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Abstract: Mitochondrial ribosomes synthesize a number of highly 

hydrophobic proteins encoded on the genome of mitochondria, the organelles 

in eukaryotic cells that are responsible for energy conversion by oxidative 

phosphorylation. The ribosomes in mammalian mitochondria have undergone 

massive structural changes throughout their evolution, including rRNA 

shortening and acquisition of mitochondrial-specific ribosomal proteins. Here, 

we present the three-dimensional structure of the 39S large subunit of the 

porcine mitochondrial ribosome determined by cryo-electron microscopy at 

4.9 Å resolution. The structure, combined with data from chemical crosslinking 

and mass spectrometry experiments, reveals the unique features of the 39S 

subunit at near atomic resolution and provides detailed insight into the 

architecture of the polypeptide exit site. This region of the mitochondrial 

ribosome has been dramatically remodeled, providing a specialized platform 

for the synthesis and membrane insertion of the highly hydrophobic protein 

components of the respiratory chain. 
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Main Text: Mitochondrial ribosomes (mitoribosomes) are responsible for 

protein synthesis in mitochondria. These organelles of endosymbiotic origin 1 

are required for energy conversion by aerobic respiration in eukaryotic cells. 

Mitoribosomes are more closely related to bacterial ribosomes than to 

eukaryotic cytosolic ribosomes 2. However, the mammalian mitoribosome has 

been strongly altered by acquisition of mitochondrial-specific ribosomal 

proteins and protein extensions 2-5, as well as the shortening of the 

mitochondrial ribosomal RNA (rRNA) 6. The large 39S subunit of the 

mammalian mitoribosome catalyzes peptide bond formation during protein 

synthesis and harbors the nascent polypeptide exit tunnel. The structural 

evolution of the mammalian mitoribosome was accompanied by a strong 

functional specialization towards the synthesis of the highly hydrophobic 

mitochondrial inner membrane proteins 7. The region around the polypeptide 

tunnel exit of the mitoribosome serves as a specialized platform for 

membrane insertion and assembly of these critical mitochondrially-encoded 

respiratory chain components 7-11. Defects of the mitochondrial translation 

system are causally involved in a range of human diseases 12. 

 

While cryo-electron microscopy (cryo-EM) reconstructions of the bovine 

mitoribosome at 13.5 Å 13 and 12.1 Å 14 resolution have visualized large 

structural differences compared to the bacterial ribosome, detailed molecular 

insight into the architecture and arrangement of unique protein and rRNA 

elements of the mammalian mitoribosome is currently lacking. We have used 

cryo-EM combined with chemical crosslinking followed by mass spectrometry 

(CX-MS) to determine the structure of the large subunit of the mammalian 
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mitoribosome, providing insight into its overall structure and into the molecular 

architecture of the polypeptide exit site in particular. 

 

Structure determination 

 

To obtain structural insights into the mammalian mitochondrial ribosome, we 

purified mitoribosomes and their subunits from porcine (Sus scrofa) liver and 

collected cryo-EM data of the 39S mitoribosomal subunit. The cryo-EM 

reconstruction of the 39S ribosomal subunit (Fig. 1) at 4.9 Å resolution 

(Extended Data Fig. 1) extends the insights obtained from previous 

reconstructions 13, revealing the secondary structure elements of the 

mitoribosomal-specific proteins and protein extensions that form a shell 

around the conserved core of ribosomal proteins and rRNA (Fig. 1 a, b; 

Extended Data Fig. 2). The mitochondrial-specific protein elements are 

mostly located on the solvent-exposed side of the 39S subunit, forming an 

extensive network of protein-protein contacts, while the subunit interface side 

is comparably better conserved (Fig. 1 a, b), as observed previously in 

eukaryotic cytosolic ribosomes 15. Because reliable de novo tracing of protein 

chains is not possible at the resolution of the cryo-EM map reported here, we 

subjected the S. scrofa 39S subunit and the Bos taurus 55S mitoribosome to 

CX-MS 16 to obtain protein-protein crosslinking data, enabling a molecular 

interpretation of our cryo-EM map (Fig. 1 c). 
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Structure of the 16S rRNA 

 

The density for the mitoribosomal 16S rRNA was clearly identifiable in the 4.9 

Å cryo-EM map, with separation of individual strands and features that 

correspond to phosphate positions in well-ordered regions of the structure. 

Guided by the structure of the 23S rRNA of Thermus thermophilus 17 we were 

able to build a three dimensional model of the strongly reduced 16S rRNA, in 

agreement with previous reports 13,14, but at a considerably higher level of 

detail (Fig. 2 a, b, Extended Data Fig. 3, Extended Data Fig. 4).  

 

These reductions are most pronounced in domain I, where helices H7, H16, 

H18, H19, and H20 of the 23S rRNA are missing in the 16S rRNA. The 

resulting groove on the surface of the 39S subunit passes near the 

polypeptide tunnel exit, creating a lateral opening of the tunnel referred to as 

the polypeptide accessible site (PAS) 13. Additional losses of rRNA elements 

near the polypeptide tunnel exit occur in 16S rRNA domain III.  

