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Abstract

Human mitochondrial ribosomes are highly divergent from all other known ribosomes and are 

specialized to exclusively translate membrane proteins. They are linked with hereditary 

mitochondrial diseases, and are often the unintended targets of various clinically useful antibiotics. 

Using single-particle electron cryo-microscopy we have determined the structure of its large 

subunit to 3.4 angstrom resolution, revealing 48 proteins, 21 of which are specific to 

mitochondria. The structure unveils an adaptation of the exit tunnel for hydrophobic nascent 

peptides, extensive remodeling of the central protuberance including recruitment of mitochondrial 

tRNAVal to play an integral structural role, and changes in the tRNA binding sites related to the 

unusual characteristics of mitochondrial tRNAs.

Introduction

The human mitochondrial (mt) genome encodes 13 essential proteins of the oxidative 

phosphorylation (OXPHOS) complexes of the inner mitochondrial membrane. These 

proteins are translated by a dedicated set of ribosomes (mitoribosomes). The mitoribosome 

has a sedimentation coefficient of 55S and consists of a large (LSU, 39S) and small (SSU, 

28S) subunit. These subunits contain a 16S rRNA and 12S rRNA respectively, and no 5S 

rRNA (1). They differ from cytoplasmic and bacterial ribosomes in having a high protein to 

RNA ratio. All proteins synthesized by human mitoribosomes are hydrophobic, integral 

membrane proteins and some require prosthetic groups for folding and functioning. Unlike 

their cytoplasmic counterparts, human mitoribosomes are permanently tethered to the 

mitochondrial inner membrane through the LSU (2). Mitochondrial diseases affect >1 in 

7500 live births (3) with defects of mitochondrial translation responsible for a subgroup 

associated with decreased OXPHOS activity (reviewed in (4)). Cancer cells have amplified 

OXPHOS capacity and elevated mitochondrial protein translation compared with adjacent 

stromal tissue (5). Specific inhibition of mitoribosomes has successfully induced selective 

cytotoxicity in leukemia cells (6) establishing mitoribosomes as drug targets for cancer. 
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Furthermore, mitoribosomes are often the unintended targets of various clinically useful 

antibiotics that target protein synthesis by bacterial ribosomes (7).

The high-resolution structure of the yeast mt-LSU revealed a major remodeling of 

mitoribosomes compared to bacterial and cytoplasmic ribosomes (8). However, yeast 

mitoribosomes are themselves very distinct from mammalian mitoribosomes. Structural 

information for mammalian mitoribosomes is limited to a ~5 Å reconstruction of porcine 

LSU (9) and a ~7 Å structure of bovine 55S (10) that suggested substantial differences with 

the yeast mitoribosome. Here we report a stereochemically refined, nearly complete model 

of human mt-LSU at 3.4 Å resolution, achieved by a combination of rapid biochemical 

purification in mild conditions (11), and recent developments in data processing (12) and 

model building (8). We identify 16 more proteins than in the previous porcine model (9) and 

reveal mt-tRNAVal as a key structural component of the mitoribosome.

Overall structure of human mt-LSU

Intact human mitoribosomes were purified from human embryonic kidney (HEK293) cells 

within 28 hours of mitochondria disruption (11) and visualized using single-particle electron 

cryo-microscopy (cryo-EM) (Fig. S1). The data were processed resulting in a reconstruction 

that extends to 3.8 Å (Fig. S1). The SSU displays considerable conformational heterogeneity 

with respect to the LSU, so the SSU map could not be interpreted with an atomic model. The 

use of a soft mask over just the LSU improved its map quality and overall resolution to 3.4 

Å (Fig. S1D).

The model of the human mt-LSU contains two structural RNA molecules (16S mt-LSU 

rRNA and the newly identified mt-tRNAval), as well as a tRNA bound to the E site (Fig. 

S3], and 48 proteins, of which 21 are specific to mitochondria (Table S2, Fig. 1 and Fig. S4). 

