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Summary 

Ribosome is a universally conserved macromolecular machine responsible for 

protein synthesis. It is a ribonucleoprotein complex composed of two subunits and built 

of multiple proteins and ribosomal RNAs. The small subunit decodes the information 

stored within the messenger RNA (mRNA) whereas the large subunit catalyses the 

peptide bond formation in a growing polypeptide. Despite being universally conserved, 

ribosome composition differs significantly between prokaryotes and eukaryotes. 

Interestingly, eukaryotes possess more than one type of ribosomes. Beside the 

cytoplasmic ones, they also contain ribosomes specific to mitochondria (and 

chloroplasts, in case of plants). Mitochondria are double-membrane bounded cellular 

organelles that originated from α-proteobacteria in an endosymbiotic event and play a 

crucial role in production of cellular chemical energy and regulation of cellular 

metabolism. Mitochondrial ribosomes (mitoribosomes) are required for a proper 

function of mitochondria and defects in mitoribosomes are associated with a range of 

severe disorders in humans. 

Despite sharing a common ancestor, the structure of mitoribosomes differs 

significantly from their bacterial counterparts. In general, they contain a larger number 

of proteins, often specific to a given organism, and their ribosomal RNA is either 

reduced (humans and trypanosomes) or extended (fungi and plants). Nevertheless, 

the architecture of the ribosomes and the key functional regions in both subunits 

remain virtually unchanged and are similar to those observed in the bacterial 

ribosome. 

Assembly of ribosomes is a crucial and complex process that involves multiple 

steps and components. Over the years it has been studied both in bacteria and 

eukaryotes. However, our understanding on the mitoribosome assembly is still lacking. 

In my thesis I investigated the process of mitoribosome assembly by determining 

multiple structures of mitoribosomal large subunit assembly intermediates from Homo 

sapiens as well as human parasite Trypanosoma brucei. The structures reveal 

numerous assembly factors and explain their mechanism of action. In conclusion, 

results presented in this thesis provide structural insights into the complex and 

biomedically relevant process of mitoribosome assembly. 
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Zusammenfassung 

Das Ribosom ist ein universell konserviertes Makromolekül und ist für die 

Proteinbiosynthese verantwortlich. Der proteinribonukleare Komplex besteht aus zwei 

Untereinheiten, die aus verschiedenen Proteinen und ribosomalen RNAs aufgebaut 

sind. Die kleine Untereinheit entschlüsselt die in der Boten- oder messenger-RNA 

(mRNA) gespeicherten Informationen, während die große Untereinheit die Bildung der 

Peptidbindung im wachsenden Polypeptid katalysiert. Obwohl Ribosomen universell 

konserviert sind, unterscheidet sich die Ribosomenzusammensetzung im Detail 

signifikant zwischen den Prokaryoten und Eukaryoten.  

Interessanterweise besitzen Eukaryoten mehr als eine Art von Ribosomen. Sie 

enthalten neben den zytoplasmatischen auch solche Ribosomen, welche spezifisch 

für Mitochondrien (und im Fall von Pflanzen Chloroplasten) sind. Mitochondrien sind 

doppelmembranbegrenzte Zellorganelle, die in einem endosymbiotischen Ereignis 

aus α-Proteobakterien hervorgegangen sind. Sie spielen eine entscheidende Rolle bei 

der Produktion von zellulärer chemischer Energie und der Regulierung des 

Zellstoffwechsels. Mitochondriale Ribosomen (Mitoribosomen) sind für eine 

ordnungsgemäße Funktion der Mitochondrien erforderlich, und Defekte der 

Mitoribosomen werden mit einer Reihe schwerer Erkrankungen beim Menschen in 

Verbindung gebracht. 

Obwohl sie einen gemeinsamen Vorfahren haben, unterscheidet sich die 

Struktur der Mitoribosomen erheblich von ihren bakteriellen Gegenstücken. Generell 

enthalten sie eine größere Anzahl von Proteinen, oft spezifisch für einen bestimmten 

Organismus, und ihre ribosomale RNA ist entweder reduziert (Mensch und 

Trypanosomen) oder erweitert (Pilze und Pflanzen). Dennoch bleiben die Architektur 

der Ribosomen und die wichtigsten funktionellen Regionen in beiden Untereinheiten 

praktisch unverändert und ähneln denen in bakteriellen Ribosomen. 

Der Zusammenbau von Ribosomen ist ein entscheidender und komplexer 

Prozess, der mehrere Schritte und Komponenten umfasst. Im Laufe der Jahre wurde 

dieser sowohl in Bakterien als auch in Eukaryoten untersucht. Allerdings fehlt uns ein 

Verständnis über den Zusammenbau von Mitoribosomen. In meiner Dissertation 

untersuchte ich den Prozess der Mitoribosomen-Assemblierung, indem ich mehrere 

Strukturen von mitoribosomalen Zwischenprodukten der Assemblierung großer 

Untereinheiten von Homo sapiens sowie dem humanen Parasiten Trypanosoma 
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brucei ermittelte. Die Strukturen offenbaren zahlreiche Assemblierungsfaktoren und 

erklären deren Wirkmechanismus. Zusammenfassend geben die in dieser 

Dissertation präsentierten Ergebnisse strukturelle Einblicke in den komplexen und 

biomedizinisch relevanten Prozess der Mitoribosomen-Assemblierung. 
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Introduction 

Structure and function of the ribosome 

Proteins are one of the main “building blocks” of life on Earth. They fulfill a 

variety of different roles in cells where they act as structural components, transporters, 

messengers, enzymes, antibodies and more. Made of amino acids linked together by 

a peptide bond, they can vary significantly in size, from small ones built of several 

dozen amino acids and a molecular weight of around 5 kilodaltons (5 kDa) to 

enormous ones that are composed of thousands of amino acids, with molecular weight 

measured in millions of daltons (MDa). The biggest known protein is titin. Made of 

more than 34 thousand amino acids, it has a molecular weight of approximately 3.8 

MDa. It is one of the main components of human muscles and accounts for ~10% of 

their protein mass. Consequently, an average adult human carries approximately 0.5 

kg of titin1. 

Ribosomes are macromolecules that perform protein synthesis 

Most of the proteins are synthesized by the ribosome, a protein-RNA complex 

that plays a crucial role in translation during which the genetic information is translated 

into the sequence of amino acids linked by peptide bonds. Ribosomes were observed 

for the first time in 1955 by George Emil Palade who used electron microscopy to 

visualize the inside of a eukaryotic cell and described ribosomes as “small particulate 

components of the cytoplasm”2. Palade’s description of the cellular architecture was 

one of the most important findings in the field of cell biology at that time, for which 

Palade was awarded the Nobel Prize in Physiology or Medicine in 1974, together with 

Albert Claude and Christian de Duve. Improvements in biochemical and biophysical 

methods over the following years enabled scientists to discover the role of ribosomes 

in protein synthesis and investigate their structure and function. 