 

Although 16S rRNA is considered to be the only rRNA component of the 39S 

subunit of the mitoribosome 11, we observe additional RNA density at the 

central protuberance that cannot be accounted for by the 16S rRNA (Fig. 2 c, 

d). This rRNA density is located in the immediate vicinity of MRPL18 and 

resembles the structural features of domain β of the bacterial 5S rRNA, which 

is located in the same area and interacts with the bacterial homolog of 

MRPL18 (Fig. 2 d, Extended Data Fig. 5). However, the observed RNA 

density is insufficient to account for the entire 5S rRNA, and does not form a 
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contact to the main body of the 39S subunit as it is the case for the 5S rRNA 

in bacterial and eukaryotic cytosolic ribosomes (Extended Data Fig. 5 e, f). 

Taken together, our density clearly shows the presence of a second molecule 

of rRNA in the mammalian mitochondrial ribosome, possibly a portion of the 

5S rRNA imported from the cytosol 18, or alternatively a different RNA species 

acting as a functional replacement for domain β of the 5S rRNA.  

 

Novel proteins in the cryo-EM map of the 39S subunit 

 

To analyze the protein component of the porcine 39S subunit, we first 

positioned homology models 19 of all mitoribosomal homologs of bacterial 

ribosomal proteins 2,5 visible in the map (Supplementary Table 1), leaving, 

however, considerable regions of density unexplained (Fig. 1). Based on 

visual inspection of the cryo-EM map and aided by the crosslinking data from 

our mass spectrometry experiments (Fig. 3, Supplementary Table 2), we 

were able to position homology models of several mitochondrial-specific 

proteins (Extended Data Fig. 6, Supplementary Table 1). The 

mitochondrial-specific ribosomal proteins MRPL39, MRPL44, and MRPL45 

are localized at the polypeptide tunnel exit, and MRPL38, MRPL52, MRPL49, 

and ICT1 (also termed MRPL58) are located at the central protuberance. 

 

Architecture of the central protuberance  

 

The overall appearance of the mitoribosomal central protuberance (CP) is 

considerably different compared to its bacterial counterpart, featuring rod-like 
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densities on each side 13 that can now be identified as α-helices. One of these 

helices emanates from the CP in the immediate vicinity of the location we 

assigned to MRPL38 (Fig. 4 a, Extended Data Fig. 6). Strikingly, our CX-MS 

data show the presence of several crosslinks of MRPL38 to MRPL52, a 

protein containing a very long predicted α-helix, thus establishing the identity 

of this helix as MRPL52 and confirming the assignment of MRPL38 (Fig. 4 a, 

Extended Data Fig. 7, Supplementary Table 3). MRPL52 therefore likely 

stabilizes the mitoribosomal CP by forming contacts to both the body of the 

39S subunit and MRPL38 at the top of the CP, possibly compensating for the 

loss of the 5S rRNA contact to the subunit body (Extended Data Fig. 5 e, f).  

 

ICT1 is a functional peptidyl-tRNA hydrolase that has been stably 

incorporated into the mitoribosomal large subunit 20. The structure of ICT1 21 

reveals that it is homologous to canonical bacterial class I release factors and 

the ribosomal rescue factor YaeJ, which bind to the ribosomal A-site 22,23. In 

our CX-MS experiments, we observe several crosslinks between ICT1 and 

protein components of the mitoribosomal CP (Supplementary Table 3 and 

Fig. 3). Furthermore, homology models of ICT1 and one of its crosslinking 

partners, MRPL49, can be fitted into the density next to each other, localizing 

ICT1 adjacent to MRPL38 and MRPL49 at the base of the CP, respectively 

(Fig. 4 b, Extended Data Fig. 6). This position of ICT1 differs from the 

positions of homologous domains of class I release factors in catalytically 

activated complexes, where they occupy the ribosomal A-site 22,23. 

Consequently, ICT1 bound near MRPL38 cannot directly access the nascent 

chain to induce its release from a peptidyl-tRNA bound in the P-site. However, 
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a permanent position in the A-site is not possible for ICT1 since this would 

impede translation. Therefore, ICT1 may have a purely architectural role in 

the 39S subunit, while its described activity in polypeptide release 20 may be 

performed by a pool of freely diffusing ICT1, or alternatively, polypeptide 

release by ICT1 may require large-scale displacements of either the P-site 

tRNA or ICT1 itself. 

 

Architecture of the tunnel exit region 

 

At the polypeptide exit site, density corresponding to the core folds of the 

mitoribosomal homologs of bacterial L23 (MRPL23), L29 (MRPL47 5), L22 

(MRPL22), L24 (MRPL24), and L17 (MRPL17) indicates that the ring of 

proteins surrounding the polypeptide exit site is conserved (Extended Data 

Fig. 8). However, the tunnel exit region of the mammalian 39S subunit also 

shows a large number of mitochondrial-specific features, including the 

previously described PAS 13, as well as a second layer of protein density, 

which we were able to partially interpret by docking homology models of the 

mitoribosomal-specific proteins MRPL39, MRPL44, and MRPL45 (Fig. 4 c, d 

and Extended Data Fig. 6). Their localization is consistent with the results of 

our CX-MS experiments (Extended Data Fig. 9 and Supplementary Table 

3). MRPL39 and MRPL45 form a second layer of protein on top of the 

conserved proteins that surround the bacterial polypeptide tunnel exit. 