Five additional short protein elements remain unassigned, but probably correspond to 

unbuilt protein extensions. The mt-LSU is highly protein-rich with over two-thirds of the 

total mass of 1.7 MDa consisting of proteins, of which 0.54 MDa can be attributed to 

mitochondria-specific elements. This gives the human mt-LSU a distinct morphology from 

both bacterial ribosomes and yeast mitoribosomes (Figs. S5 and S6). The connectivity 

between proteins has also expanded, with each protein making an average of 4.9 contacts 

(Fig. S7). Both the average mass of the mitoribosomal proteins and the number of inter-

protein contacts exceeds those of the mammalian cytoplasmic ribosome (13).

While the protein composition has substantially increased, the length of mt-LSU rRNA 

(1559 nucleotides] has halved compared to bacterial 23S rRNA. Contraction has occurred in 

all domains (Figs. S8-S10). Using base-pair information extracted from the structure we 

have constructed a revised secondary structure diagram of mt-LSU rRNA (Fig. S7). In 

contrast to yeast mitoribosomes where rRNA deletions are minor and primarily occur at the 

tunnel exit (8), deletions of human mitoribosomal RNA are numerous and evenly 

distributed. The reduction is frequently a result of shortening surface exposed helices. The 

extant regions are bridged by 37 short ‘bypass segments’ often of just 2-4 nucleotides (Fig. 

S9). When internal helices are excised, the location of downstream rRNA elements typically 

remains unaffected. For example, helices 95-97 (including the sarcin-ricin loop that is 
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essential for GTP-catalyzed steps of translation] have conserved locations despite the 

absence of connecting stem h94, due to partial stabilization by mitochondria-specific 

proteins (Fig. S11). Truncation of rRNA and the absence of 5S rRNA have presumably 

contributed to the loss of uL5, bL25, and bL31 from the mt-LSU compared to bacterial 

ribosomes (Fig. S8). However, uL6 is absent despite strong conservation of the rRNA to 

which it binds.

Mitochondria-specific protein elements

Proteins homologous to those in bacteria are, on average, ~60% larger in the human mt-

LSU. The extensions are shorter and not conserved with those in the yeast mitoribosome (8) 

(Fig. S4). Although some of the extensions fill voids left by rRNA deletions, the amount of 

rRNA replacement by protein extensions is small (Fig. S12). Some extensions protrude into 

solvent, but predominantly they interact with mitochondria-specific protein elements (Table 

S3).

Mitochondria-specific proteins are peripherally distributed over the solvent accessible 

surface of the ribosome (Fig. 1) with clusters at the central protuberance, the L7/L12 stalk 

and adjacent to the polypeptide exit site. They have generally adopted new positions rather 

than compensating for lost rRNA (Fig. 1 and Fig. S12), although a large deletion in domain 

III (h53-h59) is occupied by a ~100 kDa heterodimer of mL37 and mS30 (Fig. S12). Other 

mitochondria-specific proteins that compensate for lost rRNA (mL41, mL42, mL49, and 

mL51) are relatively small proteins that help stabilize bypass segments. The effect of not 

compensating all lost rRNA is an architecture less compact than cytoplasmic ribosomes. 

Despite the increased porosity, the rRNA accessible to solvent has reduced by 52% 

compared to bacterial ribosomes. This decrease can only partially be accounted for by 

reduced rRNA content (41%), with new protein elements contributing by burying 32,500 Å2 

of rRNA surface. This agrees with the hypothesis that accretion of mitochondria-specific 

elements shield the rRNA from reactive oxygen species (14) that are elevated in 

mitochondria as a by-product of OXPHOS and are a major source of RNA damage.

Two of the proteins (mS30 and bS18a) were previously classified as components of the mt-

SSU (10,15). The presence of three sequence variants of bS18 had led to suggestions that 

differential incorporation of bS18 variants generates a heterogeneous population of 

mitoribosomes (16). However, the identification of bS18a in the mt-LSU suggests that bS18 

variants may not promote structural diversity, but represent a duplicated fold incorporated 

into distinct locations of the mitoribosome.

