. 1a, Supplementary Data 1). We then
analyzed the intermediates by single-particle cryo-EM (dataset 1).
Particle classification yielded two distinct reconstructions of
mtLSU assembly intermediates at overall resolutions of 2.2 and
2.5 Å, respectively, which led to refined structures (Supplemen-
tary Fig. 1b–e, Supplementary Table 1).

Compared to the mature mtLSU, both reconstructions show an
extra density close to the L1 stalk and a distinct folding of the
interfacial rRNA (Supplementary Fig. 1c). The density could be
unambiguously fit with the crystal structure of the complex of the
RNA-binding protein MTERF4 and the methyltransferase
NSUN415,16, with some adjustments (Supplementary Fig. 2a, b).

Additionally, both structures contain all MRPs as well as the
MALSU1-L0R8F8-mtACP module, which prevents premature
subunit association5. However, they differ in their PTC
conformation, and the second reconstruction showed an addi-
tional density above the PTC. Based on its resemblance to
bacterial Obg18, we identified it as GTPBP5 (Supplementary
Fig. 2c). Thus, two distinct mtLSU biogenesis intermediates
accumulate in the absence of GTPBP6, one containing MTERF4-
NSUN4 and one additionally containing GTPBP5.

MTERF4 binds subunit-bridging elements in the rRNA. The
structure of the MTERF4-NSUN4-bound assembly intermediate
reveals a distinct rRNA conformation, which appears to be sta-
bilized by binding of MTERF4-NSUN4 to the interfacial side of
the 16S rRNA (Fig. 1a, b). MTERF4 interacts with the mtLSU
through contacts with h75 in the L1 stalk (nucleotides 2743–2756
and 2792–2804) and with the C-terminal tail of uL2m (residues
275–300) (Fig. 1c). In the mature mtLSU, this tail runs in between
h68 and h663. In the MTERF4-bound state, it is rearranged
beneath MTERF4 and forms a helix (residues 290–295) that binds
α12 of MTERF4. Compared to previous crystal structures, the
curvature of MTERF4 is altered by an inward rotation of helices
α1–8, resulting in a narrower RNA-binding groove (Supple-
mentary Fig. 2b). NSUN4 binds to the mtLSU on top of the P
loop/h80 (nucleotides 2815–2821) and h81 (nucleotides
2841–2853) (Fig. 1c), next to bL33m. The N-terminal part of
mL64 runs above NSUN4, but this region is invisible, as in pre-
vious structures3. The active site of NSUN4 is positioned above
h81, but the closest RNA base is more than 15 Å away from its
SAM-binding site15,16, suggesting that NSUN4 does not methy-
late the 16S rRNA, as had been shown previously19.

MTERF4 additionally contacts the interfacial rRNA segment
that forms h68–h70 in the mature mtLSU. In the MTERF4-
NSUN4 assembly intermediate, this region is partially unfolded
and wraps over the outward-facing RNA-binding groove of
MTERF4 (Fig. 1d). Although the density did not allow for atomic
modeling, comparison shows that helices h68 and h69 would
clash with MTERF4 in their mature conformation (Fig. 1d),
indicating that MTERF4 binds a premature conformation of the
interfacial rRNA. In the mature mitoribosome, h68–h70 form
seven of the fifteen intersubunit bridges2. MTERF4-NSUN4 may
thus act as a quality-control checkpoint by sequestering the
interfacial rRNA to prevent subunit joining prior to final mtLSU
maturation.

GTPBP5 and NSUN4 cooperate to facilitate PTC folding. The
structure of the second mtLSU intermediate reveals the structure
and function of the Obg domain of GTPBP5 (Fig. 2a, b). GTPBP5
binds above the PTC and interacts primarily with the rRNA
(Supplementary Fig. 2d). It consists of an N-terminal Obg
domain and a C-terminal GTPase domain (Fig. 2b). The GTPase
domain is poorly resolved, but the density indicates that it resides
between uL11m and the sarcin-ricin loop (SRL, h95). The Obg
domain extends along the PTC and contains three conserved
loops at its tips (loop 1: residues 93–103, loop 2: residues
140–145, loop 3: residues 191–205)18 (Fig. 2b, Supplementary
Fig. 2c, d). These loops reach into the PTC, where we additionally
observe density for the N-terminal tail of NSUN4 (residues
26–37), which was invisible in the intermediate lacking GTPBP5
but becomes ordered in the presence of GTPBP5 (Fig. 2c, d).

Comparison of the two assembly intermediates shows that they
differ in their PTC maturation state. In the intermediate lacking
GTPBP5, the PTC is partially disordered and adopts a premature
conformation (Fig. 2c). In particular, h72 (2692–2695), the PTC
loop (nucleotides 2936–2946 and 2977–2992), h39 (nucleotides
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2108–2115), and the P loop/h80 (nucleotides 2814–2818) adopt
distinct conformations. The PTC loop is partially mobile, and
nucleotides 2975–2995 form a loop that base pairs with the tip of
the P loop/h80 (Fig. 2c). In the GTPBP5-containing intermediate,
the PTC adopts a more mature-like conformation in which the
PTC loop forms the base of h89, and the h80 tip is shifted upward
(Fig. 2d). The structures show how GTPBP5 and the NSUN4 tail
facilitate these rearrangements. First, GTPBP5 and the NSUN4
tail disrupt the interaction between the PTC loop and h80, which
allows the PTC loop to refold. NSUN4 sequesters bases G2817
and G2814 through stacking interactions with W31 and Y27,
respectively (Fig. 2d), and GTPBP5 binds G2816 through stacking

interactions with F92 and sandwiches A3089 between F100, A202
and F92. Second, GTPBP5 stabilizes the refolded PTC conforma-
tion through backbone and base interactions with charged
residues in loop 1 and loop 3 (R97, K98, E95, E99, and R201)
(Fig. 2d). These rearrangements also lead to ordering of
ribosomal protein elements, which are disordered in the
intermediate without GTPBP5, including parts of mL63 (residues
9–21), uL10m (residues 30–36), and uL16m (residues 47–69 and
134–148).

PTC maturation also involves 2’-O-methylation of bases within
the P loop/h80 (G2815) and the A loop/h92 (U3039 and G3040)
catalyzed by MRM1, MRM2 and MRM3, respectively14,20,21.

Fig. 1 Structure of the MTERF4-NSUN4-bound mtLSU assembly intermediate. a Cryo-EM structure of the MTERF4-NSUN4-bound large mitoribosomal
subunit (mtLSU) intermediate (dataset 1). The 16S rRNA (red) and indicated biogenesis factors are shown as cartoon and the remaining mitoribosomal
proteins (MRPs) are shown as gray transparent surface. NSUN4: lime green, MTERF4: yellow, MALSU1: orange, mtACP: olive, L0R8F8: blue. b Schematic
depiction of the mature 16S rRNA secondary structure with domains IV–VI as indicated. Regions with distinct fold in the MTERF4-NSUN4 intermediate are
depicted in red. c Interaction of the MTERF4-NSUN4 complex with the mtLSU. Regions of the 16S rRNA interacting with MTERF4-NSUN4 are shown as
cartoon and as transparent surface. MTERF4, NSUN4, uL2m, bL33m, and mL64 are shown in cartoon representation. Coloring as in a and as follows: uL2m:
cyan, bL33m: violet, mL64: sand. d (Left) In the MTERF4-NSUN4 assembly intermediate, the 16S rRNA region encompassing h68–h71 wraps above
MTERF4, as indicated by red lines. The density is shown as red surface. (Right) Closeup view of the 16S rRNA region 2469–2659 in the mature mtLSU
(PDB 3J7Y)3. The fold observed in the mature mtLSU would clash with MTERF4-NSUN4.
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Methylation of U3039 is one of the last steps in PTC maturation
and requires GTPBP514. The cryo-EM reconstructions show
density consistent with 2’-O-methylation at all these residues
(Supplementary Fig. 2e), suggesting that GTPBP6 acts down-
stream of MRM1-3 and GTPBP5, in agreement with previous
data12. In a complementary study, Cipullo et al.22 report
structures of mtLSU intermediates in complex with GTPBP5
and MRM2, which lack density for 2’-O-methylated U3039, thus
indicating that these intermediates represent assembly states

upstream of the MTERF4-NSUN4-GTPBP5 intermediate
described here. This suggests that MRM2 may be independently
released upon catalysis while GTPBP5 can remain bound, at least
in the absence of GTPBP6.

Taken together, the cryo-EM structures reveal how GTPBP5
and NSUN4 facilitate maturation of the PTC and suggest
sequential PTC methylation and folding (Supplementary
Movie 1). They also explain the dual-role of NSUN4 as a
methyltransferase in mtSSU assembly17 and as a biogenesis factor

Fig. 2 GTPBP5 cooperates with NSUN4 to mature the PTC. a Cryo-EM structure of MTERF4-NSUN4-GTPBP5-bound large mitoribosomal subunit
(mtLSU) intermediate (dataset 1). Depiction as in Fig. 1a with GTPBP5 shown in pink. b Structure of human GTPBP5. The protein is depicted schematically
on top, with domain annotation indicated by coloring and residue numbers. The black bar above represents regions modeled in the structure. A homology
model of the GTPase domain is shown transparently, but was not included in the final model. The conserved loops 1–3 that contact bases of the peptidyl
transferase center (PTC) are shown in cyan. c, d The P loop/h80, h93, and PTC loop undergo rearrangements upon GTPBP5 binding. Closeup view of the
PTC in the NSUN4-MTERF4 (c) and NSUN4-MTERF4-GTPBP5 (d) mtLSU assembly intermediates. The rRNA and proteins are shown as cartoons, with
coloring as in Fig. 1. Selected bases that undergo rearrangements are indicated and highlighted as sticks. Loop 1 and 3 of GTPBP5 and the N-terminal tail of
NSUN4 are shown as cartoons and residues that interact with the indicated bases are shown as sticks.
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in mtLSU maturation, because the latter function is mediated by
its N-terminal tail, which is not conserved in homologous
methyltransferases that act only as small-subunit biogenesis
factors, such as bacterial rsmB.

GTPBP6 displaces GTPBP5 and MTERF4-NSUN4. We next
aimed to investigate the role of GTPBP6 during mtLSU biogen-
esis. For this, we reconstituted mtLSU maturation in vitro by
complementing the biogenesis intermediates from GTPBP6-
deficient cells with recombinant GTPBP6 in the presence of
GTP and ATP. Subsequent cryo-EM analysis again revealed the
MTERF4-NSUN4- and the MTERF4-NSUN4-GTPBP5-bound
mtLSU complexes (dataset 2; Supplementary Fig. 3, Supplemen-
tary Table 2), which were largely identical as before but showed
improved density for the interfacial rRNA and the GTPBP5
GTPase domain (see experimental procedures) (Supplementary
Fig. 4a–d). In addition, classification yielded a 2.6 Å reconstruc-
tion that lacks MTERF4-NSUN4 and GTPBP5 but shows a new
density that corresponds to GTPBP6 in close proximity to the
L12 stalk, which allowed us to build a molecular model (Fig. 3a, b,
Supplementary Figs. 3, 4e). GTPBP6 contains a N-terminal
nucleotide-binding domain (NTD), a PTC-binding linker
domain, a GTPase domain and a C-terminal domain (CTD)
(Fig. 3b). Like GTPBP5, it binds above the PTC and primarily

interacts with rRNA (Supplementary Fig. 4f). The NTD stacks
against h71, which appears stabilized compared to the MTERF4-
NSUN4 state. By analogy with its bacterial homolog HflX12, the
NTD of GTPBP6 is predicted to be a putative ATP-dependent
RNA helicase domain. However, we did not observe density for a
bound ATP molecule, suggesting that ATP is not required for its
function during ribosome biogenesis. The PTC-binding domain
resides between h89 and h92, and inserts a loop (residues
241–255) deep into the PTC. The GTPase domain is located next
to the NTD, on top of h89, and shows clear density for a bound
GTP molecule, suggesting that GTP hydrolysis is not required for
GTPBP6 binding (Fig. 3b, Supplementary Fig. 4g). The CTD is
positioned between the SRL (h95) and uL11m, in a similar
position as the GTPase domain of GTPBP5 (Supplementary
Fig. 4f, h).

Comparison of the GTPBP6- and GTPBP5-bound structures
suggests a mechanism for the hierarchical action of these factors
during mtLSU biogenesis. Superimposition shows that both
factors share the same binding site, and that the NTD of GTPBP6
would clash with NSUN4 (Supplementary Fig. 4h). Thus, binding
of GTPBP6 and GTPBP5/MTERF4-NSUN4 is mutually exclusive,
suggesting that these factors act sequentially and that GTPBP6
either triggers the release of GTPBP5/MTERF4-NSUN4 from the
mtLSU or binds after their dissociation.

GTPBP6 mediates PTC maturation. Comparison to the
GTPBP5-bound state also reveals that GTPBP6 further folds the
PTC. The PTC-binding loop of GTPBP6 occupies the same
position as loop 1 of GTPBP5, between the P loop/h80 and the
PTC loop and in vicinity to uL16m (residues 134–143), and
causes rearrangements in the elements (Fig. 3c, d, Supplementary
Movie 1). In particular, the tip of the P loop/h80 (residues
2814–2819) refolds, which leads to elimination of a basepair
between G2819 and U2813 and replacement of the latter by
C2839 from h81. G2814 is flipped out of the loop to face outward,
and G2815 is rearranged and may contact Y248 in GTPBP6 and
R139 in uL16m. Binding of GTPBP6 also leads to movement of
A3089 by replacing its interaction with F92 in GTPBP5 by a
stacking interaction with Y241 in GTPBP6. Finally, nucleotides
2990–2994, 2722–2728 and U3072 in the PTC loop undergo
conformational changes, which may be induced by a change in
chemical environment upon exchange of maturation factors, as
GTPBP6 places hydrophobic residues (L249, M250) at the posi-
tion previously occupied by R97 of GTPBP5. Collectively, these
rearrangements lead to a nearly mature PTC conformation.