MRPL39 is located in close proximity of MRPL22, and MRPL45 is bound to 

MRPL22 and MRPL24 (Extended Data Fig. 8 c). Both MRPL39 and MRPL44 

associate with the 39S subunit via protein-protein interactions, but show 
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homology to RNA-binding proteins, specifically to threonyl-tRNA synthetases 

24, and to RNase III family members 4, respectively. Interestingly, the areas 

corresponding to RNA binding surfaces in related proteins are oriented 

towards the solvent and not used for interactions with rRNA. The specific 

functions of MRPL39 and MRPL44, which is implicated in mitochondrial 

infantile cardiomyopathy (Extended Data Fig. 9 c) 25, remain to be 

established.  

 

A large fraction of mitoribosomes in mammalian mitochondria is tightly bound 

to the mitochondrial inner membrane independently of the presence of a 

nascent chain 26. The position and orientation of MRPL45 next to the 

ribosomal tunnel exit and the structural features of this protein provide a 

possible explanation for this observation. 

 

MRPL45 shows homology to the C-terminal domain of TIM44 27 and the 

Saccharomyces cerevisiae mitochondrial protein Mba1 5, both of which are 

membrane-associated proteins 28,29. Mba1 functions as a membrane-bound 

ribosome receptor in yeast 8,29 and has been crosslinked to ribosomal proteins 

in the vicinity of the ribosomal exit tunnel 9. Furthermore, the orientation of 

MRPL45 on the 39S subunit reveals that the region that is structurally 

equivalent to the membrane binding segment of TIM44 30 is optimally 

positioned for membrane interactions (Extended Data Fig. 10). Taken 

together, these findings suggest that mammalian MRPL45 supports the 

binding of the mitoribosome to the mitochondrial inner membrane to align the 
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nascent polypeptide tunnel exit with Oxa1L (Oxa1 in yeast), which functions 

as an insertase for mitochondrial inner membrane proteins 7,31.  

 

Although it was previously suggested that a large portion of the 39S subunit is 

inserted into the membrane 11, our data on the architecture of the 39S 

polypeptide exit site indicate that mammalian mitoribosomes are instead 

anchored to the membrane surface by at least one membrane binding 

ribosomal protein, obviating the need for the universally conserved SRP 

membrane targeting machinery 7. 

 

Proteins functionally replace rRNA 

 

Comparison of the 39S structure with structures of the prokaryotic ribosome 

17,32 shows that the truncation of rRNA segments leads to the formation of 

deep channels on the surface of the subunit (Fig. 5 a, b), some of which are 

partially occupied by novel mitoribosome-specific protein elements. Although 

smaller in size compared to the missing bacterial rRNA segments, these 

proteins probably stabilize the mitoribosomal particle.  

 

A particularly dramatic example of structural remodeling has occurred in the 

region near MRPL24 (Fig. 5). In the prokaryotic ribosome, ribosomal protein 

L24 forms extensive contacts to the 23S rRNA helices H7 and H19 (Fig. 5 b, 

d) 17,32. These helices have been lost in the mammalian mitoribosome, 

eliminating almost all bacterial-like contacts of MRPL24 in the 39S subunit 

(Fig. 5 a, c). However, the mitoribosomal-specific protein MRPL45 and two 
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currently unassigned additional protein elements form novel contacts with 

MRPL24, holding it in place with minimal change in its position and orientation 

compared to the bacterial ribosome (Fig. 5 c). Even though these proteins do 

not directly replace the missing rRNA structure, they act as an architectural 

replacement to maintain the position of the functionally important protein 

MRPL24 7 relative to the ribosomal tunnel. Due to the nearly complete 

remodeling of contacts, this process must have occurred in a stepwise fashion 

during evolution. 

 

In conclusion, the mitoribosome has undergone a reduction in rRNA content, 

which is architecturally compensated for by mitoribosome-specific proteins, 

some of which bear structural and functional homology to soluble and 

membrane-associated proteins or enzymes. The tunnel exit region is 

dramatically remodeled, which is probably an adaptation of the 39S subunit to 

the highly specific requirements of the synthesis and membrane insertion of 

respiratory chain proteins. Our identification of MRPL45 at the mitoribosomal 

tunnel exit provides a structural explanation for the observed membrane 

attachment of mitochondrial ribosomes (Fig. 4 d). The results reported here 

provide an excellent starting point for functional studies. 

 

METHODS SUMMARY 

55S mitoribosomes and 39S mitoribosomal subunits were prepared from 

Porcine (Sus scrofa) and bovine (Bos taurus) mitochondria obtained from liver 

tissue. The three-dimensional structures of the 55S mitoribosome and the 39S 

mitoribosomal subunit were determined by cryo-EM. Chemical crosslinking 
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followed by mass spectrometry was used to obtain protein-protein crosslinking 

data. Proteins and rRNA were built into the cryo-EM density based on 

homology modeling and crosslinking data. 