Mt-tRNAVal is a part of the central protuberance

The map of human mt-LSU reveals a density corresponding to an L-shaped RNA molecule 

located at the top of the central protuberance in a position similar to that occupied by 5S 

rRNA in cytoplasmic ribosomes (Fig. S13). The RNA component was also reported in the 

porcine mitoribosome (9). We biochemically extracted the RNA molecule from purified 

human mt-LSU (Fig. S13A) and using deep RNA-sequencing (11) identified it as mt-

tRNAVal (Fig. 2). A structural model of this tRNA agrees well with the density (Fig. S13B-

D).
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That mt-tRNAVal becomes incorporated over other tRNAs may result from its location in 

the mtDNA chromosome (17). The mt-tRNAVal gene is flanked by the two mt-rRNA genes, 

which are transcribed together as a polycistronic transcript (18) (Fig. S13E). In bacteria, it is 

the 5S rRNA gene that is located adjacent to the rRNA genes and co-transcribed with them 

as part of a polycistronic message (19). As with 5S rRNA in bacteria, mt-tRNAVal would be 

present in stoichiometric amounts after processing, and spatially coincident for incorporation 

into the LSU. The 12S rRNA-tRNAVal-16S rRNA organization is almost invariant amongst 

vertebrates (20).

Remodeling of the central protuberance

The central protuberance of the human mt-LSU is substantially different from other 

ribosomes, including the yeast mitoribosome, as a result of the absence of 5S rRNA and its 

associated proteins (uL5, bL25 and bL31) coupled with the incorporation of mt-tRNAVal 

and mitochondria-specific proteins (Fig. 3). Despite the remodeling, two functions of the 

central protuberance are maintained, through entirely mitochondria-specific elements; an 

interaction with the head of the small subunit, and with tRNAs bound to the ribosome (Fig. 

S14). This suggests that the interdependence between inter-subunit communication and the 

fidelity of translation (21) is preserved in mitoribosomes. Due to functional flexibility at the 

interface, we could not assign the density mediating these functions to specific elements. It 

is coordinated by an entirely mitochondria-specific cluster (mL40, mL46, mL48) that is 

bound to the base of the central protuberance (uL18, bL27, mL38, mL52 and ICT1) through 

mt-tRNAVal (Fig. 3B) and by an unknown mitochondria-specific protein of the small 

subunit (Fig. S14). This region is likely to undergo structural rearrangement during 

translation ((reviewed in ref. 22), for which mt-tRNAVal might provide the necessary 

plasticity. In the yeast mitoribosome this function could be realized through unique rRNA 

expansion segments (8).

Mt-tRNAVal is located at the top of central protuberance with the acceptor stem exposed to 

solvent and less well resolved than the anticodon arm, which is ordered due to contact with 

uL18, mL38, mL40 and mL48 (Fig. 3C-D). mL40 binds through a 70 Å long helix that 

stretches from the tip of the acceptor arm to the anticodon stem where it makes base-specific 

interactions in the major groove. uL18, mL38 and mL40 primarily interact with the 

phosphate backbone. The core architecture of the central protuberance is maintained by 

mL38, which intertwines with the proteins of the base of the central protuberance and 

anchors the central protuberance to the rRNA core of the LSU body (Fig. 3), thereby 

performing a similar role to 5S rRNA in cytoplasmic ribosomes. ICT1 and long helical 

elements of mL52 and CRIF1 (Fig. 3 and Fig. S15) further connect the central protuberance 

to the main body. A structurally similar feature of an α-helix bridging the body and central 

protuberance is seen in the yeast mitoribosome (8).

Remodeling of tRNA binding sites

Conventional tRNAs have four-armed cloverleaf secondary structures and L-shaped tertiary 

structures. However, many human mt-tRNAs have absent or reduced D- and/or T-loops that 

form the tRNA elbow (Fig. 4A) (23). To accommodate these highly variable loops the 
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tRNA-binding sites have dispensed with elements, common to other ribosomes that interact 

with the tRNA elbow (Fig. 4B). In the A site, uL25 and the tip of h38 that are responsible 

for fixing the elbow of A-site tRNA in bacteria (24,25) have been lost. uL25 is also absent in 

the yeast mitoribosome (8). Similar deletions are observed in the P site, with the loss of the 

elbow-stabilizing uL5 and h84 (Fig. 4C). The L1 stalk, which controls the dynamics of 

tRNA ejection (26), also lacks the RNA segments (h76-h77) that bind the elbow of E-site 

tRNAs (27)(28)(Figs. S8 and S9), although the remodeled stalk is not resolved in our 

structure. There do not appear to be additional stabilizing interactions at the acceptor stem, 

suggesting that human mt-tRNAs are less tightly bound to mitoribosomes.