Using approaches such as comparative DNA sequence analysis, differential 

centrifugation and small-angle X-ray scattering, it was shown that the ribosome is 

composed of ribosomal RNA (rRNA) and proteins (hence called ribosomal proteins, r-

proteins)3–6. Position of the individual ribosomal proteins on the ribosome has been 

studied using r-protein specific antibodies and immuno-electron microscopy7,8, 

chemical cross-linking9 and neutron scattering10. The size of a fully assembled 



 
 

2 
 

ribosome was deduced from negative stain electron microscopy to be approximately 

200 Å, while its eukaryotic counterpart was measured at 250-300 Å11. Although 

beneficial for the general visualization of the ribosome, negative stain electron 

microscopy has its drawbacks and cannot be used to obtain detailed structural 

information12. 

At that time, however, x-ray crystallography was widely used for structure 

determination of various proteins and biological macromolecules with great success. 

X-ray crystallography is a method that enables visualization of a protein structure at 

atomic resolution by analyzing a diffraction pattern recorded after a crystallized 

molecule is exposed to an x-ray beam. Noteworthy, growing a protein crystal is not a 

trivial task. It requires high concentration of homogeneous sample and enormous 

efforts in finding the right crystallization conditions, which, among others, include 

sample concentration, buffer composition and temperature. Usually the only way to 

find the right conditions for crystallization is through screening methods. It is often at 

this stage that a project with an aim to elucidate a structure of a given protein fails. In 

addition, ribosomes themselves, due to their nature, represented an immense 

challenge for X-ray crystallography. Their heterogeneous character of a complex 

composed of rRNA and proteins as well as relatively high flexibility required for its 

function made the task of growing crystals even more difficult. Furthermore, because 

of its size, ribosomes create massive symmetry units, which makes phasing the X-ray 

diffraction pattern exceptionally difficult. It took great effort and time to obtain the first 

ribosome crystals13,14. Even after that, it took another 13 years of optimization and 

phasing calculations to produce X-ray crystallographic maps that led to an atomic 

structure of the bacterial small subunit at 3 Å15 and the large subunit at 2.4 Å16. In 

2009, Venkatraman Ramakrishnan, Thomas A. Steitz and Ada E. Yonath received the 

Nobel Prize in Chemistry “for studies of the structure and function of the ribosome”. 

At that time, single particle cryo electron microscopy (cryoEM) was also used 

for structure determination. Described in greater detail in appendix 1, this method is 

based on illuminating isolated biological molecules or assemblies embedded within a 

layer of vitreous ice with a beam of accelerated electrons. Obtained images of 

individual protein complexes represent 2D projections and can be used, with a help of 

computer algorithms, to reconstruct a 3D map of the studied complex, however, at that 

time reconstructions in the mid-range resolution of approximately 8 Å were possible17–

20. In recent years cryo-electron microscopy became the dominant method in structural 
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biology for high resolution structure determination of large cellular assemblies, 

including ribosomes. The advances, fueled by the improved direct detectors for 

recording micrographs and more advanced computational tools, now allow for 

structure determination of very heterogeneous and flexible samples. Therefore, all 

structural investigations of mitoribosomal assembly intermediates presented in this 

thesis were carried out using cryo-EM. 

Ribosomes are composed of RNA and proteins 

Ribosomes are present in all known kingdoms of life, but their composition 

varies depending on the organism. Nevertheless, all ribosomes are composed of two 

subunits - small and large. Ribosome and their subunits are often referred to by their 

sedimentation coefficient under high g-force (gravitational force equivalent) expressed 

Figure 1.Structure of a bacterial ribosome. 

Atomic structure of a bacterial ribosome together with the three tRNAs is shown in the middle. Both 

subunits are indicated. Small subunit as seen from the intersubunit side is presented on the top left 

together with the solvent exposed side shown below. Similarly, the large subunit is displayed on the 

right, with the intersubunit and solvent exposed view shown on top and bottom, respectively. All proteins 

are colored and labeled individually. SSU 16S rRNA is presented in beige, LSU 23S rRNA in light blue 

and 5S rRNA in dark cyan. mRNA is colored orchid and the A-, P- and E-site tRNAs, labeled as A, P 

and E, are shown in green, salmon and plum respectively. The displayed structure is a chimaera of a 

complete ribosome with A- and P-site tRNA (PDB:7K00) and E-site tRNA from PDB:5UQ7. 
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in Svedberg unit (S). In Escherichia coli, the small subunit (30S) is composed of 16S 

rRNA molecule (1540 nucleotides) and 21 ribosomal proteins. In contrast, the large 

subunit (50S) is composed of two rRNAs, 23S and 5S (2904 and 120 nucleotides, 

respectively) and 33 ribosomal proteins. The two subunits associate to form the 

ribosome with a sedimentation coefficient of 70S in bacteria (Figure 1). In eukaryotes, 

the small subunit (40S) is comprised of a rRNA (18S, 1869 nucleotides in H. sapiens) 

and 33 ribosomal proteins, while large subunit (60S) is made of three rRNA molecules 

(28S, 5.8S and 5S; 5070, 156 and 120 nucleotides in H. sapiens, respectively) and 46 

ribosomal proteins. The eukaryotic ribosome is termed 80S. 

Even though the composition of the ribosome varies depending on the 

organism, the architectural organization remains the same. The small subunit can be 

divided into a head and a body region, which can be further subdivided into the 

shoulder, platform and foot. The region between the body and the head domain is 

often referred to as the neck. The large subunit has a crown shape with a ridge part 

on which a central protuberance (CP) and two stalks are located (L1 and bL12) 

(Figure 1). 

The most fundamental functions of ribosomal subunits are highly conserved. 

The small subunit binds and deciphers messenger RNA (mRNA), while the large 

subunit binds amino-acylated transfer RNAs (tRNAs) and catalyses the peptide bond 

formation. Ribosomes produce proteins with an high fidelity and efficiency by 

incorporating, for example in E. coli, 15 amino acids per second into a growing 

polypeptide chain21. 