 

Online Content Any additional Methods, Extended Data display items and 

Source Data are available in the online version of the paper; references 

unique to these sections appear only in the online paper. 
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METHODS 
 

Preparation of porcine and bovine mitochondria. Porcine and bovine 

mitochondria were prepared from livers of freshly slaughtered pigs (Sus 

scrofa) and cows (Bos taurus). Livers were transported immersed in liver 

buffer (10 mM HEPES-KOH pH 7.6, 340 mM sucrose, 1 mM EDTA) on ice. 6 

kg of livers (5 livers) were cut into small pieces after removal of the gall 

bladder and connective tissue. The pieces were washed in isotonic buffer (10 

mM HEPES-KOH pH 7.6, 70 mM sucrose, 220 mM mannitol, 1 mM EDTA; 2 

L of isotonic buffer per 1 kg of liver tissue). The liver was then ground into 

isotonic buffer using a meat grinder and diluted to a total volume of 12 L using 

isotonic buffer. The suspension was homogenized using an Ultra-Turrax (IKA, 

Staufen, Germany) homogenizer (40 sec), filtered through one layer of gauze, 

and diluted to a total volume of 18 L with isotonic buffer. The resulting 

suspension was centrifuged (600 rcf, 15 min, 4°C) using a Sorvall SLC-6000 

rotor (Thermo Fisher Scientific, Waltham, MA, USA). The supernatant was 

decanted and again centrifuged using a SLC-6000 rotor (5’900 rcf, 24 min, 

4°C). The pellets were resuspended in a total of 8 L of isotonic buffer and 

again filtered through one layer of gauze and homogenized using an Ultra-

Turrax homogenizer (30 sec). After dilution to 12 L, the suspension was 

centrifuged (SLC-6000, 5’600 rcf, 24 min, 4°C), and the pellets were again 

resuspended in isotonic buffer (4 L total volume). 

 

The suspension was treated with digitonin (0.1 g/L) for 15 min and diluted to 

12 L using isotonic buffer. The resulting mitoplasts were concentrated by 

centrifugations in decreasing amounts of isotonic buffer (2 x SLC-6000, 
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5’900 rcf, 4°C; 2 x Sorvall SLA-1500 (Thermo Fisher Scientific, Waltham, MA, 

USA), 13’000 rpm, 20 min, 4°C) and the pellet of the final step was flash-

frozen in liquid nitrogen and stored at -80°C. 

 

Preparation of 55S mitoribosomes. 100 g of frozen mitoplasts were thawed 

in 150 mL lysis buffer (20 mM HEPES-KOH pH 7.6, 100 mM KCl, 20 mM 

MgCl2, 1 mM DTT, 125 µM spermine, 125 µM spermidine) and brought to a 

total volume of 337.5 mL with monosome buffer (20 mM HEPES-KOH pH 7.6, 

100 mM KCl, 1 mM DTT, 20 mM MgCl2). 37.5 mL Triton X-100 buffer (20 mM 

HEPES-KOH pH 7.6, 100 mM KCl, 1 mM DTT, 20 mM MgCl2, 16% (v/v) 

Triton X-100) were added and the solution was stirred for 15 min at 4°C 

before homogenization using a Dounce homogenizer. The suspension was 

centrifuged (SLA-1500, 13’000 rpm, 20 min, 4°C), and the supernatant was 

PEG precipitated in 5% (w/v) PEG 10’000 for 15 min. The precipitate was 

collected by centrifugation (Sorvall SLA-3000 (Thermo Fisher Scientific, 

Waltham, MA, USA), 2500 rcf, 7 min, 4°C). Each pellet was resuspended in 

35 mL monosome buffer (2 h shaking), and the suspension was homogenized 

using a Dounce homogenizer before centrifugation using a Beckman 

(Beckman-Coulter Intl., Nyon, Switzerland) Type 45Ti rotor (28’000 rpm, 17 

min, 4°C). The supernatant was loaded onto 50% (w/v) sucrose cushions (15 

mL) and centrifuged (Beckman Type 70Ti (Beckman-Coulter Intl., Nyon, 

Switzerland), 50’000 rpm, 24h, 4°C). Pellets were dissolved in 500 µL 

monosome buffer (shaking 230 rpm, 1 h) and cleared (tabletop centrifuge, 

16’000 rpm, 20 min, 4°C). The sample was distributed onto 10%-40% (w/v) 

sucrose gradients (1 mL per gradient) and centrifuged (Beckmann SW-32 Ti 
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(Beckman-Coulter Intl., Nyon, Switzerland), 26’000 rpm, 12 h, 4°C). The 

gradients were fractionated and fractions corresponding to the 55S 

mitoribosome were collected, and the buffer was exchanged to sucrose-free 

monosome buffer using Amicon Ultra-4 centrifugal filter units (100’000 

MWCO) (EMD Millipore Corp., Billerica, MA, USA). The sample was 

concentrated and subjected to gel filtration on a HiLoad Superdex 75 prep 

grade size exclusion column (GE Healthcare, Freiburg, Germany). The 55S 

peak was pooled, concentrated, and flash-frozen in liquid nitrogen. 

 

Preparation of 39S mitoribosomal subunits. Preparation of 39S 

mitoribosomal subunits was performed as described for 55S mitoribosomes, 

with minor modifications: The pellets of the sucrose cushion 

ultracentrifugation were resuspended in dissociation buffer (20 mM HEPES-

KOH pH 7.6, 300 mM KCl, 1 mM DTT, 5 mM MgCl2), and the sucrose 

gradients were prepared in dissociation buffer. 