The L7/L12 stalk

The L7/L12 stalk is a large ribosomal protrusion responsible for the recruitment of 

translation factors, as well as stimulation of factor-dependent GTP hydrolysis. In bacteria it 

is formed by 23S rRNA (h42-h44), uL10, uL11 and multiple copies of uL12 (29). In the 

absence of translational factors, the stalk is generally highly flexible and not well resolved in 

cryo-EM or crystal structures. In our reconstruction, the stalk is partially resolved (Fig. 

S3B), allowing us to place homology models of uL10 and uL11. The stalk protein-binding 

platform (h43-h44) is also resolved despite h42, which connects the platform to the main 

body of the ribosome, being remodeled and flexible.

The increased stability of the L7/L12 stalk is the product of an inter-protein network not 

observed in other ribosomes (Fig. 5A). Firstly, a mitochondria-specific stalk protein, mL53, 

bridges uL10 on the top of the stalk with bS18a in the body. The interaction between mL53 

and bS18a is mediated through a shared β-sheet (Fig. 5B). Secondly, a mitochondria-specific 

N-terminal extension of uL10 forms a stable interaction with the main body of the 

mitoribosome, notably through a shared zinc-binding motif with S18a (Fig. 5C), and further 

coordinated by a C-terminal extension of uL16, mL63 and the loop of h39 (Fig. 5D). A 

linker region between the N-terminal extension and the conserved part of uL10 is not fully 

resolved in the maps suggesting some conformational flexibility is maintained. The 

differences in the L7/L12 stalk may explain why bacterial EF-G is incompatible with 

mammalian mitoribosomes (30). Additionally, uL6, which interacts with translational 

factors in bacteria, is not functionally replaced in the human mt-LSU (Fig. S16).

The exit tunnel

The exit tunnel, through which nascent peptides pass before emerging from the ribosome, 

appears to be adapted for translating hydrophobic membrane proteins. Density for an 

endogenous polypeptide, or mixture of polypeptides, is seen throughout the exit tunnel and 

shows clear interactions with hydrophobic residues of the mitoribosomal tunnel wall, mainly 

from uL22 (Fig. 6A). These residues make the tunnel more hydrophobic than in cytoplasmic 

ribosomes (13). The hydrophobic nature of both the translated polypeptide and the exit 

tunnel may explain why a polypeptide remains trapped in the exit tunnel despite the lack of 

a P-site tRNA to tether it in the ribosome. Although the nascent peptide is better resolved in 

the upper part of the tunnel, broken density consistent with a helical structure is apparent 

closer to the exit. Thus helices of mitochondrial OXPHOS proteins may start forming within 
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the mitoribosomal tunnel similar to what has been seen in cytoplasmic ribosomes (13), and 

the hydrophobic nature of the wall may aid this by mimicking the hydrophobic environment 

of the membrane that is the eventual site of these proteins. In addition, the increased 

hydrophobic interactions could act to slow the rate of elongation, allowing more time for 

transmembrane domains to fold and for assembly of OXPHOS complexes.

The presence of a nascent polypeptide also unambiguously delineates the overall tunnel 

path, which is similar to that of bacterial and cytoplasmic ribosomes (Fig. 6B) and different 

from the yeast mitoribosome (8). The alternative exit tunnel observed in yeast results from 

deletion of rRNA h16-20 and h24 (Fig. S17). Despite similar deletions in domain I of the 

human mitoribosome, a short segment that replaces h24 (nucleotides 1806-1813) seals this 

potential exit and precludes a yeast-like tunnel path being formed in human mitoribosomes 

(Fig. S17). The peptidyl transfer center and upper tunnel of the human mt-LSU are 

architecturally similar to bacterial ribosomes, and do not show the constriction observed in 

yeast (8).