A molecular model of GTPase-mediated PTC maturation.
These structural snapshots allow us to deduce a model for
GTPase-mediated mtLSU assembly and PTC maturation, which
we have summarized in a molecular movie (Fig. 4, Supplementary
Movie 1). First, early biogenesis factors assemble a core mtLSU
with a premature PTC and partially unfolded interfacial rRNA
that lacks late-stage MRPs as well as 2’-O-methylations within the
PTC14. This mtLSU intermediate contains the MALSU1-L0R8F8-
mtACP module and the MTERF4-NSUN4 complex, which both
prevent premature subunit joining5. PTC methylations are then
introduced by MRM1 and MRM2, leading to the intermediate
with methylated but unfolded PTC. Next, GTPBP5 and NSUN4
act in concert to establish the basic architecture of the PTC. Both
GTPBP5 and the MTERF4-NSUN4 are then replaced by
GTPBP6, which induces further conformational changes that lead
to a near-mature PTC. The release of MTERF4-NSUN4 liberates
the rRNA region h68–h71, which can then adopt its final con-
formation to facilitate subunit joining. Final maturation steps
must then involve dissociation of GTPBP6 and the MALSU1-

Fig. 3 GTPBP6 binding causes rearrangements in the PTC. a Cryo-EM
structure of the GTPBP6-bound large mitoribosomal subunit (mtLSU)
assembly intermediate (dataset 2). Depiction as in Fig. 1a with GTPBP6 in
marine. b Structure of human GTPBP6. The protein is depicted
schematically on top, with domain annotation indicated by coloring and
residue numbers. The black bar above represents regions modeled in the
structure. The density for the bound GTP is shown as indent. c, d
Rearrangements in the peptidyl transferase center (PTC) upon GTPBP6
binding. The PTC region is shown enlarged in the MTERF4-NSUN4-GTPBP5
(c) and the GTPBP6 (d) mtLSU assembly intermediates. The rRNA and
proteins are shown as cartoons, with coloring as in Fig. 2 and uL16m in
ocher. NTD N-terminal domain, CTD C-terminal domain.
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L0R8F8-mtACP module to allow formation of the functional 55S
mitoribosome.

In addition to GTPBP5, we also observed the accumulation of
GTPBP7 and GTPBP10 in the mtLSU samples isolated from
GTPBP6-deficient cells (Supplementary Data 1). However,
despite extensive classification efforts, we did not identify
particle populations with these factors present in our cryo-EM
datasets. During the revision of our manuscript, several
complementary studies were published showing the binding
site of these GTPases on the mtLSU22–24. Like GTPBP5,
GTPBP10 is a homolog of bacterial ObgE and accommodates

the same position on the mtLSU, which suggests that binding of
GTPBP5 and GTPBP10 is mutually exclusive23. Previous studies
indicate that GTPBP10 is among the first GTPases that binds to
the mtLSU to facilitate the final maturation steps, and thus likely
acts before GTPBP58,11,13. This could explain the absence of
GTPBP10-containing assembly intermediates in our datasets, as
assembly of the mtLSU may progress past the GTPBP10-bound
state even in GTPBP6-deficient cells. GTPBP7 appears to be
somewhat flexible and may bind to the mtLSU in different
orientations22,24,25. The absence of detectable GTPBP7-
containing particles in our mtLSU intermediates purified from

Fig. 4 Model of GTPase-mediated maturation of human mtLSU. Intermediate states of the mtLSU are depicted as surface with coloring as in Figs. 1–3.
Models of immature and mature mtLSU were derived from previous studies (PDB 5OOM, 3J7Y)3,5. Closeup views illustrate GTPase-mediated
rearrangements in the peptidyl transferase center (PTC). PTC intermediate states are depicted as in Fig. 2 and Supplementary Fig. 4, with the regions
undergoing conformational changes highlighted in cyan.
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GTPBP6-deficient cells indicates that under these conditions,
GTPBP7-binding may be highly transient.

Mechanism of GTPBP6-mediated ribosome recycling. In
addition to its role in mtLSU biogenesis, GTPBP6 also facilitates
the dissociation of intact 55S mitoribosomes into subunits, which
might be required to rescue stalled ribosomes12. To determine the
mechanism of GTPBP6-mediated ribosome splitting, we treated
55S mitoribosomes with recombinant GTPBP6 in the presence of
GTP and ATP. Subsequent cryo-EM analysis revealed the pre-
sence of complete mitoribosomes as well as free mtLSU and
mtSSU particles (Supplementary Fig. 5, Supplementary Table 3).
Classification of the mtLSU particle population led to a recon-
struction at an overall resolution of 2.7 Å, which shows that
GTPBP6 binds to the mature mtLSU in the same location as
during ribosome biogenesis (Fig. 5a, b). As before, we observe
GTP bound to the GTPase domain but no ATP in the NTD. This
is in agreement to previous data, which showed that GTPBP6-
mediated ribosome recycling requires GTP, but no ATP12. In
addition to the previously observed contacts, GTPBP6 also
interacts with h69 in the mature mtLSU (Fig. 5b, c), which was
unfolded in the biogenesis intermediates but forms intersubunit

contacts with the mtSSU in the 55S mitoribosome. The NTD of
GTPBP6 binds to h69 and inserts a tryptophan residue (W107)
next to the U2575-A2582 basepair at its tip. Superimposition with
the intact mitoribosome shows that h69 is shifted by ~7 Å in the
GTPBP6-bound state, which would lead to clashes with h44 in
the mtSSU (Fig. 5d). Thus, GTPBP6 dissociates the ribosome by
rearranging elements that mediate intersubunit interactions, as
has been suggested for HflX and ribosome recycling factors26–29.
However, its mechanism is distinct, because W107 is not con-
served and HflX does not form direct contacts with bases in h69,
yet causes a more prominent displacement (13 vs 7 Å)28.

The structure of GTPBP6 bound to the mature mtLSU also
reveals two distinct conformations of the PTC-binding loop
(Supplementary Fig. 6a). While the first is similar to that observed
during mtLSU biogenesis, the second shows rearrangements in α7
and α8 and a register shift in α5 that translates into the PTC. This
is accompanied by rearrangements of PTC bases, including
A3089 (E. coli: A2602), U3072 (E. coli: 2585), and U2993 (E. coli:
U2993) (Supplementary Fig. 6b), which play key roles during
peptide bond formation and peptide release30–34 and undergo
conformational changes during elongation and termination in
bacteria32,33. However, it is not clear whether GTPBP6 induces
these rearrangements or recognizes different PTC configurations
that occur during the peptide elongation cycle.

The preferred substrates of GTPBP6 are vacant ribosomes or
posthydrolysis complexes with a deacylated tRNA in the P site12.
Our structural data explain this preference, as a peptidyl tRNA in
the P site would prevent GTPBP6 binding. To recycle ribosomes,
release factors that trigger peptide hydrolysis such as ICT1/mL62
must therefore act prior to GTPBP6, as has been suggested
recently12,28,35. Alternatively, GTPBP6-mediated ribosome recy-
cling may require spontaneous hybrid P/E state formation, in
agreement with in vitro data12.

In summary, these results provide the structural and mechan-
istic basis of late mtLSU maturation by showing how universally
conserved and mitochondria-specific assembly factors act in
concert to mediate the step-wise folding of the PTC. This
provides an important step towards understanding ribosome
biogenesis in general, as GTPase-driven PTC maturation appears
to be a conserved quality-control step during ribosome biogenesis
throughout different domains of life. This is underscored by the
high degree of structural similarity between bacterial and human
mitochondrial ribosome biogenesis factors. However, their
mechanisms appear to have at least partially diverged. Recent
structural studies suggest that the bacterial GTPBP5/GTPBP10
homolog ObgE cooperates with the MALSU1-homolog RsfS and
with factors that are not conserved in human mitochondria to
prevent premature subunit joining and facilitate folding of h8936.
In contrast, GTPBP5 acts in concert with the mitochondria-
specific N-terminal tail of NSUN4, which in turn binds MTERF4
that prevents interfacial rRNA maturation. Thus, human
mitochondria appear to combine conserved ribosome maturation
factor folds with organelle-specific mechanisms to achieve mtLSU
maturation.

Our findings are supported by several recently published
complementary studies, which provide detailed structural snap-
shots of earlier mtLSU maturation steps mediated by GTPBP7,
GTPBP10 and GTPBP5 in conjunction with MRM222–25. Taken
together, a comprehensive mechanistic picture of late mtLSU
biogenesis now emerges from this large body of structural and
functional information.

Methods
No statistical methods were used to predetermine sample size. The experiments
were not randomized, and the investigators were not blinded to allocation during
experiments and outcome assessment.

Fig. 5 Structural basis of ribosome recycling by GTPBP6. a Cryo-EM
structure of GTPBP6 bound to the mature large mitoribosomal subunit
(mtLSU) (dataset 3). The 16 s rRNA and GTPBP6 are shown as cartoon and
colored as in Fig. 3. b Comparison of 16 rRNA interactions of GTPBP6
during biogenesis (top) and ribosome splitting (bottom). c GTPBP6
interacts with h69. Closeup view of h69 in the split mature mtLSU bound to
GTPBP6. W105, which forms stacking interactions with h69, is shown as
sticks. d Comparison of intersubunit-bridging elements in the 55S
mitoribosome and the GTPBP6-bound split mtLSU. The GTPBP6-bound
split mtLSU structure was superimposed with the structure of the
elongating 55S ribosome (PDB 6ZSG)52. h69 is shown in blue (55S
mitoribosome) or red (GTPBP6-bound mtLSU). GTPBP6 binding causes a
shift of h69 by ~7 Å leading to clashes with h24 and h44 (yellow) in the
small mitoribosomal subunit (mtSSU). NTD: N-terminal domain, CTD C-
terminal domain.
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Cell culture conditions. HEK293-Flp-In T-Rex wild-type (WT) (Thermo Fisher
Scientific) and Gtpbp6−/− cell lines were grown under standard cultivation
conditions12. Briefly, cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with supplements (10% FBS (Sigma), 2 mM L-glutamine (GIBCO),
1 mM sodium pyruvate (GIBCO), 50 μg/ml uridine (Sigma–Aldrich)) in 5% CO2
humidified atmosphere at 37 °C.

Mitoplasts isolation. Cells from 100–120 cell culture plates (15 cm) were har-
vested and homogenized in trehalose buffer (300 mM trehalose, 10 mM KCl,
10 mM HEPES-KOH pH 7.4) with addition of 1 mM PMSF and 0.2% BSA using
Homogenplus Homogenizer (Schuett-Biotec, Germany). After each homogeniza-
tion step mitochondria were separated from cell debris and nuclei at 1000 × g for
10 min, 4 °C. Obtained mitochondria were pelleted for large-scale mitoplast pre-
paration. To isolate mitoplasts, mitochondria were subjected to digitonin/protei-
nase K treatment (detergent to protein ratio 1:4, proteinase K to protein ratio
1:200), washed 4 times with trehalose buffer and pelleted at 25,000 × g for 15 min,
4 °C (SS34 Rotor, Beckman Coulter).

Purification of mitoribosomes. Mitoplasts were lysed in lysis buffer (20 mM Tris-
HCl (pH 7.4), 100 mM NH4Cl, 15 mM MgCl2, 2 mM DTT, 1% Triton X-100) with
detergent to protein ratio 2.5:1 and the resulting lysate was clarified by cen-
trifugation at 16,000 × g for 15 min, 4 °C. To enrich mitoribosomal particles and to
eliminate other mitochondrial protein complexes contaminants, the collected
supernatant was subjected to a two-step sucrose cushion (1 M sucrose cushion/
1.75M sucrose cushion) and centrifuged for 15 h at 148,000 × g at 4 °C. Fractions
were collected from top to bottom of the cushion and the fraction containing
mitoribosomal particles was concentrated and subsequently washed with 5 volumes
of wash buffer (100 mM NH4Cl, 15 mM MgCl2, 20 mM Tris-HCl (pH 7.4), 2 mM
DTT) in order to reduce the sucrose concentration and the sample volume.
Concentrated sample was loaded on a 15–30% sucrose gradient (15–30% (w/v)
sucrose, 100 mM NH4Cl, 15 mM MgCl2, 20 mM Tris-HCl (pH 7.4)), centrifuged at
115,600 × g for 16 h 10 min, 4 °C (SW41Ti rotor, Beckman Coulter) and 16
fractions were collected. Each fraction was measured at 260 nm and fractions
corresponding to the mtLSU or 55S mitoribosome were further concentrated
and washed with wash buffer as described above. Purified mitoribosomal
complexes were analysed by western blotting and stored at −80 °C, or used
directly for grid preparation or for in vitro reconstitutions followed by cryo-EM
analyses.

To monitor the structural rearrangements in the mtLSU upon GTPBP6-binding
0.1–0.18 µM of 39 s/55 s particles purified from Gtpbp6−/− or WT cell lines were
mixed with 20-fold molar excess of purified GTPBP6 protein in the presence of
nucleotides (1 mM ATP/1 mM GTP) in reaction buffer (2 mM DTT, 100 mM
NH4Cl, 15 mM MgCl2, 20 mM Tris-HCl (pH 7.4)). Mixtures were incubated at
4 °C for 30 min and were used directly for grid preparation.

Western blotting and immunodetection. After separation of the mitoribosomal
complexes by sucrose gradient ultracentrifugation, 16 fractions were collected and
analyzed by western blotting. For each fraction, ∼1.4% of the total volume was
resuspended in loading buffer containing 2% (w/v) SDS and 50 mM DTT (final
concentration) and loaded on a 10–18% SDS Tris-Tricine gel. Ten micrograms of
crude mitochondria isolated from HEK293T WT cells were used as a control.
Proteins were transferred to nitrocellulose membrane AmershamTM ProtranTM
0.2 µm NC (GE Healthcare) and visualized using specific antibodies. Primary
polyclonal anti-rabbit antibodies used in this study (dilution is indicated in
brackets): anti-NSUN4 [1:1000] (ref. 12 ProteinTech; #16320-1-AP), anti-MTERF4
[1:1000] (refs. 12,14 Sigma Prestige; #HPA027097; RRID:AB_10603879), anti-
MALSU1 [1:1000] (ref. 11 Proteintech; #22838-1-AP; RRID:AB_11182483), anti-
GTPBP5 [1:1000] (refs. 12,14 Sigma Prestige; #HPA047379; RRID:AB_10965845),
anti-GTPBP10 [1:1000] (ref. 11 Novusbio; #NBP1-85055; RRID:AB_11037644),
anti-bL32m [1:1000] (ref. 11 gift from Prof. P. Rehling; PRAB4957), anti-uS14m
[1:1000] (Proteintech; #16301-1-AP; RRID:AB_2878240). Primary monoclonal
anti-mouse antibody used in this study (dilution is indicated in brackets): anti-uL3
[1:500] (Proteintech; #66130-1-IG; RRID: AB_2881529).