 

Cryo-EM sample preparation and data acquisition. Samples were 

prepared on Quantifoil holey carbon copper grids (R 2/1). 5 µL of sample 

containing 40 nM of 39S mitoribosomal subunit in monosome buffer (pH 7.9) 

were applied onto the grid, and the grid was flash-frozen by plunging into 

liquid ethane after manual blotting. Cryo-EM dataset I (1’034’220 particle 

images) was collected on a FEI Titan Krios cryo-transmission electron 

microscope (TEM) equipped with a FEI Falcon I direct electron detection 

device (FEI Company, Hillsboro, OR, USA) at 99’290 x magnification, 

resulting in a pixel size of 1.41 Å on the object scale. Data was acquired in a 
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fully automated manner in spot scans of 3 or 4 spots per ice hole using the 

FEI EPU software (FEI Company, Hillsboro, OR, USA). Cryo-EM dataset II 

(626’664 particle images) was collected on a FEI Titan Krios cryo-TEM 

equipped with a backthinned FEI Falcon II direct electron detection device 

(FEI Company, Hillsboro, OR, USA) at 141’510 x magnification, resulting in a 

pixel size of 1.06 Å on the object scale. Data was acquired automatically in 

spot scans of 5 spots per ice hole using the FEI EPU software. 

 

Image processing. Particle images were selected and extracted using 

batchboxer (EMAN 1.6) 33. Defocus determination and CTF correction 34 were 

performed using SPIDER 35. The particle images collected using the FEI 

Falcon II camera were scaled to match the lower magnification of the data 

collected using the FEI Falcon I. The initial reference for the reconstruction of 

the 39S mitoribosomal subunit was extracted from a cryo-EM reconstruction 

of the 55S mitoribosome, which in turn was obtained from a small dataset of 

55S mitoribosomal particles processed in IMAGIC 5 36, using an E. coli 70S 

ribosome (EMDB accession code EMD-1615) as initial reference. The dataset 

was subjected to computational sorting by multiparticle refinement with up to 

four reference volumes 37 using an initial seed of two reference volumes 

corresponding to two particle subpopulations. The seed volumes were 

computed based on bootstrap 3D variance classification. This procedure 

yielded a data subset of 627’730 particle images, corresponding to class 1 of 

the multiparticle classification (Extended Data Fig. 1 b). 
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The reconstruction of the 39S mitoribosomal subunit was refined to higher 

resolution by projection matching in SPIDER 35 employing a gold standard 

FSC refinement procedure 38. To this end, the initial 39S reference was low-

pass filtered to approximately 20 Å resolution, and particle half sets of 

313’865 particle images each were aligned onto this initial reference, resulting 

in two reconstructions. These two reconstructions were refined to higher 

resolution fully independently using only the corresponding data half set. 

During later stages of refinement, the Fourier amplitudes of the input volumes 

were enhanced based on the small angle X-ray scattering amplitude curve of 

ribosomes 39. Throughout the refinement, excess particle images from 

overrepresented views were excluded from the calculation of 3D volumes to 

avoid distortion of the reconstructions. Therefore, only about 232’181 of the 

total 627’730 particle images contributed to the final 3D map. The final rounds 

of refinement were performed using particle images at the full resolution of the 

Falcon I data (1.41 Å per pixel at the object scale) with both reference 

volumes low-pass filtered to approximately 6 Å resolution. The resolution was 

determined using the FSC = 0.143 criterion 38, resulting in a resolution 

estimate of 4.9 Å (Extended Data Fig. 1 a). The use of the FSC = 0.143 

criterion is justified because the gold standard refinement procedure 

eliminates accumulation of high-resolution noise by alignment bias during the 

refinement process 38. For visualization purposes, the final cryo-EM map was 

amplitude- and MTF-corrected using RELION 38. 

 

Chemical crosslinking of S. scrofa 39S subunits and B. taurus 55S 

ribosomes. The ribosome preparation (200 µL at an approximate 



 21 

concentration of 0.35 mg/mL) was cross-linked in 20 mM HEPES-KOH (pH 

7.6) containing 100 mM KCl, 20 mM MgCl2, 1 mM DTT, 10% (w/v) sucrose by 

adding disuccinimidyl suberate-d0/d12 (25 mM stock solution in anhydrous 

dimethyl formamide; Creative Molecules Inc., Victoria, BC, Canada) to a final 

concentration of 0.2 mM. The crosslinking reaction was allowed to proceed for 

30 min at 37°C before quenching by addition of 1 M ammonium bicarbonate 

stock solution to a final concentration of 50 mM NH4HCO3. Crosslinked 

ribosome proteins were reduced, alkylated and enzymatically digested as 

described previously 40 with the exception that a two-step digestion procedure 

with endoproteinase Lys-C (Wako Chemicals, 3 h, enzyme-to-substrate ratio 

1:100) and trypsin (Promega, overnight, enzyme-to-substrate ratio 1:50) was 

used. The digested mixture was fractionated by size exclusion 

chromatography (SEC) as desribed previously 40. Two fractions 

corresponding to elution volumes of 1.0-1.1 mL and 1.1-1.2 mL were collected 

and evaporated to dryness in a vacuum centrifuge. 

 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

analysis of crosslinked ribosomal subunits. The SEC fractions were 

resuspended in water/acetonitrile/formic acid (95:5:0.1, v/v/v) and aliquots 

corresponding to an estimated 1 µg were used for LC-MS/MS using an Easy-

nLC 1000 LC system connected to an Orbitrap Elite mass spectrometer 

equipped with a Nanoflex electrospray ion source (all Thermo Scientific). Both 

SEC fractions were analyzed in duplicate. 