Mitochondria retained their ribosome 

Mitochondria are double-membrane bounded cellular organelles in which the 

aerobic respiration takes place, producing energy in the form of ATP. They are present 

in all eukaryotic organisms, except for one known exception of Monocercomonoides 

exilis, an amitochondrial eukaryote22. In addition to the energy conversion that takes 

place in mitochondria, it has also been shown that other crucial processes that are 

essential for the cell prosperity and survival also take place in mitochondria. These 

include biosynthesis of macromolecule precursors, catabolization of nutrients, 

maintenance of redox homeostasis and metabolic waste management (reviewed in 
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Spinellin and Haigis, 201823). It is therefore not surprising that properly functioning 

mitochondria are of crucial importance for the eukaryotic organism24. 

Under a light microscope, mitochondria appear as homogeneous bodies 

separated from the rest of the cytoplasm. A more detailed structure of the mitochondria 

was described by G. E. Palade in 195325, just two years before he discovered the 

cytoplasmic ribosomes. Using electron microscopy and newly developed sample 

preparation and staining techniques, he was able to visualize the double-membrane 

organization of the mitochondria and cristae on the inner membrane. Intriguingly, few 

years later it was shown that mitochondria are able to incorporate amino acids into 

proteins26. Even though the exact function of the already discovered ribosomes was 

still not known at that time, it was nevertheless proposed that the protein synthesis in 

mitochondria is carried out by ribosomes similar to those observed in cytoplasm27. 

Visual proof of mitochondrial specific ribosomes came few years later, when ribosome-

like particles and DNA components were observed by electron microscope within the 

mitochondria of yeast, chicken, mouse and human HeLa cells28. It did not take long to 

purify and analyze ribosomes of mitochondria from fungi29 and mammals30. At the 

same time, the endosymbiotic theory for the evolution of mitochondria, proposed 

initially at the beginning of the 20th century, gained interest again31 (Figure 2). Today, 

results of thousands of sequencing and proteomics data of eukaryotic organisms 

clearly show that the mitochondria have an α-proteobacterial origin32, although their 

exact phylogenetic position among the α-proteobacterial species is still a matter of 

debate33. 

Evolution of mitochondria involved notable reduction of their genome, with most 

of the genes either lost or transferred into the nuclear genome. Proteomics data show 

that only 10-20% of proteins within the mitochondria originated  from the α-

proteobacteria34. Moreover, studies of multiple unicellular, multicellular, photosynthetic 

and anaerobic eukaryotes have shown that the mitochondrial genome and proteome 

evolved independently in different eukaryotic organisms34. As a result of such 

divergence, on one side there are members of jakobid genera that possess the most 

ancestral mitochondrial genome known to date which encodes more than 65 proteins35 

and on the other side Plasmodium falciparum, with the smallest known mitochondrial 

genome that encodes just 3 proteins36. In turn, human mitochondria contain 13 protein 

genes, all encoding enzymes of an oxidative phosphorylation (OXPHOS) metabolic 

pathway37. 



 
 

6 
 

Despite common origin structures of mitochondrial ribosomes differ 

significantly 

Although the number of protein genes within the mitochondrial genome varies, 

the ribosomal RNA of the mitochondrial ribosome (mitoribosome) is always encoded 

by the mitochondrial DNA. However, as mentioned above, majority of the 

mitoribosomal proteins are encoded within the nuclear genome and therefore need to 

be imported into the mitochondria after translation on the cytoplasmic ribosomes. Such 

evolution of the mitochondrial genome and the resulting need to coordinate the 

transcription of the rRNA within mitochondria with the translation and import of 

mitoribosomal proteins from the cytoplasm also affected the architecture of the 

mitoribosome. Initial biochemical studies that analyzed the mitoribosome had already 

shown that it is composed of shorter rRNAs and has a different sedimentation value 

as compared to its bacterial counterpart30. Interestingly, just like in the case of 

Figure 2. The endosymbiotic theory explains the origin of mitochondria and chloroplasts. 

According to the endosymbiotic theory eukaryotes originated from an ancestral prokaryote that 

underwent membrane proliferation and infolding, leading to compartmentalization and creation of a 

nucleus and an endoplasmic reticulum. Next, in a first endosymbiotic event, these cells engulfed 

aerobic prokaryotes and established an endosymbiotic relationship with them, which led to 

mitochondria and origin of modern heterotrophic eukaryotes. Modern photosynthetic eukaryotes 

originated from a second endosymbiotic event, when early eukaryotes consumed a photosynthetic 

bacterium, which led to chloroplasts. Image by Phil Schatz, CC BY-SA 4.0 

<https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia Commons. 
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mitochondrial genome, mitoribosomes also differs significantly between eukaryotic 

organisms. First structural data of the mammalian mitoribosome obtained by cryo-EM 

at low resolution confirmed that reduced rRNA content appears to be partially 

compensated for by additional mitoribosome-specific proteins38. High resolution 

structures obtained of the mitoribosome from mammals39,40, yeast41, kinetoplastids42, 

cilitates43 and plants44 allowed for full appreciation of how distinct mitoribosomes are 

compared to bacterial counterparts and how remarkably divergent they are among 

different eukaryotic organisms (Figure 3). 

Nevertheless, the mitoribosome is still composed of two subunits, although in 

some cases (trypanosomes and ciliates) the small subunit is bigger in size than the 

large subunit. Regardless of the size, the role of the subunits is still the same – the 

small subunit decodes the message on the mRNA and the large subunit catalyzes the 

peptide bond formation. However, mitoribosomes changed considerably in terms of 

composition. In general, mitoribosomes contain more proteins in comparison to the 

Figure 3. Diversity of the mitochondrial ribosome from different organisms. 

Atomic models of the mature mitochondrial ribosomes together with the bacterial ribosome shown on 

the left. Origin and details about the composition are listed in the table. The images were generated by 

Eva Kummer in ChimeraX using PDB: 5MRC for S. cerevisiae, PDB: 6GAW for Sus scrofa (wild boar), 

PDB: 6XYW for Brassica oleracea and PDB: 6Z1P for Tetrahymena thermophila. For kinetoplastid 

mitoribosome, the displayed structure is a chimaera between PDB: 6HIV for the Trypanosoma brucei 

SSU and PDB:7AIH for the Leishmania tarantolea LSU. The ciliate mitoribosome image is based on 

PDB: 6Z1P. Images were used with the permission from the author. 
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bacterial ribosome, mostly due to the acquisition of new ribosomal proteins, often 

specific to a given organism. Together with the shift towards protein-rich ribosomes 

came the adjustment of some of the intersubunit bridges. As a consequence, several 

interaction points between the small and large subunit changed their character from 

RNA-RNA to either RNA-protein or completely protein-protein38–44. Besides the protein 

enrichment, the length of rRNA also changed. In some organisms, like humans and 

trypanosomes, the rRNA is significantly reduced, whereas in others, like fungi, the 

rRNA became longer due to notable sequence insertions (Figure 3). Despite these 

changes, the key functional regions of both subunits, namely the decoding center and 

the peptidyl transferase center in the small and large subunit, respectively, remained 

composed of RNA and are virtually unchanged in their structure. 