Cryo-EM sample preparation, data collection, and processing. Purified mtLSU
or 55S mitoribosome samples (4 µL) were applied to freshly glow discharged R
3.5/1 holey carbon grids (Quantifoil) that were precoated with a 2–3 nm carbon
layer using a Leica EM ACE600 coater. Prior to flash freezing in liquid ethane, the
samples were incubated on the grid for 30 s in a Vitrobot MarkIV (Thermo Fisher
Scientific) at 4 °C and 100% humidity and subsequently blotted for 3 s seconds with
a blot force of 0. Cryo-EM data collection was performed with SerialEM37 using a
Titan Krios transmission electron microscope (Thermo Fisher Scientific) operated
at 300 keV. Images were acquired in EFTEMmode with a slit width of 20 eV using a
GIF quantum energy filter and a K3 direct electron detector (Gatan) at a nominal
magnification of 81,000× corresponding to a calibrated pixel size of 1.05 Å/pixel.
Exposures were recorded in counting mode with a dose rate of ~20 e−/px/s resulting
in a total dose of 36–40 e−/Å2 (see Supplementary Table 1–3) that was fractionated
into 40 movie frames. Motion correction, CTF-estimation, particle picking were

performed on the fly using Warp38. Particle extraction was performed with Relion39
(dataset 1; 3-fold binned) or with Warp (dataset 2, dataset 3; unbinned).

For dataset 1 and dataset 2, particles were subjected to 2D classification
followed by consensus 3D refinement using ab initio model created in
cryoSPARC40 as reference. Particles were then subjected to 3D classification
without image alignment. In addition to the assembly factor-containing particles,
both datasets contained two classes that resemble the mtLSU assembly
intermediates previously observed in wild-type cells, which both contain the
MALSU1-L0R8F8-mtACP module and differ in their rRNA folding state and the
presence of bL36m5,14.

The assembly factor-containing particles were unbinned by re-extraction
(dataset 1) and subjected to 3D classification using a soft mask around the
interfacial rRNA region where extra density for factors was visible (Supplementary
Fig. 1, 3). Particle subsets were then subjected to CTF refinement (dataset 1 and 2)
and Bayesian polishing (dataset 1). Further separation of particle populations with
differing PTC conformations or subtle conformational differences within factors
was achieved by using soft masks and a regularization parameter of T= 100 in
Relion. Final maps were obtained by gold-standard 3D refinement followed by
post-processing in Relion. Focused refinements using soft masks were used to
obtain improved maps for conformationally flexible regions. For dataset 3, 2D
classification and initial further steps were carried out in cryoSPARC
(Supplementary Fig. 5). Good classes were selected and a subset of 150,000 particles
was used to generate three ab initio models, which clearly resembled the full 55S
mitoribosome, the mtLSU and the mtSSU. Particles were classified into these three
classes by supervised classification in cryoSPARC and the mtLSU particle subset
subject to consensus 3D refinement in Relion using the model from cryoSPARC as
reference. Particles were further classified without image alignment, followed by
focused classification with a soft mask around the interfacial rRNA and focused
classification using a mask around GTPBP6 and T= 100. This led to three particle
subsets containing GTPBP6. The first two represented different PTC
conformations and were refined to high resolution, while the third resembled PTC
conformation 1 but lacked clear density for h69. Final maps were obtained by gold-
standard 3D refinement followed by post-processing in Relion. Local resolution
was estimated using Relion. Figures were prepared with Chimera41 and
ChimeraX42.

Model building and refinement. An initial model for the MTERF4-NSUN4
intermediate was obtained by rigid-body fitting the previously reported structure
of a mtLSU assembly intermediate (PDB 5OOL)5 and the previously reported
crystal structure of the MTERF4-NSUN4 complex (PDB 4FZV)16 into the
density in Chimera. The model was manually adjusted and rebuilt in Coot43 and
served as a starting model for the remaining structures. The model of GTPBP5
was generated by docking a homology model generated with SwissModel44 into
the density followed by manual rebuilding in Coot. The GTPase domain of
GTPBP5 showed poor density and only allowed for docking and adjusting of the
homology mode and was therefore omitted from the final model. The final
model contains residues 74–221 of GTPBP5. The model of GTPBP6 was gen-
erated by docking a homology model generated by SwissModel into the density
followed by manual rebuilding in Coot. The final model of GTPBP6 comprises
residues 94–515, but residues 106–118, 424–431 and the loop contacting h69
(106–118) are invisible in the mtLSU biogenesis intermediate containing
GTPBP6. Models were built and interpreted using both the unsharpened and
post-processed maps. Refinement was carried out using the unsharpened maps
in phenix.real_space_refine45 with restraints for 2’-methyl-UMP generated by
phenix.elbow46. Model quality was assessed with MolProbity within the phenix
suite47. Figures were generated with ChimeraX.

Notably, the reconstructions obtained from dataset 1 lack density for parts
of uL24m, bL20m and mL42, while they show strong density in the reconstructions
from dataset 2. In addition, we observed extra densities close to a number of
surface-exposed cysteine residues in the reconstructions from dataset 1,
accompanied by slight rearrangements of some protein and RNA loops. We
speculate that these densities may represent covalent adducts to the sulfhydryl
groups of cysteines, which may be a result of partial oxidation during sample
preparation. Overall, we observed the following major differences between the
MTERF4-NSUN4 and MTERF4-NSUN4-GTPBP5 intermediates from the first and
the second dataset. First, the rRNA wrapping over MTERF4 is better resolved in
dataset 2, showing that it forms a helical structure (Supplementary Fig. 4a). This is
supported by basic residues in MTERF4 that form a charge-complementary
binding groove, as well as two potential base-binding pockets (Supplementary
Fig. 4b). Second, a part of the uL2m C-tail (residues 270-284) occupies a different
path than in dataset 1 (Supplementary Fig. 4c). Third, the GTPase domain of
GTPBP5 is better resolved in dataset 2, which allowed rigid-body fitting of a
homology model (Supplementary Fig. 4d).

Expression and purification of human GTPBP6. Human ∆43GTPBP6 was cloned
into the pET-derived vector 14-C (gift from Scott Gradia; Addgene plasmid
#48309; http://n2t.net/addgene:48309; RRID:Addgene_48309) via ligation-
independent cloning (primer sequences: Supplementary Table 4). 6xHis-MPB-
tagged Δ43GTPBP6 was expressed in E.coli BL21 (DE3) RIL cells (Merck Milli-
pore) grown in LB media. Cells were grown to an optical density at 600 nm of 0.5 at
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37 °C and protein expression was subsequently induced with 0.15 mM isopropyl β-
d-1-thiogalactopyranoside at 16 °C for 18 h. Cells were collected by centrifugation,
resuspended in lysis buffer (300 mM NaCl, 50 mM Na-HEPES pH 7.4, 10% (v/v)
glycerol, 30 mM imidazole pH 8.0, 2 mM DTT, 0.284 μg/ml leupeptin, 1.37 μg/ml
pepstatin, 0.17 mg/ml PMSF, and 0.33 mg/ml benzamidine) and immediately used
for protein purification performed at 4 °C. The cells were lysed by sonication and
the lysate was cleared by centrifugation (87,200 × g, 4 °C, 30 min). The supernatant
was applied to a HisTrap HP 5ml column (GE Healthcare), preequilibrated in lysis
buffer. The column was washed with 9.5 CV high-salt buffer (1000 mM NaCl, 50
mM Na-HEPES pH 7.4, 10% (v/v) glycerol, 30 mM imidazole pH 8.0, 2 mM DTT,
0.284 μg/ml leupeptin, 1.37 μg/ml pepstatin, 0.17 mg/ml PMSF, and 0.33 mg/ml
benzamidine), and 9.5 CV low-salt buffer (150 mM NaCl, 50 mM Na-HEPES pH
7.4, 10% (v/v) glycerol, 30 mM imidazole pH 8.0 and 2 mM DTT). The sample was
then eluted using nickel elution buffer (150 mM NaCl, 50 mM Na-HEPES pH 7.4,
10% (v/v) glycerol, 500 mM imidazole pH 8.0 and 2 mM DTT). The eluted protein
was dialysed overnight in dialysis buffer (150 mM NaCl, 50 mM Na-HEPES pH
7.4, 15 mM imidazole pH 8.0, 10% (v/v) glycerol and 2 mM DTT) in the presence
of 4 mg His-tagged TEV protease at 4 °C. The dialysed sample was applied to a
HiTrap Heparin HP 5ml column (GE Healthcare), preequilibrated in Buffer A (20
mM Na-HEPES pH 7.4, 10% (v/v) glycerol, 2 mM DTT) with 7.5 % Buffer B (2 M
NaCl, 20 mM Na-HEPES pH 7.4, 10% (v/v) glycerol, 2 mM DTT). The protein was
eluted with a linear salt gradient from 7.5–50% Buffer B and peak fractions con-
taining GTPBP6 were collected and reapplied to a His Trap HP 5 ml column in the
presence of 40 mM imidazole pH 8.0 to remove cleaved His-tagged MBP and TEV
protease. The flow-through containing GTPBP6 was collected and applied to a
Superdex 75 10/300 GL column (GE Healthcare) equilibrated in size exclusion
buffer (70 mM NH4Cl, 30 mM KCl, 7 mM MgCl2, 20 mM TRIS-HCl pH 7.4, 10%
(v/v) glycerol, 5 mM DTT). Peak fractions were assessed by SDS–PAGE and
Coomassie staining and pooled. The protein was concentrated to ~65 mM using a
MWCO 30,000 Amicon Ultra Centrifugal Filter (Merck), flash-frozen and stored at
−80 °C until use.

LC-MS/MS analysis. Proteins were separated by polyacrylamide gel electro-
phoresis on a 4–12% gradient gel (NuPAGE, Invitrogen). After Coomassie staining,
lanes were cut into 12 slices and proteins were reduced by dithiothreitol, alkylated
by iodoacetamide, and digested with trypsin in-gel. Extracted peptides were
vacuum-dried and subsequently resuspended in 2% acetonitrile (ACN, v/v)/0.05%
trifluoroacetic acid (TFA, v/v). Peptides were measured on a QExactive HF Mass
Spectrometer coupled to a Dionex UltiMate 3000 UHPLC system (both Thermo
Fisher Scientific) equipped with an in house-packed C18 column (ReproSil-Pur 120
C18-AQ, 1.9 µm pore size, 75 µm inner diameter, 30 cm length, Dr. Maisch
GmbH). Peptides were separated applying the following gradient: mobile phase A
consisted of 0.1% formic acid (FA, v/v), mobile phase B of 80% ACN/0.08% FA
(v/v). The gradient started at 5% B, increasing to 10% B within 3 min, followed by a
continuous increase to 46% B within 45 min, and then keeping B constant at 90%
for 8 min. After each gradient the column was again equilibrated to 5% B for 2 min.
The flow rate was set to 300 nL/min. MS1 full scans were acquired with a resolution
of 60,000, an injection time (IT) of 50 ms and an automatic gain control (AGC)
target of 1 × 106. Dynamic exclusion (DE) was set to 30 s. MS2 spectra were
acquired of the 30 most abundant precursor ions; the resolution was set to
15,000; the IT was set to 60 ms and the AGC target to 1 × 105. Fragmentation was
enforced by higher-energy collisional dissociation (HCD) at 28% NCE. Acquired
raw data were analyzed by MaxQuant48 (v. 1.6.0.1) applying default settings and
enabled ‘match between runs’ option. Proteins were quantified based on their
iBAQ value.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE49 partner repository with the dataset
identifier PXD023502. Project Name: GTPase-driven maturation of the human
mitoribosomal peptidyl transferase center; Project accession: PXD023502.