The exit site of the mitoribosomal tunnel, where the nascent chain emerges, has two roles: 

forming a docking platform for maturation factors and tethering mitoribosomes to the inner 

mitochondrial membrane. In the human mt-LSU, this region is remodeled, with two rRNA 

deletions (h7 and h24) compensated by extensions and conformational changes of the 

conserved proteins that line the tunnel walls (Fig. 6B-D). Deletion of h24 has caused a 

positional change of a β-hairpin of uL24, which exposes uL22 to the exit site, and h7 is 

partially replaced by uL29 and an N-terminal extension of uL24. Together these changes 

result in a more proteinaceous exit site than in other ribosomes and allows binding of mL45 

that likely anchors the mitoribosome to the inner mitochondrial membrane in a way that 

would expose the translated nascent polypeptide to solvent (9), making it accessible to 

specific maturation factors and chaperones involved in the assembly of OXPHOS 

complexes.

Mitoribosomal mutations have been linked with hereditary mitochondrial diseases (4). These 

mutations and their potential effect on the structure are shown in Tables S4 and S5 and Fig. 

S18. Although all these mutations affect the mitoribosome, their effects are varied, 

suggesting that in each case they work in conjunction with other mutations to produce the 

disease. The structural information presented here can be used for the rational design of 

antibiotics with decreased autotoxicity. In addition, since mitoribosomes are involved in 

redirection of energy metabolism of tumorogenic cells (31], with many mitoribosomal 

proteins upregulated in cancer (Table S6), the structure might be useful for the development 

of novel cancer therapeutics.

Materials and Methods

Isolation of mitochondria

In order to overcome problems related to fast turnover, low abundance and heterogeneity of 

mammalian mitoribosomes traditionally isolated from animal tissues, we used suspension-

adapted and tetracycline resistant human embryonic kidney cells lacking N-acetyl-

glucosaminyltransferase I (HEK293S TetR GnTI−) (32) as a source of mitochondria. This 
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cell line stably transfected with a transporter has been found to have a beneficial phenotype 

for large-scale suspension growth using Wave bioreactors (GE Healthcare). This enabled 

optimization of growth, harvesting and lysis conditions in a controlled environment, which 

consequently resulted in an increased and more consistent yield of a more homogenous 

sample.

HEK293 cells were grown in FreeStyle media (Gibco, Life technologies) supplemented with 

5% fetal bovine serum (Gibco, Life technologies). The cells were pelleted by centrifugation 

at 1,000 × g for 7 min and washed with phosphate-buffered saline (PBS) buffer. The pellet 

was resuspended in homogenization buffer (50 mM Hepes-KOH pH 7.45, 10 mM KCl, 1.5 

mM MgOAc, 70 mM sucrose, 210 mM mannitol, 1 mM EDTA, 1 mM EGTA) and lysed 

with 120 strokes in a 400 ml glass homogenizer. Cell debris and nuclei were separated at 

800 × g for 15 min. Crude mitochondria were collected at 10,000 × g for 15 min, treated 

with DNase and further purified on a sucrose gradient in SEM buffer (250 mM sucrose, 20 

mM Hepes-KOH pH 7.45, 1 mM EDTA). Mitochondria were pooled and stored at −80°C.

Purification of Mitoribosomes

To avoid loss of proteins and potential degradation, we adopted an approach of rapid and 

gentle purification, keeping low salt and high magnesium concentrations throughout, as 

described below. Intact mitoribosomes were purified within 28 hours and used immediately 

for grid preparation. We avoided biochemical separation of mitoribosomal subunits as it 

requires harsher conditions and results in preferential orientation of particles on the grid, 

thereby impairing the quality of the map.