Peptides were separated on an Acclaim PepMap RSLC column (15 cm x 75 

µm, 2 µm particle size, Thermo Scientific) at a flow rate of 300 nL/min using 
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the following gradient: 0-90 min, 9-35% B; 90-92 min, 35-80% B; 92-102 min, 

80% B; where solvent A = water/acetonitrile/formic acid (95:5:0.1, v/v/v) and B 

= acetonitrile/water/formic acid (95:5:0.1, v/v/v).  

 

The mass spectrometer was programmed to acquire MS/MS spectra in data-

dependent mode, selecting the ten most abundant precursor ions for 

fragmentation per cycle and the following settings: MS detection in the 

orbitrap, scan range 350-1600 m/z, resolution 120’000; MS/MS detection in 

the linear ion trap, isolation width 2.0 m/z, normalized collision energy 35%. 

Precursors of charge states +1 and +2 as well as precursors of unknown 

charge states were excluded from fragmentation. Dynamic exclusion was 

activated with exclusion duration of 30 sec, a repeat count of 1 and a list size 

of 500. 

 

Data analysis of LC-MS/MS data. Mass spectrometry data acquired in 

Xcalibur .raw format (Thermo Scientific) were converted into mzXML format 

using ProteoWizard/msconvert 41 and searched against a database of the S. 

scrofa 39S mitoribosomal subunit protein sequences using an in-house 

installation of xQuest 42. The sequence database was compiled from S. scrofa 

mitoribosomal protein sequences identified by protein-protein BLAST (on 

http://blast.ncbi.nlm.nih.gov/) 43 using the annotated human protein 

sequences obtained from the Ribosomal Protein Gene database 44 as input 

for the BLAST searches. If no homologs could be identified using protein 

BLAST, an additional BLAST search of the human MRP sequences against a 

translated nucleotide database (nucleotide collection on 
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http://blast.ncbi.nlm.nih.gov/; limited to S. scrofa sequences) was conducted. 

The B. taurus protein data set was compiled from proteins assigned to the 

bovine mitochondrial ribosome in Uniprot 45. xQuest search parameters were 

as follows: enzyme = trypsin, maximum number of missed cleavages = 2, 

mass shift of cross-linker addition = 138.068080 Da, initial mass tolerance = 

15 ppm. Results were further filtered according to the following criteria: 

minimum peptide length = 6 amino acids, mass tolerance = 5 ppm, fraction of 

total ion current assigned (%TIC) > 0.1, delta score < 0.9, minimum number of 

cleavages per peptide = 4. False discovery rates were determined using 

xProphet 46, and determined to be less that 3% for the selected score 

threshold of 25. 

 

Structural modeling. The rRNA model was built using COOT 47 and O 48. 

The structure of the T. thermophilus 23S rRNA 17 served as a reference and 

was docked into the cryo-EM map. Structural elements present the cryo-EM 

map were retained, while structural elements absent from the cryo-EM density 

were removed from the model. Bases were mutated in COOT 47 to the S. 

scrofa sequence (GenBank accession code AJ002189) according to multiple 

and pairwise sequence alignments 49 and the secondary structure predictions 

for the human 49 and bovine 14 16S rRNA. Rigid body fitting of segments of 

the model were performed in O 48. Extensions and further adjustments to the 

model as well as regularization were performed in COOT 47. Our final model 

of the 16S rRNA (model chain A) contains 1443 of the total 1569 nucleotides 

of the S. scrofa 16S rRNA sequence (92% coverage; 98% coverage if the 

nucleotides of the L1 and L7/L12 stalks that are not built due to flexibility are 
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excluded from the total). The sequence for residues 24-27 and 35-37 in 

domain I remains unassigned. Our model of the RNA of the 39S central 

protuberance (model chain B) contains 29 nucleotides, but without assigned 

sequence. Where the sequence could not be assigned, the structure has 

been deposited as poly-phosphates. Since purines could not be distinguished 

from pyrimidines in the 4.9 Å cryo-EM map, we cannot fully exclude register 

shifts in poorly conserved or peripheral regions of the structure. 

 

Because de-novo tracing of protein folds is not possible at the resolution of 

our cryo-EM map, homology models of the mitoribosomal proteins were 

obtained using the Phyre2 web server 19. For proteins with homologs in the 

bacterial 50S subunit, the T. thermophilus structure 17 served as template for 

modeling in pairwise mode, while homologs for several other mitoribosomal 

proteins were detected and used as models by searching the entire PDB 

database (Supplementary Table 1). The resulting models were either docked 

into the cryo-EM density according to their position in the bacterial 50S 

subunit, or fitted based on the features of the cryo-EM density. In this case, 

their position was cross-checked using CX-MS data if no bacterial homologs 

exist. Adjustments of the homology models to the density were performed in 

O 48 if required. For a few docked proteins, extensions of the core fold were 

clearly visible in the EM density and were built as unassigned “UNK” residues 

using the secondary structure predictions from Phyre2 19 as a guide. Several 

areas of EM-density clearly showed the features of isolated α-helices, into 

which standard UNK helices could be docked. One entire thioredoxin fold was 

clearly recognizable in the EM density. However, because two of the currently 
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known mitoribosomal proteins adopt this fold and due to the lack of 

crosslinking data for these proteins, an unassigned UNK model of the 

homologous NMR structure (PDB ID 1S3A) was fitted into the density. Both 

the UNK helices and the thioredoxin fold are indicated in all figures as dark 

grey models. The final model containing both the rRNAs and the proteins was 

regularized using six cycles of energy minimization in PHENIX 50 while 

applying Ramachandran and secondary structure restraints. 