Bisulfite sequencing to monitor 12S-m5C1488 and 12S-m4C1486. To ensure
that the accumulation of NSUN4 on the mtLSU in GTPBP6-deficient cells does not
affect its second function as a methyltransferase modifying the 12S rRNA at
position 1488, we analyzed the modification status of 12S-m5C1488 and, as a
control, 12S-m4C1486, by subjecting DNase-treated total RNA from HEK293T
wild-type and Gtpbp6−/− cells to bisulfite sequencing50,51. Bisulfite treatment was
performed using the EpiTect Bisulfite kit (Qiagen) according to the manufacturer’s
instructions. Deamination was performed by three cycles of incubation at 70 °C for
5 min and at 60 °C for 60 min. Samples were purified using mini Quick spin RNA
columns (Roche) and the desulphonated in Tris pH 9.0 for 30 min at 37 °C. RNA
was extracted using phenol:chloroform, precipitated and reverse transcribed from
the 12S-m5C841_RT primer (Primer sequences: Supplementary Table 4) using
Superscript III reverse transcriptase (Thermo) according to the manufacturer’s
instructions. A 70-nt fragment of the 12S rRNA was amplified by PCR
(Primer sequences: Supplementary Table 4) and cloned using a TOPO-TA kit
(Thermo). Clones were sequenced at Eurofins Genomics using the T7 primer and
only sequences in which all cytosines (disregarding C1486 and C1488) were con-
verted to uracil/thymine were used for the presented analysis (Supplementary
Fig. 6c).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The electron density reconstructions and structure coordinates were deposited with the
Electron Microscopy Database (EMDB) under accession codes EMD-12865, EMD-
12872, EMD-12867, EMD-12868, EMD-12870, EMD-12869, EMD-12871, and with the
Protein Data Bank (PDB) under accession codes 7OF0 [https://doi.org/10.2210/
pdb7OF0/pdb], 7OF7 [https://doi.org/10.2210/pdb7OF7/pdb], 7OF2 [https://doi.org/
10.2210/pdb7OF2/pdb], 7OF3 [https://doi.org/10.2210/pdb7OF3/pdb], 7OF5 [https://
doi.org/10.2210/pdb7OF5/pdb], 7OF4 [https://doi.org/10.2210/pdb7OF4/pdb], and
7OF6 [https://doi.org/10.2210/pdb7OF6/pdb]. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium with the dataset identifier
PXD023502. Material will be available upon reasonable request. Source data are provided
with this paper.
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Supplementary Fig. 1 | Purification and Cryo EM data processing first dataset. 
(a) Gradient fractions (1-16) upon ribosome isolation were analyzed by western blotting using 
indicated antibodies. uL3 (component of the cytosolic 60S large ribosomal subunit (LSU)) was 
used as a control to assess the level of contamination with cytosolic ribosomes. Absorbance 
was measured for each fraction at 260 nm. Fractions 8 and 9 were used for further analyses. 
The experiment was performed twice with reproducible outcome. Source data are provided as 
a Source Data file. (b) Example denoised micrograph calculated from two independently 
measured half sets of 40 frames each. Scale bar, 100 nm. (c) 2D class averages and Cryo-EM 
processing tree. (d) Fourier shell correlation (FSC) plot, Angular distribution plot and local 
resolution distribution for the MTERF4-NSUN4 large mitoribosomal subunit (mtLSU) 
intermediate. Scale for the angular distribution plot shows the number of particles assigned to 
a particular angular bin. Blue, a low number of particles; yellow, a high number of particles. 
(e) FSC plot, Angular distribution plot and local resolution distribution for the MTERF4-
NSUN4-GTPBP5 mtLSU intermediate. Scale for the angular distribution plot shows the 
number of particles assigned to a particular angular bin. Blue, a low number of particles; yellow, 
a high number of particles. 
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Supplementary Fig. 2 | Structural details of MTERF4, NSUN4 and ribosomal RNA.  
(a) Density fit of MTERF4-NSUN4. The model of MTERF4-NSUN4 is shown as cartoon with 
coloring as in Fig. 1. The post-processed cryo-EM density from focused refinement is shown 
as transparent grey surface. The region at the interface between MTERF4 and NSUN4 is 
enlarged and shown as sticks. (b) Comparison between the MTERF4-NSUN4 complex bound 
to the large mitoribosomal subunit (mtLSU) and the previous crystal structure (PDB 4FP9) 15. 
The two structures are shown superimposed as cartoon. The mtLSU-bound structure is colored 
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as in Fig. 1 and the free crystal structure is colored in grey and shown transparently. Secondary 
structure elements in MTERF4 and that adopt different conformations in NSUN4 are indicated. 
The helical repeats of MTERF4 form a widened curve when bound to the ribosome. (c) Density 
fit of GTPBP5. The model of GTPBP5 is shown as cartoon with coloring as in Fig. 2. The post-
processed cryo-EM density is shown as transparent grey surface. The PTC-interacting loops 
described in Fig. 2 are shown enlarged as sticks. (d) Interaction of GTPBP5 with the mtLSU. 
Regions of the 16S rRNA interacting with MTERF4-NSUN4 are shown as cartoon and as 
transparent surface. MTERF4, NSUN4 and GTPBP5 are shown as cartoons. SRL: sarcin-ricin 
loop. (e) G2815, U3039 and G3040 are methylated. G2815, U3039 and G3040 are shown as 
sticks with the post-processed cryo-EM density of the MTERF4-NSUN4-GTPBP5 mtLSU 
intermediate (dataset 1) shown as transparent surface. Neighboring non-methylated bases are 
shown for comparison.  
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Supplementary Fig. 3 | Cryo-EM data processing second dataset. 
(a) Example denoised micrograph calculated from two independently measured half sets of 40 
frames each. Scale bar, 100 nm. (b) 2D class averages. (c) Cryo-EM processing tree. (d) Fourier 
shell correlation (FSC) plot, Angular distribution plot and local resolution distribution for the 
GTPBP6-bound large mitoribosomal subunit (mtLSU) intermediate. Scale for the angular 
distribution plot shows the number of particles assigned to a particular angular bin. Blue, a low 
number of particles; yellow, a high number of particles. (e) Fourier shell correlation (FSC) plot, 
Angular distribution plot and local resolution distribution for the MTERF4-NSUN4 mtLSU 
intermediate. Scale for the angular distribution plot shows the number of particles assigned to 
a particular angular bin. Blue, a low number of particles; yellow, a high number of particles. (f) 
FSC plot, Angular distribution plot and local resolution distribution for the MTERF4-NSUN4-
GTPBP5 mtLSU intermediate. Scale for the angular distribution plot shows the number of 
particles assigned to a particular angular bin. Blue, a low number of particles; yellow, a high 
number of particles. 
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Supplementary Fig. 4 | Structural details of MTERF4, NSUN4, GTPBP5 and GTPBP6 in 
the second dataset. 
(a) Improved density for the 16 rRNA region wrapping over MTERF4. A region of the cryo-
EM reconstruction (Intermediate map 1, Supplementary Fig. 3) of MTERF4-NSUN4 
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containing particles from dataset 2 is shown as surface and colored as follows: NSUN4: lime 
green, MTERF4: yellow, 16S rRNA: grey. The region of the rRNA wrapping above MTERF4 
adopts a helical fold and may form base-mediated interactions with MTERF4 (indicated). (b) 
Close-up view of the RNA-binding groove of MTERF4. MTERF4 is shown as cartoon in 
yellow and residues close to the RNA density observed in (a) are shown as sticks. The potential 
base-binding pockets are indicated. (c) The C-tail of uL2m occupies different paths in the 
MTERF4-NSUN4 mtLSU intermediate from dataset 1 and dataset 2. MTERF4 and uL2m are 
shown as cartoons and the 16S rRNA elements interacting with them are shown as cartoon and 
transparent surface. Coloring as in Fig. 1. (d) Improved density for the GTPBP5 GTPase 
domain in dataset 2. GTPBP5 is shown as cartoon and colored as in Fig. 2. The cryo-EM density 
obtained from focused refinement of the GTPBP5-containing particle set in dataset 2 is shown 
as transparent grey surface. (e) Density fit of GTPBP6. GTPBP6 is shown as cartoon and 
colored in blue. The post-processed cryo-EM density of the GTPBP6-bound mtLSU 
intermediate structure is shown as transparent grey surface. The PTC loop described in Fig. 3 
is shown enlarged as sticks. (f) Interaction of GTPBP6 with the mtLSU. Regions of the 16S 
rRNA interacting with GTPBP6 are shown as cartoon and as transparent surface. GTPBP6 is 
shown as cartoon. (g) GTP binding pocket of GTPBP6. The GTP binding site of GTPBP6 is 
shown as cartoon and colored as in Fig. 3. Residues within 4 Å of GTP are shown as sticks. 
GTP is shown in green as sticks. (h) GTPBP6 occupies the same binding site as GTPBP5 on 
the mtLSU and would clash with NSUN4. The structure of the MTERF4-NSUN4-GTPBP5 
intermediate and the GTPBP6 intermediate were superimposed with their 16S rRNA. The 
peptidyl transferase center (PTC) and factors are shown as cartoons and colored as in Fig. 1-3. 
SRL: sarcin-ricin loop. 
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Supplementary Fig. 5 | Cryo-EM data processing third dataset. 
(a) Example denoised micrograph calculated from two independently measured half sets of 40 
frames each. Scale bar, 100 nm. (b) 2D class averages. (c) Cryo-EM processing tree. (d) Fourier 
shell correlation (FSC) plot, Angular distribution plot and local resolution distribution for the 
GTPBP6-bound split large mitoribosomal subunit (mtLSU) with peptidyl transferase center 
(PTC) conformation 1. Scale for the angular distribution plot shows the number of particles 
assigned to a particular angular bin. Blue, a low number of particles; yellow, a high number of 
particles. (e) FSC plot, Angular distribution plot and local resolution distribution for the 
GTPBP6-bound split mtLSU with PTC conformation 2. Scale for the angular distribution plot 
shows the number of particles assigned to a particular angular bin. Blue, a low number of 
particles; yellow, a high number of particles. 
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Supplementary Fig. 6 | GTPBP6 conformations. 
(a) The PTC-binding loop of GTPBP6 can adopt two conformations. Superimposition of 
GTPBP6 in the PTC conformation 1 and PTC conformation 2 structures observed after 
ribosome splitting (dataset 3). GTPBP6 is shown as cartoon. GTPBP6 conformation 1, which 
is also observed during mtLSU biogenesis, is shown in cyan and GTPBP6 conformation 2 in 
marine. (b) Close-up of PTC interactions in GTPBP6 PTC conformation 1 and 2. Depiction as 
in a, with the region of the 16S rRNA differing between the two states shown as cartoon. Bases 
that adopt different conformations as well as interacting GTPBP6 residues are shown as sticks. 
(c) Methylation of 12S rRNA is not affected in GTPBP6-deficient cells. Total RNA from wild 
type (WT) or Gtpbp6-/- was treated with bisulfite, reverse transcribed and a region of the 16S 
rRNA containing m5C1488 and m4C1486 was amplified, cloned and sequenced. The relative 
proportions of unconverted cytosine reflecting m5C/m4C (black) and thymine reflecting 
converted, unmodified cytosine (grey) are shown. Data derived from sequencing of 46 
individual clones per sample are presented. Source data are provided as a Source Data file. 
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Supplementary Tables 
 
Supplementary Table 1 | Cryo-EM data collection and refinement for dataset 1. 
 MTERF4-NSUN4 

intermediate 
(PDB: 7OF0) 

MTERF4-NSUN4-
GTPBP5-intermediate 

(PDB: 7OF7) 
Data collection and processing   
Magnification    81,000 

300 Voltage (kV) 
Electron exposure (e–/Å2) 36 
Defocus range (μm) 0.3 – 2.8 
Pixel size (Å) 1.05 
Symmetry imposed C1 
Initial particle images (no.) 9,378,438 

 
Final particle images (no.) 1,060,638 98,227 
Map resolution (Å) 
    FSC threshold 

2.2 
0.143 

2.5 
0.143 

Map sharpening B factor (Å2) -50 -39.5 
Map resolution range (Å) 5.6 – 2.2 5.6 – 2.2 
   
Refinement   
Model resolution (Å) 
    FSC threshold 

2.3 
0.5 

2.7 
0.5 

Model composition 
    Non-hydrogen atoms 
    Protein/Nucleotide residues 
    Ligands 

 
99,476 

8,446 / 1,432 
ZN: 3, MG: 61 

 
101,032 

8,655 / 1,432 
ZN:3, MG:74 

B factors (Å2) 
    Protein/Nucleotide 
    Ligand 

 
107.39 / 97.44 

62.66 

 
94.53 / 71.94 

46.80 
R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.006 
0.859 

 
0.006 
0.874 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
1.54 
7.28 
0.00 

 
1.52 
5.58 
0.00 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
97.26 
2.74 
0.00 

 
96.61 
3.39 
0.00 
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Supplementary Table 2 | Cryo-EM data collection and refinement for dataset 2. 
 GTPBP6 

intermediate 
(PDB: 7OF2) 

MTERF4-
NSUN4 

intermediate 
(PDB: 7OF3) 

MTERF4-
NSUN4-

GTPBP5-
intermediate 
(PDB: 7OF5) 

Data collection and processing    
Magnification    81,000 
Voltage (kV) 300 
Electron exposure (e–/Å2) 37 
Defocus range (μm) 0.3 – 2.1 
Pixel size (Å) 1.05 
Symmetry imposed C1 
Initial particle images (no.) 2,983,982 

 
Final particle images (no.) 109,894 138,715 36,934 
Map resolution (Å) 
    FSC threshold 

2.7 
0.143 

2.7 
0.143 

2.9 
0.143 

Map sharpening B factor (Å2) -52 -58 -53 
Map resolution range (Å) 4.0 – 2.5 4.0 – 2.5 4.0 – 2.5 
    
Refinement    
Model resolution (Å) 
    FSC threshold 

2.8 
0.5 

2.9 
0.5 

3.0 
0.5 

Model composition 
    Non-hydrogen atoms 
    Protein/Nucleotide residues 
    Ligands 

 
101,195 

8,560 / 1,466 
GTP: 3, ZN: 3,  

MG: 85 

 
101,226 

8,627 / 1,442 
GTP: 2, ZN: 3, 

MG: 58 

 
102,785 

8,829 / 1,445 
GTP: 2, ZN: 3, 

MG: 70 
B factors (Å2) 
    Protein/Nucleotide 
    Ligand 

 
84.56 / 65.75 

59.47 

 
94.62 / 76.45 

69.93 

 
102.28 / 84.03 

72.24 
R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.004 
0.815 

 
0.04 
0.804 

 
0.004 
0.812 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
1.39 
4.30 
0.01 

 
1.50 
5.64 
0.00 

 
1.45 
4.93 
0.00 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
96.93 
3.07 
0.00 

 
96.81 
3.18 
0.01 

 
96.83 
3.17 
0.00 
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Supplementary Table 3 | Cryo-EM data collection and refinement for dataset 3. 
 Mature mtLSU with 

GTPBP6 – PTC state 1 
(PDB: 7OF4) 

Mature mtLSU with 
GTPBP6 – PTC state 2 

(PDB: 7OF6) 
Data collection and processing   
Magnification    81,000 
Voltage (kV) 30 
Electron exposure (e–/Å2) 40 
Defocus range (μm) 0.2 – 2.7 
Pixel size (Å) 1.05 
Symmetry imposed C1 
Initial particle images (no.) 2,540,514 

 
Final particle images (no.) 137,890 250,244 
Map resolution (Å) 
    FSC threshold 

2.7 
0.143 

2.6 
0.143 

Map sharpening B factor (Å2) -57 -66 
Map resolution range (Å) 4.6 – 2.4 4.6 – 2.4 
   
Refinement   
Model resolution (Å) 
    FSC threshold 

2.8 
0.5 

2.7 
0.5 

Model composition 
    Non-hydrogen atoms 
    Protein/Nucleotide residues 
    Ligands 

 
100,322 

8,320 / 1,519 
GTP: 3, ZN: 3, MG: 89 

 
100,321 

8,320 / 1,519 
GTP:3, ZN: 3, MG: 88 

B factors (Å2) 
    Protein/Nucleotide 
    Ligand 

 
92.56 / 73.81 

70.84 

 
86.71 / 69.37 

65.35 
R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.005 
0.818 

 
0.003 
0.805 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
1.45 
4.92 
0.00 

 
1.38 
4.18 
0.01 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
96.83 
3.17 
0.00 

 
96.99 
3.01 
0.00 

 
 
Supplementary Table 4 | Primers 
Primer Sequence 
12S-m5C841_RT  5’-TTTAATTAAATATCCTTTAAAATATAC-3’ 
12S forward 5’-TTTAATTAAATATCCTTTAAAATATAC-3’ 
12S reverse 5’-AATAGGGTTTTGAAGTGTGTATATA-3’ 
GTPBP6 LIC for 5’-TACTTCCAATCCAATGCAcccgggaatctggaggggcc-3’ 
GTPBP6 LIC rev 5’-TTATCCACTTCCAATGTTATTAtcctggaaagagcttccggaatttgcc-3’ 
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5   Discussion 

5.1   Identification of the human mitoribosome assembly GTPases 

Even though the mitochondrial genome and mitoribosomes were discovered more than 50 

years ago (O'Brien and Kalf, 1967; Schatz et al., 1964), our knowledge about the mechanisms 

of mitochondrial gene expression is still far from being complete or comprehensive. For 

example, more than 250 factors are predicted to be required for the proper formation and 

function of the human mitochondrial translation apparatus (Pearce et al., 2017), but only a few 

of them have been precisely characterized. In recent years, advantages into cryo-EM 

approaches have allowed resolving the detailed structure of the mitoribosomes from mammals 

and other organisms and, in combination with biochemical studies, have advanced our 

understanding of the mitochondrial translation and the mitoribosome assembly pathway.  