To purify the mitoribosomes, 4 volumes of Lysis buffer (25 mM Hepes-KOH pH 7.45, 100 

mM KCl, 25 mM MgOAc, 1.7% Triton X-100, 2 mM DTT) were added to purified 

mitochondria and incubated for 15 min at 4°C. The membranes were then separated by 

centrifugation at 30,000 × g for 20 min. The supernatant was loaded on a 1 M sucrose 

cushion in buffer (20 mM Hepes-KOH pH 7.45, 100 mM KCl, 20 mM MgOAc, 1% Triton 

X-100, 2 mM DTT). The resuspended pellet was then loaded onto a 10%-25% sucrose 

gradient in the same buffer without Triton X-100 and run for 16 h at 85,000 × g. Fractions 

corresponding to mitoribosomes were collected and sucrose removed by buffer exchange, 

also in the same buffer.

Identification of mt8tRNAVal

The mitochondrial subunits were separated using sucrose gradients and total rRNA was 

extracted from the mt-LSU using phenol-chloroform and precipitated using ethanol. The 

small RNA was separated from LSU rRNA on a 12% denaturating polyacrylamide gel, 

excised and eluted overnight at 4°C. A library was prepared using the TruSeq small RNA 

sample preparation kit (Illumina, Ca) and sequenced with single-end reads on the Illumina 

MiSeq system (Edinburgh Genomics, UK). The sequenced data are available on a 

webserver: http://genepool.bio.ed.ac.uk/seqdata/2014037_Ramakrishnan_Venki/. The 

adaptor sequence was trimmed using the FASTX-Toolkit (33) and reads shorter than 25 

nucleotides were discarded. A total of 4,374,074 reads were of sufficient length for further 

processing. To detect the genomic source of the rRNA, the reads were mapped to human 
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transcripts from the Ensembl database (release 67) (34) using bowtie aligner v. 0.12.7 (35). 

Overall, 3,361,202 reads were successfully aligned, with the majority corresponding to 

tRNAVal encoded by the mitochondrial chromosome (Fig. 2). However, this preliminary 

analysis revealed that in some cases tRNA genes annotated by Ensembl are not complete, 

including mt-tRNAVal. Thus, to further confirm the identity of the RNA molecule, the reads 

were mapped to the human mitochondrial genome tRNA database (36). Since most of the 

reads ended with CCA, this sequence was also added to the target database. Out of 

3,022,966 aligned reads, 2,235,105 were found to correspond to mt-tRNAVal (Fig. 2).

Electron microscopy

Aliquots of 3 μl of purified mitochondrial ribosomes at a concentration of ~80 nM (0.23 

mg/ml) were incubated for 30 s on glow-discharged holey carbon grids (Quantifoil R2/2), 

onto which a home-made continuous carbon film (estimated to be ~50 Å thick) had 

previously been deposited. Grids were blotted for 2.5 s in 100% ambient humidity and flash 

frozen in liquid ethane using an FEI Vitrobot. Grids were transferred to an FEI Titan Krios 

electron microscope operated at 300 kV. Images were collected using FEI automated single 

particle acquisition software (EPU) and recorded on a back-thinned FEI Falcon II detector at 

a calibrated magnification of 104,478 (yielding a pixel size of 1.34 Å). An in-house system 

(37) was used to intercept the videos from the detector at a rate of 17 frames for the 1 s 

exposures. Defocus values in the final data set ranged from 1.5-3.5 μm.

Image processing

323,292 particles were picked from 1,521 micrographs using semi-automated particle 

picking with EMAN2 (38). Contrast transfer function parameters were estimated using 

CTFFIND3 (39). All 2D and 3D classifications and refinements were performed using 

RELION (12). We used reference-free 2D class averaging to discard bad particles, and 

initiated 3D refinements with a 60 Å low-pass filtered cryo-EM reconstruction of the yeast 

mitoribosome. Intact human mitoribosomes were sorted from poorly aligned particles using 

3D classification (Fig. S1). 107,679 particles were used for the final reconstruction. In order 

to correct for beam-induced movements, particle ‘polishing’ was performed using statistical 

movie processing in RELION (37, 40). For these calculations, we used running averages of 