Maturation of the ribosome 

Since the discovery of ribosomes2 and their role in protein synthesis they have 

been subject of intense investigation. The atomic structure of the bacterial 

ribosome15,16,45 together with numerous biochemical, genetic and structural studies 

conducted in the recent years helped us to better understand translation initiation, 

elongation, termination and recycling of the ribosome46,47. However, equally important 

is the question of ribosome biogenesis. How is the ribosome efficiently assembled 

within the cell, especially considering its exceptional complexity? 

Considering the importance of ribosomes48, it is not surprising that about 2/3 of 

a cell's energy is spent on ribosome production and maintenance. Furthermore, in the 

growing cell, where the demand on protein production is exceptionally high, ribosomes 

comprise up to 50% of cell mass49 (as cited in50). At the same time, the ribosome 

needs to be assembled quickly and efficiently. However, because of its dual 

composition and the number of components involved, ribosome maturation is not a 

simple process. Both the ribosomal RNA and ribosomal proteins need to be 

transcribed and translated, respectively. Complete ribosome in Escherichia coli is 

made of 52 ribosomal proteins and three rRNA molecules amounting to a total of 4482 

nucleotides. Furthermore, the rRNA needs to fold properly and the ribosome proteins 

need to join the maturating subunits in the correct order and assume a correct 

conformation. Yet, in the exponentially growing cell with a doubling time of 30 minutes, 

such an elaborate complex is fully assembled in just 30 to 90 seconds51. Over the past 
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decades, a steady progress in understanding of the ribosome maturation has been 

made. Nevertheless, due to the process complexity, we still lack a comprehensive 

understanding of this intricate process. 

Information required for the assembly of both subunits is encoded in the 

ribosomal components 

A major progress in the understanding of the bacterial ribosome maturation was 

made by Traub and Nomura in 196852. More than a decade after the discovery of the 

ribosome, yet years before any structural data, their pioneering work showed that it is 

possible to assemble the small ribosomal subunit in vitro using purified 16S rRNA and 

crude 30S ribosomal proteins. Their work demonstrated that the information required 

for the correct assembly is encoded in the molecular components themselves. In the 

following study53, they purified each of the small subunit proteins separately and 

showed that it is also possible to assemble the SSU from 16S rRNA and all 30S 

ribosomal proteins added in a correct order, although such assembly requires higher 

temperature and shows lower efficiency. By changing the order in which the ribosomal 

proteins were added to the in vitro assembly, they were able to determine that the 

binding of the proteins to the 16S rRNA is cooperative and occurs in a sequential 

manner. They were also able to categorize the ribosomal proteins into primary binding 

proteins that are required to bind to the nascent 16S rRNA first, to stabilize its 

conformation and create binding sites for secondary and tertiary binding proteins. 

Based on these experiments an assembly map was created that shows the order of 

ribosomal proteins binding. The map, with small modifications, is used up to this day 

in the field of small subunit maturation and is often referred to as the Nomura Map 

(Figure 4A). 

From their results, Nomura and colleagues suspected that “the number of sites, 

per rRNA chain, which can bind ribosomal proteins independently from each other (i.e. 

without cooperativity) is at most two to three”54. Later work showed that indeed three 

such sites exists on the 16S rRNA55–57. These sites correspond to the domains of 16S 

rRNA, which are tightly connected to the three domains of the 30S subunit. Body 

domain is composed of 5’ rRNA and 6 proteins55, the platform region contains central 

domain of rRNA and 6 proteins57, while the head domain is made of 3’ rRNA and 8 

proteins56. Such clear organization of the SSU allows for the independent domain 
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reconstruction with each rRNA site having its specific primary binders among the 

ribosomal proteins (Figure 4A). 

Interestingly, while performing the in vitro assembly at low temperature (0°C to 

15°C) a distinct intermediate, termed reconstitution intermediate (RI), can be isolated, 

which sediments at 21-22S and contains 16S rRNA and 15 ribosomal proteins54. 

However, RI cannot be assembled into an active SSU unless incubated at 40°C. 

Heating the RI is believed to cause structural rearrangements, as the newly formed 

RI* shows different behavior, sedimenting at 25-26S. Active 30S subunit can then be 

formed after addition of the remaining small subunit ribosomal protein to the RI* 

particles (Figure 4B). 

As there are more components involved, determination of the steps and 

conditions required to reconstitute the large ribosomal subunit took more time. 

Fundamental work was presented in 1974 by Nierhaus and Dohme who described a 

Figure 4. In vitro maturation of the bacterial small subunit. 

(A) The Nomura map describing the assembly order of the bacterial small subunit. Ribosomal proteins 

can be divided into primary (1°), secondary (2°) and tertiary (3°) binders marked and labeled by green, 

purple and orange background, respectively. Three domains, which can mature independently, are 

also indicated with dashed lines. (B) Diagram representing the assembly of the small subunit in vitro. 

Particles sedimentation values at each step are depicted in grey. Temperature conditions are indicated 

in red. 



11 
 

method of large subunit assembly in vitro58. In contrast to the small subunit, which 

could be assembled in a one-step reaction in the native conditions, the large subunit 

assembly in vitro requires a two-step reaction, as well as a specific Mg2+ concentration 

and high temperature incubation. The assembly requires 23S rRNA, 5S rRNA and all 

large subunit ribosomal proteins59. As in the case of the small subunit, there is no 

requirement for additional factors, thus the information of the 50S assembly is 

contained in its molecular components. Based on these experiments a map of large 

subunit assembly was also created, although, due to the number of components and 

more complex organization of the large subunit rRNA, the Nierhaus map is more 

intricate than the one for the small subunit (Figure 5A). 

Figure 5. In vitro assembly of the bacterial large subunit. 