The evolutionary conserved RA-GTPases of the Obg/HflX superfamily are involved in a 

plethora of functions in bacteria, including the biogenesis and recycling of ribosomes (Leipe et 

al., 2002; reviewed by Bennison et al., 2019; Verstraeten et al., 2011). Bioinformatic analysis 

predicted the existence of homologous factors in eukaryotic genomes, however, their function 

remained unexplored. The first evidence about TRAFAC GTPases engagement into the 

mitochondrial gene expression has started to emerge nearly two decades ago. For example, 

Barrientos et al. (2003) suggested a role of Mtg1 in protein biosynthesis in yeast mitochondria 

and Hirano et al. (2006) characterized two human ObgE homologs GTPBP5 and GTPBP10 

as factors required for the maintenance of the mitochondrial and nuclear architecture, 

respectively. Further development of the biochemical approaches allowed the characterization 

of the other essential GTPases involved in the mitoribosome assembly pathway in humans 

and mice. Thus, it was demonstrated that ERAL1 and MTG3 are involved in the mtSSU 

biogenesis (Dennerlein et al., 2010; He et al., 2012; Kolanczyk et al., 2011); GTPBP5 and 

GTPBP7 were suggested to be required for mitochondrial translation (Kotani et al., 2013). 

Moreover, mass spectrometry analysis of the mitoribosome and known mitoribosome 

assembly factors interactome revealed numerous uncharacterized proteins allocated to the 

ribosome biogenesis centers within the mitochondrion (Antonicka and Shoubridge, 2015; Tu 

and Barrientos, 2015). For example, GTPBP6 and GTPBP10, as well as the other GTPases 

(GTPBP5, GTPBP7 and GTPBP8), were identified as factors associated with the mitoribosome 

assembly RNA helicase DDX28 and with the MRP mL62 (Tu and Barrientos, 2015, Richter-

Dennerlein, unpublished data). Based on homology to the bacterial or yeast (mito)ribosome 

assembly factors, their role in human mitochondria was extensively investigated during the last 

years. 
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Currently, the list of the TRAFAC GTPases involved in human mitoribosome biogenesis has 

been expanded and accounts for 6 members (reviewed by Maiti et al., 2021). Unveiling the 

function of GTPBP6 and GTPBP10 in human mitochondrial gene expression represents the 

direct contribution of this doctoral study to the field. Moreover, the structural analysis in 

collaboration with Prof. Dr. Hauke Hillen expanded the understanding of the late mtLSU 

biogenesis steps and revealed the precise role of the MTERF4-NSUN4 complex and the 

GTPases GTPBP5 and GTPBP6 during mtLSU maturation. 

5.2   GTPBP6 and GTPBP10 as TRAFAC RA-GTPases 

5.2.1   The structure of the GTPase domain 

The typical G-domain structure of TRAFAC GTPases includes 5 conserved motifs (G1-G5), 

which are involved into phosphate binding (G1-G3) and specific interactions with the guanidine 

ring (G4-G5). Alignment of human GTPBP6 and GTPBP10 with their homologs and the 

classical RA-GTPase of the TRAFAC class EF-Tu highlights the conservation of the functional 

motifs and crucial amino acid residues of the GTPase domain (Figure 13). The most notable 

difference between classical GTPases such as Ras and trGTPases is the substitution of the 

catalytic Glu in the switch II domain by His (Koripella et al., 2015; reviewed by Maracci and 

Rodnina, 2016) and, therefore, different mechanism of catalysis. However, GTPBP6 and 

GTPBP10, as well as their bacterial homologs, have a hydrophobic amino acid at the position 

corresponding to His in trGTPases, so called hydrophobic amino acid substituted for catalytic 

Glutamine GTPases (HAS-GTPases). Different amino acids were proposed to serve as a 

catalytic residue in HAS-GTPases (Batra et al., 2020; reviewed by Goto et al., 2013). Although 

we lack experimental evidence of the exact GTP-hydrolysis mechanism by GTPases involved 

into ribosome biogenesis, it is reasonable to speculate that it is different from both the 

canonical GTPases and trGTPases family. His-9 in RbgA was recently confirmed to serve as 

a catalytic residue in a structural study (Seffouh et al., 2019). However, this residue is not 

conserved in GTPBP6 or GTPBP10, and further biochemical analysis is required to establish 

the catalytic mechanism of these GTPases. 
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Figure 13. Conserved sequence motifs of the ribosome-associated GTPases. The sequence 
alignment was performed using ClustalW2. G2-motif of the E. coli EF-Tu is shown separately 
since generally a primary sequence of the motif is highly variable and the only conserved amino 
acid residue is Tryptophan. The catalytic Histidine in EF-Tu Switch II absent in HAS-GTPases 
is shown in green. 

 

5.2.2   Recruitment to the mitoribosome and the GTPase cycle 

In case of RA-GTPases the ribosome usually serves as a GAP to stimulate GTP hydrolysis as 

it was demonstrated for trGTPases and GTPases involved into (mito)ribosome assembly in 

both bacteria and mammals (reviewed by Bennison et al., 2019; Maiti et al., 2021; Maracci and 

Rodnina, 2016; Rodnina et al., 2019). Thus, the complex of a RA-GTPase*GTP binds a 

(mito)ribosomal particle and after the GTPase completes its task, conformational changes on 

the complex or action of another factor promote GTP hydrolysis and subsequent dissociation 

of the GTPase*GDP.  

Our structural analysis of mtLSU*GTPBP6*GTP complex (Hillen et al., 2021) has confirmed 

that the overall architecture of the protein and the mode of its interaction with mtLSU is 

reminiscent of the other GTPases of the HflX family (Zhang et al., 2015) and highlights the 

same pattern of amino acid residues involved into GTP binding and Mg2+ ion coordination 

(reviewed by Verstraeten et al., 2011). Thus, the ND1/HflX domain accommodates above the 

PTC while the helical linker, or PTC-binding domain, is embedded into the PTC between the 

P-loop and the PTC-loop of the 16S rRNA domain V and occupies the position reminiscent to 

the acceptor arm of the A-site tRNA or catalytic GGQ motif of a release factor. This data 
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suggest that GTPBP6 probably uses a tRNA mimicry strategy similarly to HflX and release 

factors to associate with the mitoribosomal PTC (Nakamura and Ito, 2011; Zhang et al., 2015).  

How does the GTPase activity of GTPBP6 correlate with its function in mitoribosome assembly 

and recycling? Our analysis shows that binding to the 55S mitoribosome or the 39S mtLSU 

does not stimulate GTP hydrolysis by GTPBP6 as we trapped the factor bound to the mtLSU 

in a complex with GTP during biogenesis and after 55S dissociation (Hillen et al., 2021). This 

is in contrast to many other RA-GTPases, including assembly factors (for example, RbgA and 

GTPBP7) and trGTPases (Gulati et al., 2013; Kotani et al., 2013; reviewed by Maracci and 

Rodnina, 2016 for trGTPases). It implies an essential role of GTPBP6 as an anti-association 

factor, which stays bound to the mtLSU until its conformation or action of a specific mediator 

(including translationally competent mtSSU) favor the factor release probably coupled with 

GTP-hydrolysis as it was suggested for HflX (Dey et al., 2018; Zhang et al., 2015). In contrast 

to the typical RA-associated GTPases such as trGTPases and GTPBP5/GTPBP10, the 

GTPase/ND2 domain of GTPBP6 occupies the position on top of the helix 89 and is spatially 

remoted from the GAC (Hillen et al., 2021). Instead, the canonical position between the L7/L12 

stalk base and the SRL is filled with GTPBP6 CTD. This observation suggests that the 

mechanism of GTPBP6 GTPase activation by the mitoribosome is strikingly different from the 

aforementioned RA-associated GTPases but similar to HflX, which possesses the same 

domain location on 50S LSU (Zhang et al., 2015). Thus, GTP hydrolysis by GTPBP6 is 

activated by a mechanism, which does not involve the action of the SRL. Alternatively, the 

GTPase domain displacement toward the GAC precedes GTP hydrolysis by the factor. 

Another member of the Obg/HflX superfamily, GTPBP10, a human homolog of bacterial 

ObgE/CtgA, was previously suggested to localize to the nucleolus (Hirano et al., 2006). 

However, our study revealed that GTPBP10 resides within the mitochondrion as a peripheral 

component of the IMM which is typical for the other mitoribosome assembly factors. Further 

analysis of the GTPBP10 interactome showed that the factor associates specifically with the 

mtLSU, and the other study confirmed that this interaction is significantly increased in the 

presence of non-hydrolysable GTP analog (Busch et al., 2019). The factor has a domain 

composition characteristic to Obg GTPases family: the N-terminal Obg-fold, middle GTPase 

domain and C-terminal domain (Leipe et al., 2002; reviewed by Verstraeten et al., 2011). 

Mutation analysis of the factor demonstrates that both Obg domain and GTPase domain are 

critical for its interaction with the mtLSU. GTPBP10 GTPase domain is situated into 

mitoribosomal GAC between the L7/L12 stalk base and the SRL while the N-terminal Obg-fold 

protrudes toward the PTC and lies beneath the helix 89 (Cheng et al., 2021). GTP hydrolysis 

potentially precedes GTPBP10 release from the mtLSU as it was shown for its bacterial 

homolog ObgE (Feng et al., 2014). 
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Nucleotide exchange is important to shift a GTPase into an active GTP-bound state and to 

induce rearrangements into the protein structure. Many RA-GTPases do not need a GEF to 

exchange GDP molecule for GTP because of the higher abundance of the latter in the cell. 

This is especially relevant for the GTPases involved into ribosome assembly in bacteria since 

they are able to sense the stringent response mediator (p)ppGpp and adjust the ribosome 

assembly process accordingly (Corrigan et al., 2016; reviewed by Bennison et al., 2019). 

However, the situation is more complicated in the case of human mitochondrial ribosome 

biogenesis GTPases. As the mitoribosome synthesizes the 13 core OXPHOS proteins, the 

other OXPHOS components are imported from the cytosol. Therefore, the protein synthesis 

into mitochondria adapts to the influx of the nuclear encoded proteins and serves as a rate-

limiting step for OXPHOS assembly (Bogenhagen and Haley, 2020; Richter-Dennerlein et al., 

2016). Thus, the expression of the mitochondrial and nuclear genomes must be tightly 

coordinated. To achieve this, the synthesis of the mtDNA-encoded OXPHOS proteins is 

regulated via a feedback loop assured by the action of OXHPOS assembly factors, although 

the exact mechanism of mitochondrial translation pausing remains elusive (Richter-Dennerlein 

et al., 2016; Wang et al., 2020). It is tempting to speculate that the translation rate may also 

be regulated at the step of mitoribosome assembly, and that the nuclear-encoded 

mitoribosome assembly factors may play an important role in this process. The guanine 

nucleotide exchange rate regulation may act as a limiting step, preventing an assembly 

GTPase activation and thereby formation of the translationally competent mitoribosomes. 

However, although it was proposed that GTPBP7 utilizes the GEF activity of mtSSU integrated 

dibble-homology (DH) domain-containing MRP mS27 (Kim and Barrientos, 2018) and RCC1L 

may act as a GEF for GTPBP10 and MTG3 or ERAL1 (Reyes et al., 2020), the biochemical 

and physiological relevance of these findings remains to be addressed further.  