 

Figures. Figures of molecular structures were created using UCSF Chimera 

51. Figure 3 representing the CX-MS based protein crosslink network was 

generated using Cytoscape 52. 
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Figure 1 | Cryo-EM reconstruction of the mitoribosomal 39S subunit. a, Solvent side and 

b, subunit interface side of the 39S subunit segmented into conserved (blue) and 

mitoribosome-specific (red) density elements. CP, central protuberance; L7/L12, L7/L12 stalk 

base; L1, L1 stalk; PES, polypeptide exit site; PAS, polypeptide accessible site. c, Two 

clusters of mitochondrial-specific ribosomal proteins (colored) at the central protuberance 

(CP) and the polypeptide exit site (PES). The CP is flanked by prominent α-helices (α1 and 

α2). Conserved parts of the 39S subunit - light blue; unassigned protein segments - dark grey. 
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Figure 2 | The ribosomal RNA of the 39S mitoribosomal subunit. a, Domain architecture 

of the mitoribosomal 16S rRNA (left, subunit interface side; right, solvent side). Domains I-VI 

are color coded, as indicated by Roman numerals. b, Bacterial 23S rRNA structure (PDB ID 

3V2D) 17. Color code as in a, with segments absent in the mammalian mitoribosome shown in 

lighter colors (black: segments not modeled in the 39S subunit due to disorder). c, A clear 

rRNA major groove feature visualized in the cryo-EM map indicates the presence of a second 
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rRNA molecule (blue) in the 39S subunit. d, Comparison of this mitochondrial rRNA (blue) 

and the bacterial 5S rRNA (orange; superposition according to MRPL18/L18). 
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Figure 3 | Overview of the inter-protein crosslinks of 39S mitoribosomal subunit 

proteins. Statistically significant inter-protein crosslink hits of 39S subunit proteins (xQuest Id 

score > 25) obtained by CX-MS experiments. Mitoribosomal proteins with bacterial ribosomal 

homologs are shown as yellow nodes, those without homologs in bacterial ribosomes in 

green. Crosslinks obtained using S. scrofa 39S subunits are shown as red lines, crosslinks 

obtained using Bos taurus 55S mitoribosomes are shown in blue. The crosslink of ICT1 with 

MRPL19 (asterisk) in S. scrofa is likely a false positive identification (see Supplementary 

Table 3). 
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Figure 4 | Structures of novel mitochondrial-specific proteins at the highly remodeled 

mitoribosomal central protuberance and at the polypeptide tunnel exit. a, Crosslinks 

between MRPL38 and MRPL52 allow assignment of MRPL52 to helical density α1 

(crosslinked residues shown as spheres if modeled, or as double arrows otherwise). Insets 

show the whole 39S subunit for orientation. b, ICT1 (orange) and MRPL49 (olive) crosslink to 

each other and can be fitted into the cryo-EM map at the CP. ICT1 also crosslinks to MRPL15 

and MRPL18 (gold). c, Tunnel exit region of the 39S subunit with fitted MRPL39 (green), 

MRPL44 (red), and MRPL45 (blue). d, Schematic illustration of the 39S subunit bound to the 

mitochondrial inner membrane. 
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Figure 5 | Remodeling of MRPL24 contact sites in the 39S subunit. a, A deep groove 

runs above MRPL24, caused by extensive loss of rRNA compared to bacterial 23S rRNA 

(conserved parts grey; mitochondrial-specific parts brown; MRPL24 gold). b, 39S cryo-EM 

map shown together with a part of domain I of the bacterial 23S rRNA 17 (PDB ID 3V2D) 

(blue). c, Novel contacts (arrows) of mitoribosomal protein elements (red), among them 

MRPL45, additional density near MRPL47, and an α-helical density emanating from the core 

of the subunit (UNK), stabilize MRPL24. d, These mitochondrial specific contacts of MRPL24 

replace the extensive interactions of L24 with 23S rRNA in bacteria (colors as in b; labeled 

rRNA helices are missing in the 39S subunit). 
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Extended Data Figure 1 | Refinement of the 39S mitoribosomal subunit 

structure. a, Fourier Shell Correlation (FSC) curve of the cryo-EM 

reconstruction of the 39S mitoribosomal subunit. The resolution estimate is 

4.9 Å according to the FSC = 0.143 criterion (gold standard FSC) 38. b, 

Multiparticle refinement of 39S subunit datasets obtained using the FEI 

Falcon I and Falcon II direct electron detectors. Particle numbers in the 

classes are indicated below the volumes. Class 1 was used for further 

refinement of the structure of the 39S subunit to higher resolution. 
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Extended Data Figure 2 | Location of rRNA and proteins in the 39S 

subunit. a, View from the solvent side and b, from the subunit interface side 

of the 39S mitoribosomal subunit cryo-EM map, segmented into ribosomal 

proteins (gold) and rRNA (light blue). (CP, central protuberance; L1, L1 stalk). 
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Extended Data Figure 3 | Reductive evolution of the mitochondrial 16S 

rRNA. Deletions of rRNA secondary structure elements in mitochondrial 16S 

rRNA are indicated in red on the secondary structure diagram of the 

Escherichia coli 23S rRNA. Segments for which the precise locations of 

deletions cannot be deduced from our cryo-EM map (the L1 stalk, a part of 

domain I rRNA, and the connection to the L7/L12 stalk) are indicated in grey. 