(A) The Nierhaus map describing the assembly order of the bacterial large subunit. The 5S rRNA is 

shown with a blue background and the proteins which are necessary for its binding (uL5, uL15 and 

uL18) are marked with a light blue square. Black arrows indicate strong dependency, while the grey 

arrows indicate a weak one. Proteins presented in the dashed box (bL35 and bL36) were not included 

in the in vitro assembly. (B) Diagram representing the assembly of the small subunit in vitro. Particles 

sedimentation values at each step are written in grey. Temperature conditions are indicated in red and 

the Mg2+ concentration is indicated on the left of the arrows. 
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Assembly of the large subunit at low temperature yields three distinct 

reconstitution intermediates60 (Figure 5B). First reconstruction intermediate, RI50(1), 

is composed of two rRNA molecules, 23S and 5S, as well as 22 ribosomal proteins 

and sediments at 33S. At high temperatures, it transforms into a second reconstruction 

intermediate, RI50*(1), which in turn sediments at 41-43S. Upon addition of the 

remaining 11 proteins of the large subunit, the third reconstruction intermediate is 

created, RI50(2). However, despite possessing all of the components of the active 50S, 

the RI50(2) sediments at 48S and remains inactive. Only the harsh incubation at 50°C 

for 90 minutes at high Mg2+ concentration is able to transform it into an active and 

functional large subunit. 

Maturation of the ribosome in vivo occurs much faster and involves many 

assembly factors 

The ribosome assembly happens much faster in vivo and does not require 

elevated temperature or high Mg2+ concentration. As mentioned above, under optimal 

conditions, the bacterial ribosome can be assembled in just 30 seconds51. Additionally, 

the assembly in vivo is coupled with the rRNA transcription61. Both the 16S and 23S 

rRNA are transcribed in an immature version and possess additional nucleotides from 

both ends. While the pre-23S has only 3-7 and 8 nucleotides from the 5' and 3' sites, 

respectively, the pre-16S, termed 17S, has 115 and 33 additional nucleotides from the 

5' and 3' sites, respectively. Furthermore, while the removal of additional nucleotides 

from pre-23S is not critical for the large subunit activity, small subunit containing non-

processed 17S rRNA remains inactive51,62,63. Such large differences between in vitro 

and in vivo assembly of course have consequences. In vitro, where the complete and 

processed rRNA is supplied, all ribosomal proteins can bind at once, while in vivo 

initially only selected binding sites for the ribosomal proteins are available as the 

maturation accompanies the rRNA transcription. Moreover, additional factors are 

necessary for rRNA cleavage and processing61. And the fact that within the cell the 

ribosome matures much faster than in vitro and does not require such harsh conditions 

hints at the presence of additional factors that help with the assembly. Indeed, over 

the years multiple trans-acting proteins have been implied to take part in the ribosome 

maturation64–67. 

These proteins, often called assembly factors, serve different roles and their 

number depends on the organism. Compared to eukaryotes, which have more than 
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200 assembly factors68, the prokaryotic genome encodes a comparatively small 

amount of assembly factors69 (Table 1). However, despite the relatively low number, 

the exact function of some of the factors is still unclear. Based on their enzymatic 

activity and/or function in the ribosome maturation, all assembly factors can be divided 

into four groups: rRNA modifying enzymes, DEAD-box RNA helicases, ribosome 

dependent GTPases and general maturation factors, such as chaperones and 

structural factors. 

Both the small and large subunit rRNAs are heavily modified. Most of the 

modifications occurs in the functionally important region and are strongly conserved, 

which implies their importance for the ribosome activity. However, our understanding 

of their exact function is still lacking. In Escherichia coli, the rRNA of the small and the 

large subunit undergoes 11 and 25 modifications, respectively69,70. However, not all of 

the modifications are necessary. Krzyzosiak and colleagues showed that it is possible 

to assemble an active small subunit in vitro with an unmodified 16S rRNA71. Contrary 

to the 30S, at least seven modifications are required for the large subunit maturation 

and its activity72,73. Regardless, in Escherichia coli at least 21 assembly factors are 

responsible for nucleotide modification during the ribosome maturation74. While none 

of these factors are critical for cell survival, deletion of each of them causes a change 

in the phenotype. The current hypotheses are that the modified nucleotides act as a 

“molecular glue”, making sure that the functionally important regions of the ribosome 

retain the correct conformation, or that the modifications act as “checkpoints”, making 

sure that the assembly is progressing correctly. 

In addition to enzymes responsible for rRNA modifications, DEAD-box 

helicases help unwind rRNA when it assumes a non-native secondary structure to 

facilitate its proper folding75. These proteins can also act as rRNA chaperones and 

dissociate or rearrange RNA-protein interactions. DEAD-box helicases are 

characterized by a core composed of two RecA-like domains, each containing a 

conserved amino-acid motif aspartate, glutamate, alanine and aspartate, which in one 

letter code used for amino-acids reads D-E-A-D (hence the name). Proteins of that 

family can interact with RNA and ATP and have an RNA-dependent ATPase activity76. 

They are present in all organisms and have been shown to be involved in the ribosome 

maturation77. In eukaryotes their presence is necessary, while in Escherichia coli they 

are not essential, although their deletion causes a slow-growth phenotype, more 

pronounced at lower temperatures78. In the ribosome maturation they are believe to 
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stabilize the native rRNA conformation, acting as chaperones, and unwind local rRNA 

secondary structures using its helicases activity79. 

While DEAD-box helicases utilize energy stored within ATP, ribosome 

dependent GTPases, another group of assembly factors, use GTP for their activity. 

Enzymes that hydrolyze GTP molecules are no stranger to the ribosome. GTPases 

such as EF-Tu, EF-G and IF-2 are necessary for the translation cycle of the 

ribosome46. Other GTPases take part in fundamental cellular processes within the cell, 

like signal transduction, protein translocation and regulatory role for cell differentiation, 

proliferation, division and movement80. In prokaryotes seven GTPases are involved in 

the ribosome assembly (Table 1). Despite extensive research on ribosome dependent 

GTPases their role in ribosome assembly is still not fully understood (reviewed in 

Britton, 200981) . Currently, it is hypothesized that they act as the checkpoint proteins, 

verifying the correctness of the ribosome assembly. It was also suggested that, 

because they are connected to the GTP-GDP ratio and thus the energy balance of the 

cell, they can halt ribosome maturation in sub-optimal conditions, where the amount 

of GTP molecules available to the cell is low. 