5.3   The role of the Obg/HflX superfamily GTPases in human 
mitoribosome biogenesis 

5.3.1   The role of GTPBP10 

Members of the Obg-family GTPases ObgE/CtgA are essential factors involved in a plethora 

of intracellular processes, including the biogenesis of the bacterial ribosomal LSU (Feng et al., 

2014; reviewed by Bennison et al., 2019; Verstraeten et al., 2011). Based on the sequence 

homology to ObgE, two putative GTPases were identified in the human genome: GTPBP5 and 

GTPBP10. Although both proteins resemble ObgE domain organization, GTPBP10 has 2 

extended deletions in the loops of the Obg-fold. Since the loops are crucial for the Obg 

GTPases interaction with the (mito)ribosomal PTC rRNA helices, their altered structure in 

GTPBP10 may suggest that the homologs have evolved distinct molecular mechanisms for 

mitoribosome association.  
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GTPBP10 is essential for late stages of mtLSU maturation when all MRPs with the exception 

of bL36m are incorporated. Our analysis of GTPBP10 interactome revealed that the function 

of GTPBP10 at late stages of mtLSU biogenesis is tightly coupled with DDX28, MRM3, 

TRMT61B, MTERF4-NSUN4, GTPBP7, pseudouridine synthase and MALSU1 modules 

(Lavdovskaia et al., 2018). Recent structural analysis of the GTPBP10-containing mt-LSU 

assembly intermediate has confirmed that the factor acts concomitantly to DDX28, MRM3 and 

MALSU1 module (Cheng et al., 2021). This highly complex interplay of GTPBP10 with the 

other biogenesis factors resembles the process of mtLSU functional centers maturation in 

bacteria, where ObgE cooperates with RsfS (homologous to MALSU1) and RluD 

(pseudouridine synthase) to facilitate the formation of the CP and the PTC (Nikolay et al., 

2021). Remarkably, GTPBP10 does not associate with GTPBP5 (Lavdovskaia et al., 2018). 

Our cryo-EM analysis of the mtLSU assembly intermediates resolved the binding site for 

GTPBP5 (Hillen et al., 2021) and the group of Prof. Dr. Roland Beckman (Cheng et al., 2021) 

obtained the structure of the pre-mtLSU with bound GTPBP10. Both factors, similarly to 

GTPBP6 and ObgE use tRNA mimicry strategy to interact with the mtLSU immature PTC. 

Indeed, the association of the factors with the mtLSU appeared to be spatially mutually 

exclusive.  

Structural analysis suggests that GTPBP10 dissociates from the mtLSU leaving the PTC in 

nearly mature conformation (Cheng et al., 2021). However, our data indicate that downstream 

collaborative action of GTPBP5 and NSUN4 is required for additional refolding of the P-loop 

and ensures the correct ordering of the surrounding MRP elements (Hillen et al., 2021). Thus, 

GTPBP10 may act as a placeholder for GTPBP5 in the vicinity of helix 89. Importantly, 

overexpression of GTPBP10 is deleterious for the levels of the 55S mitoribosome, shifting the 

equilibrium towards the free subunits and further emphasizing its role as an anti-association 

factor similarly to ObgE which abstracts helix 69 from its mature position thereby preventing 

premature subunit joining (Feng et al., 2014). 

Moreover, GTPBP10 is essentially required for the 16S rRNA stability (Lavdovskaia et al., 

2018). As a model for our study, we used a variant of GTPBP10 containing the mutations of 

conserved Arg-64 and Lys-65 residues in Obg-fold. Our results support the importance of the 

electrostatic interactions formed between the charged amino acids of the Obg-fold and the 

PTC rRNA helices as it was previously shown for E. coli ObgE (Feng et al., 2014). In a study 

by Prof. Dr. Barrientos’ group (Maiti et al., 2018), the complete ablation of GTPBP10 revealed 

that the factor is involved in the processing of the 12S rRNA-tRNAVal-16S rRNA transcript, 

providing an exciting link between the assembly of the mitoribosomal subunits. Taking 

together, it is reasonable to speculate that in addition to GTPBP10 function during late stages 

of mtLSU biogenesis where aforementioned factors maturate the CP and the PTC at the 
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intersubunit interface of the mtLSU, GTPBP10 also facilitates the early assembly of the MRP 

clusters on a nascent rRNA transcript probably guiding the separation of 12S and 16S-tRNAVal. 

Although both GTPBP10 and GTPBP5 are involved into late stages of mtLSU maturation and 

can substitute for ObgE depletion in bacterial strains (reviewed by Maiti et al., 2021), our 

findings emphasize that the homologs have acquired distinct functions in human mitoribosome 

biogenesis. In other words, the function of ObgE in bacterial ribosome biogenesis appeared to 

be shared between GTPBP5 and GTPBP10 in human mitochondria and the factors cannot 

compensate for each other.  

5.3.2   The role of GTPBP6 

The members of the HflX GTPases family are not essential in prokaryotes under physiological 

conditions and are involved in stress-activated ribosome recycling pathway (reviewed by 

Bennison et al., 2019; Srinivasan et al., 2019; Verstraeten et al., 2011). While HflX expression 

is typically nearly non-detectable, it dramatically increases upon heat-shock (E. coli, S. 

aureus), antibiotic treatment (L. monocytogenes, Mycobacterium spp.) or manganese stress 

(E. coli)  (Duval et al., 2018; Rudra et al., 2020; Sengupta et al., 2018; Zhang et al., 2015). In 

contrast, GTPBP6 constitutively expresses in all human tissues (reviewed by Srinivasan et al., 

2019). Our findings explain the permanent expression of the factor since, in addition to its 

conserved role during ribosome recycling (discussed in section 5.5), GTPBP6 has acquired a 

crucial function as a mitoribosome maturation factor (Lavdovskaia et al., 2020). Thus, ablation 

of GTPBP6 is detrimental to mitochondrial protein synthesis. The molecular mechanism of the 

translation deficiency originates from the impaired mtLSU biogenesis. GTPBP6 loss results 

into the formation of mtLSU particles, which comprise a full set of the MRPs and are enriched 

in the assembly factors such as MTERF4-NSUN4 and the MALSU1 module, and the GTPases 

GTPBP5, GTPBP7 and GTPBP10 (Lavdovskaia et al., 2020). The accumulation of these 

factors and the presence of all 52 MRPs suggests that the assembly of the particle stalls at a 

very late stage during biogenesis resulting in a nearly mature mtLSU, which, however, is 

incompetent for subunit joining. Structural analysis of this assembly intermediate further 

confirmed that GTPBP6 associates with the mtLSU, which has been previously modified by 

the concomitant action of MTERF4-NSUN4 and GTPBP5 (Hillen et al., 2021). As the binding 

of MTERF4-NSUN4, GTPBP5 and GTPBP6 is mutually exclusive, GTPBP6 probably triggers 

a molecular switch and facilitates the release of the factors. GTPBP6 mediates the PTC rRNA 

elements maturation allowing them to adopt conformations resembling the state characteristic 

to the nearly mature mtLSU particle. Finally, the binding of GTPBP6 keeps the mitoribosome 

functional center blocked against a premature occupation by the translation factors and 

prevents intersubunit bridge formation (Hillen et al., 2021). 
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Although the mass spectrometry analysis has revealed the presence of GTPBP10 in GTPBP6-

deficient mtLSU assembly intermediate(s), we could not visualize any biogenesis complexes 

containing the factor. This might suggest that the GTPBP10-bound pre-mtLSU population is 

not abundant in GTPBP6-depleted cells, thereby indirectly confirming that the GTPBP10 and 

GTPBP6 action is temporally separated. The other curious observation is a significant (more 

than 7-fold) accumulation of GTPBP7-containing mtLSU biogenesis intermediates upon 

GTPBP6 ablation (Lavdovskaia et al., 2020). Biochemical analysis suggested a role of 

GTPBP7 in coupling mtLSU biogenesis with mB6 intersubunit bridge formation, thereby 

meaning that the factor is involved into the very final steps of assembly directly preceding 

intersubunit association (Kim and Barrientos, 2018). Despite the fact that we were not able to 

detect any density corresponding to GTPBP7 in our isolated pre-mtLSU particles, which might 

be due to the high flexibility of the GTPBP7, it is reasonable to speculate that GTPBP6 and 

GTPBP7 may simultaneously accommodate in the particle and their release promote B2a and 

mB6 bridge formation, respectively, finally completing 55S mitoribosome assembly. 

5.4   GTPase-driven structural transitions during mtLSU biogenesis  

Towards to understanding of the mtLSU late biogenesis intermediates 
structure 

Biogenesis of the mitochondrial ribosomes is a complex and highly dynamic process that 

involves the assembly of individual MRP or MRP blocks on an rRNA scaffold and proper folding 

of both rRNA and protein components. While MRPs can drive rRNA folding on their own in 

early stages of mitoribosome assembly, in many cases, additional assembly factors are 

required to overcome the kinetic traps allowing the biogenesis process to proceed further. 

However, the relative order of assembly factors involvement, as well as the conformational 

and compositional transitions induced by the factors remained obscure due to lack of structural 

details. The recent progress of the single particle cryo-EM approach started to fill this gap. 

High resolution cryo-EM has significantly enhanced our understanding of the structural 

composition and remodeling of the pre-mtLSU particles during late stages of biogenesis. Thus, 

detailed resolution of the mtLSU assembly intermediates suggests that the majority of the 

known biogenesis factors are engaged into late stages of maturation acting on the intersubunit 

interface. The final steps of the mtLSU production are reminiscent of bacterial ribosomal LSU 

synthesis and involve intensive tuning of the intersubunit interface and formation of the main 

functional centers such as CP and PTC. In contrast, the solvent side resides into a completely 

mature conformation in agreement with the hierarchical order of MRP clusters incorporation 

(Bogenhagen et al., 2018). Thus, the resolved biogenesis intermediates contain the mature 

domains I-III (with the exception of helices 34-35 of the domain II) and VI of the 16S rRNA, 
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thereby providing insights into the folding of the domains IV and V and subsequent 

incorporation of the late-binding MPRs such as bL33m, bL35m and bL36m. 

The first structure of the native mtLSU assembly intermediates isolated from WT cells 

represent the least mature pre-mtLSU obtained so far and contains completely misfolded 

interfacial rRNA (Brown et al., 2017). The particles were largely devoid of the mitoribosome 

biogenesis factors on the structure except for the MALSU1-L0R0F8-mtACP module. The study 

revealed a conserved function of the module as an anti-association factor required to prevent 

premature subunit association similarly to bacterial RsfS and cytosolic eIF6 (Brina et al., 2015; 

Brown et al., 2017; Gartmann et al., 2010; Nikolay et al., 2021). However, mass spectrometry 

analysis detected several assembly factors associated with the intermediate (e.g., NSUN4, 

GTPBP5, MRM3 and DDX28). Thus, the pre-mtLSU particles likely represent a mixture of the 

distinct biogenesis states corresponding to the action of each assembly factor or complex of 

factors. Indeed, recent extensive studies of the mtLSU assembly intermediates associated with 

the aforementioned biogenesis factors allowed to arrange the assembly states in the most 

plausible order based on the 16S rRNA maturation status induced by the respective assembly 

factor.  

DDX28, MRM3 and GTPBP10 cooperate to promote the CP and the PTC initial 
rRNA folding 

The least mature mtLSU intermediate (Figure 14, state A) revealed how the cooperative action 

of DDX28, MRM3 and GTPBP10 initiates the maturation of the CP and the PTC (Cheng et al., 

2021). Thus, bound DDX28 stabilizes the CP into immature conformation by keeping the 

scaffolding rRNA helices 80-88 upwards from their actual position on the mature mtLSU 

(Cheng et al., 2021). In turn, GTPBP10 Obg-fold stacks against helix 89 and dislodges it from 

the mature position, thereby providing access for methyltransferase MRM3 active site toward 

its target at helix 92. The cooperation of GTPBP10 and MRM3 to modify the A-loop represents 

a striking example of a GTPase-assisted rRNA modification. 

The simultaneous involvement of DDX28 and GTPBP10 suggests that the CP and the PTC 

maturation may be coupled in human mitoribosome as it was observed for bacterial 50S LSU, 

although the functional centers are composed of independent assembly blocks of MRPs 

(Bogenhagen et al., 2018; Nikolay et al., 2018). Dissociation of DDX28 facilitates helices 80-

88 to fold into the position closely resembling the mature state and allowing simultaneous 

incorporation of bL33m and bL35m, further cementing the CP structure (Cheng et al., 2021).  
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Figure 14. A model of the hierarchical GTPase-driven maturation of the mtLSU functional 
centers. Different states are designated in the most plausible order based on the maturation 
status of the rRNA segments (shown as grey cylinders) and the surrounding MRPs. Arrows on 
the mtLSU indicate a shift from the mature position of the respective rRNA helices. In the case 
of GTPBP7, double-headed arrow reflects the proposed flexibility of the factor. Red stars at 
the helix 92 (A-loop) indicate its methylation status. For detailed description of the states, 
please refer to the text. 
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Further, GTPBP10, similarly to ObgE, facilitates helix 89 to adopt its mature-like position most 

likely after the release of MRM3 and DDX28 and hallmarks the transition to state B (Figure 14) 

(Cheng et al., 2021). Interestingly, in bacteria, incorporation of uL16 is spatially possible only 

after helix 89 adopts its mature position guided by the action of ObgE (Nikolay et al., 2021). 

However, this is not the case for the human mtLSU where uL16m is already incorporated when 

GTPBP10 still holds the helix 89 into the immature conformation (Cheng et al., 2021).  

The release of GTPBP10 finally allows an incorporation of bL36m which additionally stabilizes 

the PTC rRNA together with uL16m acting as an evolutionary conserved ‘molecular glue’ 

(Brown et al., 2017; Nikolay et al., 2021). However, at this stage, the incorporation of the MRP 

might be transient as it was suggested that bL36m stably associates with the mtLSU only 

downstream to GTPBP7 and GTPBP5 (Kim and Barrientos, 2018; Maiti et al., 2020). Thus, in 

state C (Figure 14), helices 89-93 accommodate their positions inside the PTC, and the only 

segment of the 16S rRNA which remains completely disordered are helices 68-71.  

MTERF4-NSUN4 module prevents the PTC cleft folding 

The rRNA segments corresponding to the mature helices 68-71 are stabilized by the MTERF4-

NSUN4 when mtLSU assembly intermediate proceeds through the states C-E (Figure 14) 

(Cheng et al., 2021). NSUN4, a methyltransferase that introduces the modification to the 

C1488 of the 12S rRNA, possesses a dual function during mitoribosome assembly. It 

cooperates with MTERF4, an RNA-binding protein, to associate with the mtLSU preventing 

premature subunit joining. Although it was previously suggested that MTERF4-NSUN4 might 

bar the 16S rRNA fragment required for intersubunit bridge formation, the molecular basis of 

this interaction remained unclear (Metodiev et al., 2014). Our structural analysis has confirmed 

the hypothesis (Hillen et al., 2021). Thus, the position of MTERF4 on the pre-mtLSU particle 

overlaps with the helices 68-69 on the mature mtLSU. In agreement with the previous data 

(Metodiev et al., 2014; Spåhr et al., 2012; Yakubovskaya et al., 2012), our structural work 

confirms that NSUN4 does not methylate 16S rRNA since no potential target base was 

observed in the active site of the methyltransferase. In addition, from this position NSUN4 

cannot reach the 12S rRNA providing further evidence that the function of NSUN4 as a 12S 

rRNA methyltransferase and a scaffolding function during mtLSU biogenesis are distinct and 

spatial-temporal separated (Hillen et al., 2021).  