5 movie frames, and a standard deviation of 1 pixel for the translational alignment. To 

further increase the accuracy of the per-particle movement correction, we fit linear tracks 

through the optimal translations for all running averages, and included neighboring particles 

on the micrograph in these fits. In addition, we employed a resolution and dose-dependent 

model for the radiation damage, where each frame is weighted with a different Bfactor as 

estimated from single-frame reconstructions (40). This yielded a map with an overall 

resolution of 3.8 Å. A soft mask was applied to the mt-LSU to improve map quality and 

overall resolution to 3.4 Å (8). This in silico step is preferable to microscopy on the isolated 

subunit, which shows preferential orientation on the EM grids. It also reflects the 

conformation of the LSU in the intact ribosome. Local resolution was calculated using 

ResMap (41) (Fig. S2). Reported resolutions are based on the gold-standard FSC=0.143 

criterion (42). FSC curves were corrected for the effects of a soft mask using high-resolution 

noise substitution (43). Prior to visualization, all density maps were corrected for the 
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modulation transfer function (MTF) of the detector, and then sharpened by applying a B-

factor (of −90 Å2) that was estimated using automated procedures (44).

Model building and refinement

For the interpretation of the structure with a model, the revised Cambridge Reference 

Sequence (rCRS) (45) is used to number the mtDNA-encoded nucleic acid components of 

the mitoribosome. Ribosomal proteins are named following the new nomenclature (8, 46) 

and rRNA helices are numbered corresponding to those in Escherichia coli (47).

Initially, the model of Sus scorfa mt-LSU (PDB ID: 4CE4) was placed into the density map 

of human mt-LSU using Chimera (48). Unassigned helices present in the model were 

excluded. Each chain of the porcine model was subjected to Jiggle Fit in Coot v0.8 (8) to 

overcome local differences in protein and rRNA positions. The sequences of each of the 

porcine proteins were aligned with the sequences of the human homologs obtained from 

UniProt (49) using Clustal Omega (50). The porcine models were then mutated and 

renumbered to that of the human sequences. The same procedure was applied to conserved 

mitoribosomal proteins identified in the yeast mt-LSU (PDB ID: 3J6B), but not in the 

porcine mt-LSU (mL40, mL41, mL43, mL46 and mL50). The models were then manually 

rebuilt using sidechain information present in the density map and extensions built de novo 

in Coot (51). Initial models for the L7/L12 stalk proteins uL10 and uL11 were obtained from 

the structure of Thermus thermophilus 70S ribosome bound to EF-G (PDB ID: 4JUX) in 

which these proteins are ordered (52).

The sequence of mt-LSU (16S) rRNA was obtained from the revised Cambridge Reference 

Sequence (rCRS) for human mitochondrial DNA (NCBI ID: NC_012920.1) (45) and 

aligned with the rRNA sequence obtained from the model of porcine mt-LSU. Conserved 

regions without insertions or deletions were extracted from the porcine model, mutated and 

renumbered. These conserved sections were then connected by de novo building of RNA. 

The rRNA was then manually rebuilt in Coot and differences between the human and 

porcine rRNA made when necessary.

To locate supernumerary proteins not previously identified (mL37, mL42, mL51, mL48, 

mL53, mL63, CRIF1, mS30, and S18a), the remaining density was populated with idealized 

secondary structure elements (SSEs) that were subsequently connected by poly-alanine 

traces. The length and connectivity of SSEs were compared with predicted secondary 

structure patterns to unambiguously assign sequences. The positions of bulky sidechains 

were used both for determination and validation of the correct assignment.

Restrained refinement was performed in REFMAC v5.8 modified for optimal fit to EM 

density maps (8, 53). For human mitoribosomal proteins with bacterial homologs, main-

chain interatomic distance restraints were derived from a reference structure (PDB ID: 

3V2D) using ProSMART (54). For all proteins, ProSMART was also used to generate 

idealized helical restraints and hydrogen-bond restraints for β-sheets. These reference and 

secondary structure restraints were maintained throughout refinement. Base pair and 

stacking restraints, generated using the program LIBG (8), were also applied. FSCaverage 

was monitored during refinement to follow the fit-to-density, and the final model was 
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validated using MolProbity (55). Cross-validation against over-fitting was calculated as 

previously described (8, 56). Model building and refinement statistics are given in table S1.