Assembly of the ribosome is also dependent on other factors, which can be 

categorized as general maturation factors. Several studies showed that the heat shock 

proteins such as DnaJ, DnaK, GrpE, GroEL-GroES are involved in the ribosome 

maturation82–85. In strains with DnaJ or DnaK deletion, the assembly of the ribosome 

is delayed under normal conditions and completely arrested at temperatures above 

42°C86. The exact function of the heat shock proteins in the ribosome assembly is still 

unclear. Cold shock protein RbfA (ribosome-binding factor A) has also been implied 

to function as an assembly factor87–91. Its role is still not fully understood, but according 

to several biochemical and genetical studies RbfA may be involved in several steps of 

small subunit maturation, aiding the 17S to 16S rRNA maturation and acting on later 

stages of the maturation92. RimM (ribosome maturation factor M) is another assembly 

factor that is involved in 16S rRNA maturation93,94, similar to RimP (ribosome 

maturation factor P). Its deletion leads to decreased amount of 70S ribosome and the 

accumulation of small subunit containing immature 16S rRNA95. Similar phenotype is 

present upon deletion of RimJ (ribosome maturation factor J)96. 

Understanding the function of assembly factors is not only interesting from the 

perspective of the ribosome assembly, but is also medically relevant. As some of the 
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assembly factors are only found in bacteria and are involved in ribosome biogenesis, 

critical for cell viability, they present an interesting target for new antimicrobial drugs64. 

Table 1. Assembly factors involved in the maturation of Escherichia coli ribosome 

Current understanding of the bacterial ribosome assembly 

One of the first characterizations of the assembly intermediates from healthy 

bacterial cells comes from pulse labeling experiments, followed by sample separation 

on a sucrose gradient and acrylamide gel electrophoresis51,62,218. These studies 

characterized two assembly intermediates of the small subunit and three assembly 

intermediates of the large subunit. They also showed that, based on the rRNA 

amounts, assembly intermediates account for less than 5% of all ribosomes in a 

growing cell. This is not a surprising result, considering that the ribosome assembles 

within just a few minutes51. Unfortunately, such a high speed of maturation combined 

group assembly factor subunit reference 

RNA 
modifying 
enzymes 

KsgA (RsmA) SSU 97–100 
RsmB, RsmC, RsmD, RsmE, RsmF 
(YebU), RsmG 

SSU 101–117 

RsuA SSU 118–121 
RrmA (RlmA/YebH) LSU 122–124 
RlmB, RlmC, RlmD, RlmE, RlmG, RlmL LSU 125–137 
RluA, RluB, RluC, RluD, RluE, RluF LSU 138–153 

DEAD-box 
helicases 

CsdA LSU 154–157 
DbpA LSU 157–164 
SrmB LSU 165–169 
RhlE LSU 170 

ribosome 
dependent 

GTPases 

RbgA (YlqF) LSU 171–178 
ObgE (CgtA) LSU 179–182 
EngB (YsxC) LSU 183–187 
EngA (YphC / Der) LSU 188–194 
Era SSU 195,196 
RsgA (YjeQ) SSU 197–205 
YqeH SSU 206,207 

general 
maturation 

factors 

DnaK-DnaJ SSU/LSU 83–86 
GroEL LSU 82 
RbfA SSU 87–92 
RimB, RimC, RimH, RimJ, RimM, RimN, 
RimP 

SSU/ 
(LSU) 

91,93–96,208–

211 
RrmJ LSU 212–214 
EryC SSU/LSU 215 
YjgA LSU 182,216 
YhbY - 217 
YibL - 217 
YbeB - 217 
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with low amount of the assembly intermediates per cell makes the task of dissecting 

the ribosome assembly even more challenging. 

Up until recently, structural studies of the assembly intermediates were 

practically impossible. X-ray crystallography, the main method used for high-resolution 

structure determination, requires large amounts of homogeneous sample and the 

assembly intermediates are far from an ideal sample for that method due to their 

heterogeneity. However, with the recent developments in cryo-EM, the assembly 

intermediates at atomic resolution suddenly appeared within reach. And so, in the last 

few years, we witnessed an unprecedented amount of new cryo-EM maps and atomic 

models of assembly intermediates being reported. 

One of the first studies that used cryo-EM to investigate assembly intermediates 

investigated small subunit particles reconstituted in vitro with a varying incubation 

times219. This approach resulted in cryo-EM maps representing 14 distinct assembly 

intermediates that differed in rRNA conformation and protein composition. Although 

the reconstructions were limited to ~30 A resolution, the results show that cryo-EM 

technique is capable of sorting multiple different subpopulation of complexes. 

Furthermore, the study provided additional evidence that the ribosomal assembly 

progress through multiple parallel pathways. Results of similar experiments with the 

bacterial large subunit were also recently reported220. 

Analysis of in vivo assembly intermediates is still more challenging and thus far 

the main approach to accumulate the intermediates was a single/double deletion of an 

assembly factor or ribosomal protein. Structure of the small subunit assembly 

intermediates accumulating in cells lacking KsgA97,98, RsgA221,222, RimM208,209 and 

both RsgA and RbfA223 as well as the large subunit assembly intermediates 

accumulating in the cells lacking EngA and EngB185 or RbgA171,174 have been 

determined. Some of the assembly factors were also shown to bind the mature 

subunits. Complexes of YjeQ222, RbfA90, RsgA202 and Era224 with the mature small 

subunit, as well as EngA189 with the mature large subunit have been solved. All of 

these factors bind to the active sites of the subunits – decoding center in the 30S or 

the peptidyl transferase center in 50S, and are involved in the late steps of the 

ribosome assembly. 

Instead of assembly factors, Davis and colleges deleted a ribosomal protein 

bL17216. Assembly intermediates that accumulated under such conditions were 

visualized using cryo-EM and obtained maps showed multiple intermediates of the 
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large subunit assembly. That study not only showed that the in vivo maturation of the 

bacterial ribosome large subunit progress through multiple parallel pathways, but also 

proposed that the assembly happens hierarchically by incorporation of protein 

clusters. 

In general, accumulation of assembly intermediates in cells lacking either an 

assembly factor or a ribosomal protein is not an ideal approach. Such conditions, albeit 

necessary due to a rapid nature of the ribosome maturation, are far from native and 

may have unforeseen effects on the ribosome maturation. Even though such studies 

usually account for a possibility of dead-end intermediates and validate the ability of 

analyzed assembly intermediates to mature into a complete, active subunit, 

interpretation of such obtained 3D reconstructions needs to be done with care. In line 

with a recent study that showed that despite the fact that a substantial portion of the 

assembly intermediates of the small subunit accumulating in ΔrimM and ΔyjeQ strains 

can mature into a 30S, the intermediates have a weak affinity for the deleted assembly 

factors YjeQ and RimM210. These results imply that the accumulating assembly 

intermediates are not a true substrate of these factors and may represent a 

thermodynamically stable assembly intermediate which arose due to the absence of 

these assembly factors. Interestingly, such a case was not observed thus far for the 

large subunit, suggesting an intriguing difference in the thermodynamic stability of the 

small and large subunit assembly intermediates197. 