At the states C-E (Figure 14), certain PTC-forming helices maintain non-matured 

conformations/interactions and require further folding and modification. For example, the A-

loop at state C (Figure 14), despite being previously modified at the position G3040, lacks 

additional methylation of U3039 introduced by MRM2. MTERF4 binds to the helices 68-71 of 

the domain IV, displacing them from their mature position and exposing the PTC for the 

dedicated assembly factors which facilitate the modification. 
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Methylation of the A-loop: concerted function of GTPBP5 and MRM2?  

The function of MTERF4 in abstracting helix 71 provides an essential example of the 

biogenesis factors cooperation allowing the A-loop to be targeted by the methyltransferase 

MRM2 to modify U3039 (Figure 14, state D) (Cipullo et al., 2021a; Lenarcic et al., 2021). In 

the reported structures, the MRM2 active site is positioned towards U3039; however, the 

methyl donor S-Adenosyl methionine (SAM) is not present. Previously, it has been shown that 

GTPBP5 is required to facilitate U3039 2-O-methylation by MRM2 (Maiti et al., 2020). The 

other solved mtLSU intermediate structure simultaneously accommodates MRM2 and 

GTPBP5 (Figure 14, state D’), but the positioning of the MRM2 active site towards its target 

nucleotide base is achievable only without bound GTPBP5 otherwise the factor would abstract 

the A-loop from its interaction with MRM2 (Lenarcic et al., 2021; Cipullo et al., 2021a). Although 

we did not detect the interaction of MRM2 with our assembly intermediate, the methylation of 

the helix 92 is completed in our mtLSU*GTPBP5 structure (Figure 14, state E), confirming that 

it took place before or in parallel to GTPBP5 binding (Hillen et al., 2021). Thus, the solved 

intermediate structures rather suggest that GTPBP5 serves as a quality control factor to ensure 

the correct U3039 base modification but the molecular details that would unveil how GTPBP5 

promotes the U3039 methylation by MRM2 remain unclear.  

Additionally, the Obg domain of GTPBP5 stabilizes the mature-like PTC conformation and 

cooperates with the N-terminal domain of NSUN4 to refold the PTC-loop by disrupting its 

interaction with the P-loop tip (state E, Figure 14) (Cipullo et al., 2021a; Hillen et al., 2021; 

Lenarcic et al., 2021).  

GTPBP6 provides the final quality control check point during mtLSU 
maturation 

Our in vitro reconstitution of the mtLSU assembly pathway by adding the recombinant GTPBP6 

to the pre-mtLSU intermediate isolated from GTPBP6 deficient cells allowed us to track the 

final tuning steps preceding the formation of translationally competent mtLSU particle. Thus, 

when MTERF4-NSUN4 and GTPBP5 nearly complete the PTC maturation, GTPBP6 binding 

displaces the factors from the particle and hallmarks the transition to state F (Figure 14). Even 

though the position of the GTPase domain of GTPBP5 in the GAC would allow for stimulating 

the GTP hydrolysis by a conventional SRL-mediated mechanism, the kinetic evidence implies 

that the GTPBP5 GTPase activity is not enhanced by mitoribosomal particles (Kotani et al., 

2013) and the dissociation of the factor from the ribosome does not rely on GTP hydrolysis 

and is likely promoted by another factor (Cipullo et al., 2021b). Therefore, GTPBP6 is a perfect 

candidate to displace GTPBP5 during the last steps of the mtLSU maturation. Finally, 

GTPBP6-mediated MTERF4-NSUN4 dissociation liberates the helices 68-71, and further 

release of GTPBP6 may finally allow them to fall into the mature position within the PTC. Thus, 
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the mtLSU biogenesis is complete and critical intersubunit bridges between the 16S rRNA 

helices and 12S rRNA can form.  

The intriguing function of GTPBP7 

Interestingly, a combination of biochemical and structural analysis suggests that GTPBP6 

might not be the last GTPase to dissociate from the mature mtLSU complex. Previously, 

GTPBP7 was suggested to facilitate the mB6 intersubunit bridge formation (Kim and 

Barrientos, 2018). Structural analysis of the mtLSU assembly intermediates has revealed that 

GTPBP7 binding to the pre-mtLSU particles takes place simultaneously to MTERF4-NSUN4 

(Cipullo et al., 2021a; Chandrasekaran et al., 2021). GTPBP7 accommodates in the vicinity of 

the A- and P-loops of the PTC, assisting the folding of helices 89-93, and directly contacts the 

methylation site of MRM2 and MTERF4-NSUN4 dimer (Chandrasekaran et al., 2021). Slight 

rearrangements within GTPBP7 would also allow the factor to verify the methylation status of 

G3040. In the structure obtained by Chandrasekaran et al. (2021), the position of GTPBP7 

bound to the assembly intermediate is reminiscent of B. subtilis RbgA and T. brucei 

GTPBP7/Mtg1 position although it is shifted more to the bottom of the mtLSU and the exact 

binding sites of the factor appeared to be not conserved (Jaskolowski et al., 2020; Seffouh et 

al., 2019; Tobiasson et al., 2021). Remarkably, in the aforementioned structures, the GTPase 

domain of GTPBP7/Mtg1 is remoted from the conventional position within the GAC of the 

mitoribosomes.  

However, in a complex with GTPBP5 and MRM2 the factor appeared to be displaced and the 

only contact to the PTC is mediated by disordered helix 68 (Cipullo et al., 2021a). In this 

conformation GTPBP7 is unlikely to induce any conformational changes within the PTC or 

promote the other factors to bind or dissociate. Thus, it is reasonable to speculate that GTPBP7 

associates with mtLSU intermediates in a highly flexible manner which in turn authorizes the 

GTPase to ensure the proper folding of the PTC-loop and modifications in the A-loop and to 

expose the rRNA core of the PTC for the action of the other biogenesis factors when required. 

Although we could not detect any density which might correspond to GTPBP7 in our GTPBP6-

containing assembly intermediate, the allocation of GTPBP7 on the mtLSU bottom would not 

interfere with GTPBP6. Moreover, since the GTP-hydrolysis by GTPBP7 is stimulated by the 

mature mtLSU and even more significantly by the 55S mitoribosome (Kotani et al., 2013), it is 

tempting to assume that the GTPase activity is required for GTPBP7 dissociation from the 

mature particle in parallel with GTPBP6.  
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Limitations of the mitoribosome assembly complexes analysis by cryo-EM  

Recent progress in cryo-EM allowed to improve the resolution limit and advanced image 

classification approaches now make it possible to characterize even minor particle populations. 

Even though trapping of the native assembly complexes appeared to be a challenge since the 

intermediates trapped on their native pathway in WT cells were largely devoid of biogenesis 

factors (Brown et al., 2017). Several strategies have been recently applied to overcome this 

issue and unveil the role of the dedicated factors into mtLSU maturation. The first approach 

implies the genetic perturbation of the mtLSU biogenesis pathway by deletion of an assembly 

factor and subsequent structural analysis of accumulated assembly intermediates. However, 

one of the apparent limitations of the strategy is that it has to be further determined that the 

intermediate is competent for further progression into the mature subunit and represents the 

actual substrate for the factor binding. For example, in bacteria, the ribosomal particles formed 

upon depletion of GTPases YjeQ or Era largely represent off-pathway intermediates 

incompetent for the external recombinant factors binding. Consequently, around a half of the 

particles are not able to progress to form the mature 30S SSU (Thurlow et al., 2016). 

Accounting that many of the late mtLSU biogenesis factors serve to stabilize rRNA into specific 

non-native conformations, which further facilitate the proper folding of the PTC, it is reasonable 

to expect that in the absence of the factor, rRNA would spontaneously fold into the most 

thermodynamically stable conformation and might represent even a downstream intermediate. 

Additionally, there is a possibility of activation of an alternative assembly pathway to overcome 

the artificial block. 

In our study, we used mtLSU biogenesis intermediates purified from the GTPBP6-deficient 

cells (Hillen et al., 2021). To prove that the particles are on-pathway intermediates we 

reconstituted the assembly process by adding recombinant GTPBP6 and consequently 

observed a portion of the intermediates bound to the factor and resembled nearly mature 

mtLSU. In a similar study by Cipullo et al. (2021a) the structure of the GTPBP5-deficient mtLSU 

assembly intermediates was characterized and further compared to the intermediates isolated 

via affinity tagged GTPBP5, thus combining the first strategy with the second approach, which 

implies affinity purification of the pre-mtLSU particles containing tagged assembly factor(s) 

bound to the complex (Cipullo et al., 2021a; Cheng et al., 2021; Lenarcic et al., 2021). Although 

the using of the affinity purification is preferable since it reflects the on-pathway it remains 

speculative whether the observed structural transitions represent the direct effect of an 

assembly factor and do not happen spontaneously or as a result of another factor, which was 

not possible to trap during structural analysis. Additionally, the strategy is probably not 

applicable to every biogenesis factor. For example, since ribosome assembly GTPases 

possess an anti-association activity (reviewed by Bennison et al., 2019; Maiti et al., 2021), their 

overexpression affects (mito)ribosome biogenesis and might lead to the formation of non-
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native intermediates hindering their further progression. Thus, expression of the affinity tagged 

biogenesis GTPases should be accurately titrated to avoid possible adverse effects and 

artifacts. 

The other challenge on the way to unveil the mitoribosome assembly pathway using the single 

particle cryo-EM technology is indeed the preparation of the samples suitable for the structural 

analysis. Assembly intermediates are usually low abundant, heterogeneous and possess 

compromised stability. Thus, improving the purification conditions, grids preparation and 

particle classification techniques will allow to strictly determine the actual composition of the 

assembly intermediates. For example, as it was discussed previously, the biochemical data 

suggest that GTPBP7 associates with the pre-mtLSU particle simultaneously to MTERF4-

NSUN4 module and most likely stays bound until the subunit completes its maturation. 

However, GTPBP7 was detected only in half of the intermediates potentially corresponding to 

the factor-bound state (found in the studies by Cipullo et al., 2021a; Chandrasekaran et al., 

2021; absent in the studies by Hillen et al., 2021; Lenarcic et al., 2021). Despite we observe a 

significant accumulation of GTPBP7 on the mtLSU biogenesis intermediates purified from 

GTPBP6-deficient cells (Lavdovskaia et al., 2020), the factor was not identified in the structure 

probably due to its high flexibility or minor pre-mtLSU*GTPBP7 particle sub-population.  

Another challenge is to sieve any artifacts arising during sample preparation. The paradigm 

suggesting that the ribosome should be devoid of association with translation factors during 

the biogenesis process appeared to be shifted in the case of the mitoribosome assembly in 

humans. For example, in a study by Cheng et al. (2021) a tRNA was detected in the E-site in 

certain assembly intermediates. The authors could not withdraw the possibility that the tRNA 

binding occurred accidently, although a possible function in monitoring the maturation status 

of the CP was suggested (Cheng et al., 2021). Another unexpected finding is the association 

of mtEF-Tu with the maturing mtLSU particle together with GTPBP5 (Cipullo et al., 2021a). 

Although the authors claim that mtEF-Tu provides a binding platform for GTPBP5, it appeared 

to be dispensable for GTPBP5 association in our study (Hillen et al., 2021) and in the study by 

Lenarcic et al. (2021). Further biochemical analysis is required to solve this discrepancy.  

5.5   Novel recycling pathway for human mitoribosomes  

The canonical mitoribosome recycling system has evolved from its bacterial counterpart and 

consists of mtRRF, mtEF-G2 and mtIF3. However, our data indicate the existence of an 

alternative ribosome recycling pathway in human mitochondria actively mediated by GTPBP6. 

Therefore, the ribosome recycling activity is conserved among the HflX-family GTPases. 

GTPBP6 is able to promote dissociation of both bacterial- and mito-ribosomes, and in vitro 

assays show that the factor splits vacant ribosomes or ribosomal complexes with deacylated 

tRNA in the P-site. Notably, the presence of peptidyl-tRNA would sterically clash with GTPBP6, 
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thereby ensuring that actively translating ribosomes are protected from GTPBP6-mediated 

splitting. This mechanism is reminiscent of HflX and mtRRF-mtEF-G2 since both factors 

preferably bind the rotated conformation of the ribosome with deacylated tRNA in the P-site, 

which is subsequently shifted into the P/E hybrid state (Aibara et al., 2020; Koripella et al., 

2019b; Koripella et al., 2021; Koripella et al., 2020; Kummer et al., 2021; Zhang et al., 2015).  