Depiction based on the secondary structure of the bacterial 23S rRNA 53 

(template obtained from the Noller lab web page 

http://rna.ucsc.edu/rnacenter/noller_lab.html). 
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Extended Data Figure 4 | Secondary structure diagram of the S. scrofa 

large mitoribosomal subunit rRNA. Domains are colored according to Fig. 2 

and labeled by Roman numerals. Nucleotides not built in our structure are 

printed in grey. Bacterial secondary structure elements missing in mammalian 

mitoribosomes are schematically indicated in red. Watson-Crick base pairs 

are indicated by lines (-), G!U base pairs by dots (!), and nonstandard base 

pairs by rings ("). Depiction based on the secondary structure of bacterial 

23S rRNA 53 (template obtained from the Noller lab web page 

http://rna.ucsc.edu/rnacenter/noller_lab.html). 
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Extended Data Figure 5 | Presence of a second rRNA molecule in the 

39S mitoribosomal subunit. a, Depiction of the mitoribosomal CP RNA (dark 

blue) and the neighboring protein MRPL18 (cyan). b, Depiction of the 

bacterial 5S rRNA (orange) in complex with ribosomal protein L18 (khaki; 

PDB ID 3V2D). c, Overlay of a and b according to the homologous proteins 

L18 and MRPL18. d, Overview of the 39S subunit with the fitted RNAs for 

orientation. e, In bacterial ribosomes, the 5S rRNA connects the CP to the 

main body of the subunit (the contact region is indicated by an arrow). 

However, no density for this connection can be seen in the cryo-EM map of 

the 39S subunit (grey). f, In the mitochondrial 39S subunit, a long α-helical 
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protein density corresponding to MRPL52 (gold) instead of the 5S rRNA 

connects the mitoribosomal CP (MRPL38, purple) to the subunit body. 
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Extended Data Figure 6 | Quality of the fits of newly positioned 39S 

mitoribosomal proteins in the cryo-EM density. Depiction of the cryo-EM 

density (first column), fits of the unchanged homology models (second 

column), and fits of the adjusted final models (third column) of MRPL45 (a-c), 
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MRPL44 (d-f), MRPL39 (g-i), MRPL38 (j-l), ICT1 (m-o), and MRPL49 (p-r). 

The 39S cryo-EM map is shown at two threshold levels (red and grey, 

respectively). 
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Extended Data Figure 7 | Secondary structure prediction for MRPL52. 

The secondary structure prediction (output from Phyre2) 19 shows a very long 

(approx. 50 aa) α-helix. Blue stars indicate crosslinks of the modeled domain 

of MRPL38 to MRPL52, as observed in CX-MS experiments. 
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Extended Data Figure 8 | The polypeptide tunnel exit of the 

mitoribosomal 39S subunit. a, b, Comparison of the conserved ring of 

proteins around the polypeptide tunnel exit (indicated by an asterisk). a, The 

polypeptide tunnel exit in bacteria 17 (PDB ID 3V2D). b, The polypeptide 

tunnel exit in the porcine mitoribosome. The ring of proteins around the tunnel 

exit is conserved. c, Additional mitoribosomal-specific proteins and protein 

extensions are also located close to the tunnel exit. The newly identified 

MRPL39, MRPL44 and MRPL45 are shown in green, red, and blue, 

respectively. 
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Extended Data Figure 9 | The binding sites of the newly docked 

mitoribosomal-specific proteins MRPL44 and MRPL45. Crosslinks are 

indicated by double arrows (see also Supplementary Table 3) unless both 

crosslinking residues have been modeled in the structure. a, MRPL44 (dark 

red) has been crosslinked to MRPL20 (gold). The crosslinked sites on 

MRPL44 and MRPL20 are indicated by green and blue spheres, respectively. 

b, MRPL45 (dark blue) has been crosslinked to MRPL24 (gold) and MRPL23 

(olive) in S. scrofa, as well as MRPL22 (pink) and MRPL39 (green) in B. 

taurus. For all of these crosslinks, at least one crosslink site is located on 

mitochondrial-specific extensions that could not be modelled, and therefore 

these crosslinks cannot be mapped precisely in the structure. c, Mutation in 

the human homolog of MRPL44 in mitochondrial infantile cardiomyopathy 25. 

The L156R mutation (green) maps to a residue not involved in 39S binding. 

The affected residue is located between two α-helices of the RNase domain, 

and its mutation likely perturbs the structure of MRPL44 and its capacity to 

bind the 39S subunit. 
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Extended Data Figure 10 | MRPL45 may act as a membrane anchor for 

the 39S subunit. a, MRPL45 (blue) may anchor the 39S subunit (grey) to the 

mitochondrial inner membrane. The membrane surface is tentatively indicated 

by a horizontal line. b, The structure of the C-terminal domain of TIM44 54 

(PDB ID 2FXT) with its putative membrane interacting segment 30 is indicated 

in red. c, The part of MRPL45 corresponding to the putative membrane 

anchoring segment of TIM44 is shown in red. 

 