As an alternative to the non-native conditions of ribosome assembly in strains 

lacking an assembly factor or a ribosomal protein an idea of using a small molecule to 

slow down or completely stall the assembly of bacterial ribosome was considered. 

However, thus far only one such compound was discovered and successfully used225. 

And so, despite the astonishing progress that we witnessed in the past few years in 

the field of bacterial ribosome assembly, there is still much to be learned. We still only 

understand a fraction of the ribosome maturation process. With the continuous 

advances in molecular biology methods, macromolecule preparation and purification 

methodology as well as reduced requirements for the cryo-EM in terms of sample 

amounts and purity, it will soon be possible to fully decipher the cellular assembly 

mechanism of the bacterial ribosome. 
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Mitoribosome assembly is subject of intense investigation 

Despite the fact that the mitoribosome evolved from the bacterial ribosome, its 

architecture is strikingly different226. Furthermore, because of the evolutionary shift of 

the mitochondrial genes into the nuclear genome, the mitoribosome assembly is 

expected to differ from that observed for the bacterial ribosome. Nevertheless, just like 

in bacteria, the rRNAs of the mitoribosome are generally transcribed as one 

polycistronic precursor RNA that needs to be processed227,228. The extend of 

necessary RNA processing, however, depends on the eukaryotic species. The 

assembly of the mitoribosome starts co-transcriptionally and the processing and 

modification of the rRNA is associated with the hierarchal association of the ribosomal 

proteins229. Contrary to other ribosomes, the mitoribosomal rRNA is scarcely modified. 

There are only 10 known modifications in the human mitoribosome, compared to more 

than 30 in the bacterial ribosome and more than 200 in the cytoplasmic eukaryotic 

ribosome226. Moreover, depending on the species, most or all of the ribosomal proteins 

are encoded by the nuclear genome. Therefore, mitoribosome assembly requires 

coordination of the transcription machinery in the mitochondria and the transcription 

Figure 6. Order of mitoribosomal proteins association in humans. 

Structure of the human mitoribosomal small (A) and large (B) subunit is presented from the solvent-

exposed (left) and intersubunit (right) side (PDB: 6ZM6). Ribosomal RNA is shown in surface 

representation and colored silver, while the ribosomal proteins are depicted in cartoon representation 

and colored according to their assembly kinetics (Bogenhagen et al., 2018). The early binding 

ribosomal proteins are colored orange, the intermediate ones are shown in green and the late binding 

proteins are depicted in blue. The proteins are additionally grouped and listed below the structures. 
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and translation machinery in the nucleus and cytoplasm. Recent biochemical studies 

of the human and yeast mitoribosome maturation deciphered the order in which the 

mitoribosomal proteins are imported into the mitochondria230 or incorporated into the 

mitoribosome231 (Figure 6). Based on these results the mitoribosomal proteins were 

sorted into the early, intermediate and late binders. It was also proposed that, as with 

the cytoplasmic prokaryotic and eukaryotic ribosomes, the mitoribosomal subunit can 

mature via limited parallel pathways231. 

Putative mitoribosomal assembly factors were also studied extensively through 

biochemical and genetic approaches over the years (Table 2). Many of these identified 

Table 2. Major human mitoribosomal assembly factors. Adapted from Kummer and Ban, 2021226 

 

group 
assembly factor 

subunit reference 
H. sapiens 

bacterial 
homolog 

RNA 
modifying 
enzymes 

METTL15 RsmH SSU 232,233 
MRM1 RlmB LSU 234,235 
MRM2 RrmJ LSU 235–237 
MRM3  LSU 235,237,238 
TRMT61B  LSU 239 
TFB1M KsgA SSU 240–242 
NSUN4 YebU SSU/LSU 243,244 
RPUSD4  LSU 245,246 
PUSL1 TruA family LSU 245,247 

DEAD-box 
helicases 

DDX28  LSU 227,248,249 
DDX30  SSU/LSU 227 

ribosome 
dependent 

GTPases 

MTG1 (GTPBP7) RbgA LSU 250,251 
MTG2 (GTPBP5) ObgE LSU 250,252–256 
GTPBP6 HflX LSU 257 
GTPBP8  LSU 258 
OBGH2 (GTPBP10) ObgE (SSU)/LSU 258,259 
MTG3 (NOA1) YqeH SSU 260–262 
ERAL1  SSU 263–265 

general 
maturation 

factors 

MALSU1 RsfS LSU 266–268 
L0R8F8 (MIEF1)  LSU 247,268 
mt-ACP  LSU 268 
RBFA RbfA SSU 265 
MTERF4  LSU 243,244 
MTERF3  LSU 269 
PTCD1  LSU 270 
YBEY YbeY SSU/(LSU) 271 
p32  SSU/LSU 272,273 
MPV17L2  SSU/LSU 274 
FASTKD2  LSU 227 
CLPXP  SSU 275 
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factors show homology to known bacterial assembly factors. However, sequence 

and/or structure homology does not necessarily mean that a given assembly factors 

fulfills the same function in mitoribosome assembly as its homolog does in the bacterial 

ribosome maturation66. With such a drastic change to the mitoribosomal architecture 

it is highly plausible that some of the assembly factors adjusted their role in the 

maturation process. Moreover, just like with the ribosomal proteins specific to 

mitochondria, there are several mitochondrial assembly factors which do not show any 

similarity to known bacterial proteins. Therefore, to better understand mitoribosomal 

maturation it is critical to obtain a mechanistic description of the process that requires 

visualization of the assembly intermediates. Understanding of the mitoribosome 

maturation process is also medically relevant, since defects in mitoribosomes cause 

problems in the production of proteins responsible for oxidative phosphorylation  and 

lead to mitochondrial disorders24. 

Structural information on the mitoribosome assembly is, however, still scarce. 

So far, only two late assembly intermediates of the human mitoribosomal large subunit 

were visualized268. The late assembly intermediates showed immature peptidyl 

transferase center (PTC) and additional density for 3 assembly factors – ACP, 

MALSU1 and L0R8F8. These structures showed that, just like in the case of 

cytoplasmic ribosomes, the active center of the large subunit (i.e. PTC) is the last 

structural element to mature. Additionally, the discovered cluster of 3 assembly 

factors, termed ACP module, is believed to prevent premature association of the 

subunits. 

Compared to bacteria where ribosomes assemble in 1-2 minutes51, analysis of 

the human mitoribosome assembly intermediates should be more feasible since the 

process can take even up to 3 hours230 Still, the amounts of natively purified 

mitoribosomes and the additional steps required for purification of assembly 

intermediates make the task of structural analysis challenging in other respects. 