Rapid kinetic measurements suggest that GTPBP6 actively separates ribosomal subunits 

without the assistance of any other factor with a dissociation rate constant comparable to HflX 

(Lavdovskaia et al., 2020). Remarkably, GTPBP6 splitting activity essentially depends on GTP-

binding but does not require GTP hydrolysis, similarly to HflX and mtRRF-mtEF-G2 

(Lavdovskaia et al., 2020; Koripella et al., 2019b; Tsuboi et al., 2009; Zhang et al., 2015; 

Koripella et al., 2020; Koripella et al., 2021) but contrary to bacterial RRF/EF-G (reviewed by 

Rodnina, 2018). Our structural analysis of the split mtLSU with bound GTPBP6*GTP has 

revealed that the target site for GTPBP6-mediated mitoribosome recycling is a conserved 

intersubunit bridge B2a formed by helix 44 of the 12S rRNA and helix 69 of the 16S rRNA from 

the mtSSU and mtLSU side, respectively (Hillen et al., 2021). GTPBP6 contacts helix 69 via 

Trp-107 of the NTD and shifts it towards the position occupied by helix 44 in the intact 

mitoribosome. This mechanism of helix 69 displacement is reminiscent of HflX, although the 

latter does not directly contact this helix (Dey et al., 2018; Zhang et al., 2015). Apparently, the 

critical B2a bridge disruption by helix 69 dislocation is a basic underlying mechanism of 

ribosome subunit dissociation among different recycling systems. However, the canonical 

recycling machinery in both bacteria and human abstracts helix 69 by capturing it between 

domain I and II of mtRRF/RRF and directly lift it from helix 44 acting as tweezers (Fu et al., 

2016; Kummer et al., 2021; Koripella et al., 2021; Zhou et al., 2020). This motion is induced 

by mtEF-G2 or EF-G, respectively, coupled with GTP hydrolysis by EF-G in the bacterial 

recycling system. Thus, the more prominent way of helix 69 displacement by canonical 

recycling system explains its efficiency, which exceeds GTPBP6-mediated splitting activity by 

~4.25 fold under our experimental conditions. It remains to be further clarified if GTPBP6 

binding stabilizes the rotated state of the mitoribosome in a manner similar to mtEF-G2, which 

favors further intersubunit bridges disruption (Koripella et al., 2020; Koripella et al., 2021).  

The post-splitting complex of mtLSU*GTPBP6*GTP captured in our structural analysis 

probably represents the final recycling product of the mtLSU. Deferred GTP hydrolysis by 

GTPBP6 after mitoribosome dissociation highlights an additional role of GTPBP6 as an anti-

association factor for mtLSU during mitoribosome recycling. Similarly, (mt)IF3 prevents 

premature (mt)SSU engagement into a new round of translation (Koripella et al., 2021; 

Koripella et al., 2019b; reviewed by Ayyub and Varshney, 2019). However, the exact 

mechanism that triggers GTP hydrolysis and subsequent release of GTPBP6 from mtLSU 

during both biogenesis and recycling remains to be clarified. It is tempting to speculate that 
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pre-IC2 (mtSSU*mtIF2*mtIF3) joining promotes further SRL shift towards GTPBP6 

GTPase/ND2 domain, thereby activating GTP hydrolysis and GTPBP6*GDP release from the 

mtLSU in a similar way suggested for mtLSU*mtRRF*mtEF-G2*GTP complex (Koripella et al., 

2020; Koripella et al., 2019b). Thus, GTPBP6 provides an elegant link between the 

mitoribosome rescue and the formation of a translationally competent mitoribosome after 

recycling. 

Although our findings suggest an active role of GTPBP6 in mitoribosome recycling, its 

physiological relevance is unclear. In accordance to the HflX function in bacteria (reviewed by 

Bennison et al., 2019; Srinivasan et al., 2019; Verstraeten et al., 2011), it is reasonable to 

speculate that GTPBP6 is involved in the rescue of the ribosomes stalled upon aberrant non-

stop mRNA translation or due to aminoacyl-tRNA starvation. Recently, the novel 

mitoribosome-associated quality control pathway has been reported (Desai et al., 2020). 

Mitoribosomes stalled during translation elongation due to tRNA depletion appeared to be split, 

resulting in mtLSU particles with a peptidyl tRNA in the P-site. These mtLSU complexes are 

rescued by C12ORF65 (mtRF-R) and C6ORF203 (MTRES1). mtRF-R facilitates the hydrolysis 

of the nascent polypeptide chain according to its function as a release factor and MTRES1 

removes the remaining tRNA. The preceding mitoribosome dissociating mechanism remains 

unclear. However, it is unlikely that the subunit splitting result from the GTPBP6 activity since 

the post splitting complex still contains peptidyl tRNA in the P-site thereby sterically excluding 

GTPBP6 binding. GTPBP6 binding would be only possible if the peptidyl-tRNA would 

spontaneously adopt the P/E hybrid state.  

Another scenario implies the possible role of GTPBP6-driven mitoribosome recycling in 

rescuing mitoribosomes stalled on non-stop mRNAs. The pathway is initiated by an action of 

a mitochondrial codon-unspecific tRNA hydrolase, ICT1 (mL62) (Feaga et al., 2016; Kummer 

et al., 2021). ICT1 binds specifically to the mitoribosomes with a partially empty mRNA 

channel. Associated with the A-site, ICT1 probes the mRNA channel from the PTC to the 

mRNA entry site with its C-terminal domain. Although the mitoribosome substrates are different 

for ICT1 and the canonical mitochondrial release factor mtRF1a (Soleimanpour-Lichaei et al., 

2007; Richter et al., 2010), their mechanism of binding to the mitoribosome and of a nascent 

polypeptide chain release appeared to be strikingly similar (Kummer et al., 2021). ICT1 is a 

human homolog of bacterial ArfB (YaeJ). The latter factor rescues ribosomes stalled on non-

stop truncated mRNAs (Chan et al., 2020) and was proposed to precede the HflX-mediated 

splitting of stalled 70S ribosomes (Zhang et al., 2015). Thus, it is tempting to assume that the 

action of ICT1 precedes GTPBP6-mediated mitoribosome recycling activity in a similar 

scenario. Available structural data do not allow to distinguish architectural features of post-

hydrolysis mitoribosome complexes that would specifically favor recycling by GTPBP6 instead 

of the canonical recycling system. Therefore, the choice of a recycling pathway is probably 
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defined by physiological conditions rather than by the structure of the mitoribosome complex 

itself.  

5.6   Structural basis of the dual function of GTPBP6 in human 
mitochondria 

GTPBP6 possesses the basic domain architecture characteristic to the other members of the 

HflX GTPases family. The family is characterized by the presence of a highly conserved 

GTPase domain (ND2) generally responsible for the ribosome binding (reviewed by Srinivasan 

et al., 2019). On the contrary, there are certain structural differences between ND1 domains 

among species. Those differences probably reflect functional adaptations of the HflX family 

GTPases to operate within distinct stress response pathways. For example, E. coli HflX is 

devoted to rescue stalled ribosomes in heat-stress and apply its ND2 GTPase activity to 

dissociate the ribosome, whereas ND1 together with the linker domain is capable of binding 

ATP and serves as a helicase to unwind damaged rRNA (Dey et al., 2018; Zhang et al., 2015). 

Although only GTP-binding is essential for HflX interaction with 70S ribosomes or 50S LSU, 

ATP facilitates the PTC-binding domain to come into close contact to the P- loop, thereby 

promoting rRNA refolding (Dey et al., 2018; Zhang et al., 2015). HflX was not characterized as 

a classical ATPase (Jain et al., 2013); however, several amino-acid residues in the ND1 

domain were bioinformatically predicted to be crucial for ATP docking, including Arg-90 and 

Asp-102 (E. coli numbering) (Srinivasan et al., 2019). Arg-90 and Asp-102 correspond to Lys-

187 and Asp-199 in human GTPBP6. However, none of the residues are crucial for GTPBP6 

function as a ribosome biogenesis factor (Lavdovskaia et al., 2020). Moreover, a combination 

of rapid kinetic measurements and cryo-EM analysis suggest that GTPBP6 fulfills its function 

in driving the PTC maturation and ribosome recycling without complementation of adenosine 

nucleotides (Hillen et al., 2021; Lavdovskaia et al., 2020). In contrast, Asp-199 appeared to be 

critical for GTPBP6 recycling activity, suggesting that although the residue does not promote 

ATP binding, it is probably required for correct positioning of GTPBP6 Trp-107 towards the 

mitoribosome intersubunit bridge resulting in mitoribosome dissociation (Hillen et al., 2021; 

Lavdovskaia et al., 2020). The importance of the Asp-199 for the GTPBP6 recycling function 

further emphasizes the evolutionary conserved involvement of the ND1 domain of HflX-related 

GTPases into the stress-induced rescuing pathways of (mito)ribosomes. 

Structural analysis of the GTPBP6-bound mtLSU biogenesis and recycling complexes 

revealed that the factor executes its dual function in a complex with GTP, suggesting that 

association with the co-factor is a prerequisite for its interaction with the mtLSU (Hillen et al., 

2021). Mutational analysis of the GTPBP6 GTPase domain indicates the importance of the 

Ser-437 for the factor dissociation activity on 70S ribosomes in vitro (Lavdovskaia et al., 2020). 

Despite the exact function of the residue in mitoribosome assembly GTPases remains to be 
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elucidated, it is tempting to speculate that as a part of the G5 motif it is involved into interactions 

with the guanine ring. Previously, we have shown that the corresponding Ser-325 into 

GTPBP10 is crucial for its binding to the mitoribosome (Lavdovskaia et al., 2018). In contrast 

to the loss of the ribosome recycling activity, the GTPBP6 S437P mutant retains its 

mitoribosome biogenesis function, although to a lower extend (Lavdovskaia et al., 2020). A 

possible explanation for this discrepancy can be (i) even though S437P attenuates GTP-

binding, GTPBP6 is able to associate with the mtLSU without a bound nucleotide as it was 

demonstrated for S. solfataricus HflX (Blombach et al., 2011) and complement the subunit 

biogenesis to a certain extend. In contrast, GTPBP6 interaction with the 55S mitoribosome 

indispensably requires GTP-binding; (ii) alternatively, S437P does not abolish the nucleotide 

binding itself but disrupts complex inter-domain interactions of GTPBP6 which are specifically 

required for 55S splitting but not for mtLSU maturation. The recycling function of HflX on 70S 

ribosomes essentially relies on the extensive inter-domain interactions mediated by salt 

bridges (Jain et al., 2013). Although the residues involved in the HflX inter-domain 

communication are not conserved in GTPBP6, it is reasonable to assume that the same 

mechanism of a cross-talk also exists. 

Our previous observation that GTPBP6 function in mitoribosome recycling essentially requires 

GTP-binding but not GTP hydrolysis is further supported by mutational analysis. Conserved 

Gly-325 (Gly-352 in GTPBP6 numbering) in G4 motif was found to be essential for GTP 

hydrolysis by S. solfataricus HflX (Huang et al., 2010). In agreement with the residue function, 

G352P substitution completely abolishes GTPBP6 function as a ribosome biogenesis factor. 

In contrast, the mutant retains a rate of ribosome recycling activity comparable to WT protein. 

Indeed, the GTP-hydrolysis and subsequent dissociation of GTPBP6*GDP is an essential 

prerequisite of the subunits joining and translationally competent mitoribosome formation but 

is not required for mitoribosome splitting.  

In summary, our data suggest that mitoribosome biogenesis and recycling activities of 

GTPBP6 are independent of each other and involve different regions of the factor.  
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6   Summary and outlook 

In conclusion, a combination of high resolution structural analysis with biochemical and 

genome editing techniques allowed to propose a hierarchical model for the folding of the 

mitoribosome functional center and to unveil the role of the biogenesis factors in driving the 

structural transitions within the mtLSU interface. Thus, at least 4 GTPases are involved into 

the late stages of mtLSU assembly to form the PTC: GTPBP5, GTPBP6, GTPBP7 and 

GTPBP10. They protect the catalytic site from the premature binding of translation factors and 

serve as assembly check points, probing the maturation status of the respective rRNA 

domains. GTPases extensively collaborate with other assembly factors as exemplified by 

DDX28-GTPBP10 and MRM2-GTPBP5 interactions. However, we still lack the mechanistic 

details of these interactions since the structural data obtained so far are controversial. 

Remarkably, the aforementioned GTPases tightly associate with the mtLSU in a GTP-

dependent manner, but their departure most likely implies distinct underlying mechanisms. 

Further biochemical analysis will clarify the link between GTP binding vs. hydrolysis and 

mitoribosome association of the assembly GTPases. Moreover, the mtLSU assembly 

GTPases serve as anti-association factors to prevent premature subunit joining. In this case, 

GTPBP6 represents the first identified example of how the mitoribosome recycling might be 

coupled with the assembly of a new functional 55S particle.  

Why are so many GTPases required to guide the last steps of the mtLSU maturation? Bacterial 

ribosome assembly machinery accounts for at least 4 GTPases which assist the PTC 

maturation (despite their presence in species may vary) (reviewed by Bennison et al., 2019; 

Verstraeten et al., 2011). Certain proteins do not have homologs in higher eukaryotes; for 

example, the Der-related GTPases are not present in mammalian genomes. Instead, the 

function of the bacterial ObgE is distributed between two homologs – GTPBP5 and GTPBP10; 

GTPBP6 has acquired an additional role of a mitoribosome biogenesis factor in humans. An 

extensive investigation of the mitoribosome assembly GTPases shows that the role of each 

factor is unique and indispensable. As it was demonstrated by the structural studies, the 

functional center of the mitoribosome is the final region of the mtLSU to be matured. It has an 

essential physiological relevance since the universally conserved PTC is critical for ensuring 

the accuracy and fidelity of translation. Therefore, aberrantly assembled particles must be 

prevented from being engaged into the (mito)ribosome. The mtLSU biogenesis GTPases 

facilitate its maturation and also fulfill the quality control function. Since the factors use a tRNA 

mimicry strategy to associate with the PTC, this raises the hypothesis that the mechanism 

implicates a ‘translation test-drive’ of the mitoribosome functional center to dissect the correctly 

assembled particles to progress into the mature translationally competent subunits. The same 

strategy was suggested for the assembly GTPases of the cytosolic 60S LSU (Bussiere et al., 
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2012). Apparently, GTPases appeared to be an indispensable evolutionary conserved tool to 

regulate ribosome biogenesis.  

What is the regulatory mechanism of mitoribosome assembly GTPases? In bacteria, ribosome 

assembly GTPases are sensors of the stringent response alarmone (p)ppGpp. A GTPase 

bound to the co-factor blocks the ribosome maturation at late stages by acting as an anti-

association factor. Indeed, this driving mechanism cannot be applied to their mitochondrial 

counterparts. Do the mitochondrial GTPases sense the intracellular levels of guanosine 

nucleotides? Alternatively, does their activity rely on the GEFs? These questions remain to be 

addressed in the future and will provide the mechanism of how the assembly GTPases adjust 

the biogenesis of the mammalian mitoribosome in response to the cellular/organellar needs.  
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