Structure analysis

The intra-ribosomal protein-protein interaction network was mapped as an approximate two-

dimensional representation of the three-dimension organization of the proteins in the human 

mt-LSU using CytoScape (57). Node sizes represent protein molecular weights calculated 

excluding predicted mitochondrial-targeting peptides. The edge thickness represents the 

buried surface area between proteins calculated using PDBePISA (58).

To visualize the exit tunnel, HOLLOW (59) was used to fill the channel volume with 

dummy atoms defined on a 0.5 Å grid. An interior probe of 2.5 Å was used to explore the 

cavity and a probe of 15 Å used to roll over the surface to define depressions.

Figures

All figures were generated using PyMOL (60) or Chimera (48). The secondary structure 

diagram of the human mitoribosomal RNA was prepared by extracting base pairs from the 

model using DSSR (61). The secondary structure diagram was drawn in VARNA (62) and 

finalized in Inkscape.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Overview of human mt-LSU
(A] Location of proteins in the human mt-LSU, showing (from left to right) solvent-facing, 

side and exit tunnel views. (B) Views as in A, proteins conserved with bacteria (blue), 

extensions of homologous proteins (yellow) and mitochondria-specific proteins (red). rRNA 

is shown in gray.
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Fig. 2. Mt-tRNAVal is part of the human mitoribosome
(A) Mapping of rRNA-sequencing reads to total human (inset) and mitochondrial 

transcripts. (B) The anticodon stem-loop of mt-tRNAVal binds in a similar position to 

domain β of 5S rRNA.
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Fig. 3. The central protuberance containing mt-tRNAVal

(A) Relative locations of proteins and mt-tRNAVal in the central protuberance. (B). View of 

A rotated by 180°, colored by proteins (top) and conservation (bottom) in accordance with 

Fig. 1. (C) Secondary structure of mt-tRNAVal. Modeled nucleotides are circled, and those 

interacting with surrounding proteins are colored. (D) The anticodon arm of mt-tRNAVal 

(blue) interacts extensively with proteins, whereas the acceptor arm is solvent exposed.
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Fig. 4. Co-evolution of mt-tRNAs and their binding sites
(A) Variability in the elbow region of human mt-tRNAs. The deletion of nucleotides relative 

to a bacterial tRNA (PDB ID: 2WDI) is shown by line color and thickness, with yellow and 

thick lines indicating most frequently deleted. (B) Modelling a bacterial A-site tRNA 

(purple) reveals that uL25 and 23S rRNA h38 (both gray) that stabilize the tRNA elbow 

region are deleted compared to bacterial ribosomes. (C) Similarly, uL5 and 23S rRNA h84 

(both gray) that stabilize the elbow region of P-site tRNA (green), are deleted, but elements 

that bind the anticodon arm are conserved.
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Fig. 5. Remodeling of the L7/L12 stalk
(A) Overview of new elements at the L7/L12 stalk. (B) bS18a forms a shared β-sheet with 

mL53 to connect the stalk to the body of the mitoribosome. (C) The novel N-terminal 

extension of uL10 contributes a cysteine residue to a shared zinc-binding motif with bS18a. 

(D) Density for the N-terminal extension of uL10 that is highly co-ordinated to the body of 

the ribosome.
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Fig. 6. The exit tunnel
(A) Slice through the mt-LSU showing nascent chain density (cyan) in the exit tunnel. The 

nascent polypeptide interacts with a β-hairpin of uL22 enriched with hydrophobic residues. 

(B) The exit tunnel in bacteria (left, red) and human mitoribosomes (right, blue) showing a 

view of the polypeptide exit site below. The tunnel exit is marked with an asterisk. The 

polypeptide exit tunnel in mt-LSU is more proteinaceous than in bacteria as a result of two 

rRNA deletions. (C) Deletion of h7 in bacteria (gray) is compensated by changes to uL29 

and an N-terminal extension of uL24. (D) Deletion of h24 (gray) results in the conserved β-

hairpin of uL24 rotating closer to the tunnel exit and exposes uL22 to the nascent 

polypeptide.
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