Nevertheless, with current state of the single particle cryo-EM and the lower 

requirements for sample purity and quantity, high-resolution structures of the 

mitoribosome assembly intermediates seem to be within reach. 
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Aim of the thesis 

Defects in the assembly of the mitoribosomal subunits leads to a reduced 

amount of translationally capable ribosomes and, as a result, decreased capacity of 

the oxidative phosphorylation (OXPHOS) machinery. Since aerobic organisms 

depend on the OXPHOS pathway for energy conversion, its reduced activity causes 

disorders which often manifest with a broad spectrum of clinical symptoms. Such 

disorders in humans, associated with mitoribosome defects, often occur from a young 

age and present themselves as severe multisystemic diseases, like hypertronic 

cardiomyopathy, sensorineural hearing loss, encephalomyopathy or Leigh 

syndrome66,276–279. In addition, recent studies showed that deregulation of 

mitoribosome components and assembly factors may lead to cancer development and 

its progression272,280. Due to their shared ancestry with the bacterial ribosome, 

mitoribosomes are also sensitive to certain antibiotics used for treatment of microbial 

infectious diseases which cause severe side effects in humans281. 

Understanding the mitoribosome maturation is therefore not only fundamentally 

interesting, but also of crucial importance from a biomedical perspective. Deeper 

understanding of the mitoribosome assembly should improve our understanding of the 

severe multisystemic diseases associated with mitoribosome defects as well as 

aspects of cancer development and its progression. Consequently, a number of 

research groups are already investigated mitoribosome assembly using genetic and/or 

biochemical methods in order to reveal the process of mitoribosome maturation282. 

In order to investigate biogenesis of mitoribosomes I used cryo-electron 

microscopy to determine the structures of different assembly intermediates of the 

mitoribosomal large subunit. At the beginning of my PhD, another project in our 

research group was focusing on obtaining a structure of a mature mitoribosome from 

a human parasite Trypanosoma brucei. Therefore, because of the experience in our 

group on working with this organism and its mitoribosome, I initially set out to 

determine the high-resolution structures of mitoribosomal large subunit assembly 

intermediates purified from T. brucei. Subsequently, in collaboration with Dr. Tea 

Lenarčič in our group, I also studied this process in humans by determining the 

structures of human mitoribosomal large subunit assembly intermediates. 
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Chapter 1. Structural insights into the mechanism of 
mitoribosomal large subunit biogenesis 
The content of this chapter was previously published in Molecular Cell. 
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Summary 

In contrast to the bacterial translation machinery, mitoribosomes and 

mitochondrial translation factors are highly divergent in terms of composition and 

architecture. There is increasing evidence that the biogenesis of mitoribosomes is an 

intricate pathway, involving many assembly factors. To better understand this process, 

we investigated native assembly intermediates of the mitoribosomal large subunit from 

the human parasite Trypanosoma brucei using cryo-electron microscopy. We 

identified 28 assembly factors, six of which are homologous to bacterial and eukaryotic 

ribosome assembly factors. They interact with the partially folded rRNA by specifically 

recognizing functionally important regions such as the peptidyl transferase center. The 

architectural and compositional comparison of the assembly intermediates indicates a 

stepwise modular assembly process, during which the rRNA folds towards its mature 

state. During the process, several conserved GTPases and a helicase form highly 

intertwined interaction networks that stabilize distinct assembly intermediates. The 

presented structures provide general insights into mitoribosomal maturation. 
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Introduction 

Mitochondria are cellular organelles responsible for energy conversion and 

ATP production. They originated from a free-living α-proteobacterium and therefore 

share a common ancestor with present-day bacteria (Roger et al., 2017). Although 

during evolution the majority of the genetic information has been either lost or 

transferred from the mitochondrial to the nuclear genome, mitochondria have retained 

their own transcription and translation machineries, including mitochondrial ribosomes 

(mitoribosomes). In all known organisms mitoribosomes are responsible for the 

synthesis of essential membrane proteins of the oxidative phosphorylation complexes 

(Ott et al., 2015). 

Despite sharing a common ancestor, mitoribosomes differ considerably in 

composition and architecture from their bacterial counterparts as well as between 

different eukaryotic lineages, as recently visualized at high-resolution by cryo-electron 

microscopy (cryo-EM). In general, mitoribosomes feature an increased number of 

ribosomal proteins in comparison to the bacterial 70S ribosome, whereas the 

ribosomal RNAs (rRNA) are highly variable in length. The rRNAs of the yeast 74S 

mitoribosome developed additional expansion segments to which mitoribosome-

specific proteins bind, leading to an RNA:protein ratio of 1:1 (2:1 in bacteria) (Desai et 

al., 2017). In contrast, the mammalian 55S mitoribosome possesses a highly reduced 

rRNA, but acquired additional mitochondria-specific ribosomal proteins, resulting in an 

RNA:protein ratio of 1:2 (Amunts et al., 2015; Greber et al., 2015). The Trypanosoma 

brucei mitoribosome is the utmost example of this evolutionary shift towards protein-

based architecture as it is composed of 127 mitoribosomal proteins and contains very 

small rRNAs resulting in an RNA:protein ratio of 1:6 (Ramrath et al., 2018). 

Considering the unique architecture of mitoribosomes and the fact that rRNA 

transcription occurs inside the mitochondrion, whereas most mitoribosomal proteins 

are synthesized in the cytoplasm and have to be imported, the biogenesis of 

mitoribosomes is expected to differ from the assembly of prokaryotic and eukaryotic 

cytoplasmic ribosomes. However, in contrast to the cytoplasmic ribosomes, whose 

biogenesis has been studied extensively for decades using genetic, biochemical and 

structural approaches (Chen and Williamson, 2013; Cruz et al., 2015; Davis et al., 

2016; Klinge and Woolford, 2018; Shajani et al., 2011; Woolford and Baserga, 2013), 

maturation of mitoribosomes is less well-understood. Only a few mitoribosomal 
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assembly factors have been identified so far, including rRNA methyltransferases 

(Mrm1, Mrm2 and Mrm3), ATP-depended RNA helicases (Mss116 and Mrh4) and 

GTPases (Mtg1, Mtg2 and Mtg3) (reviewed in Silva et al., 2015). For the mammalian 

28S and 39S subunits, an assembly hierarchy of their mitoribosomal proteins has 

recently been proposed using SILAC pulse-labeling experiments (Bogenhagen et al., 

2018). At the same time an assembly pathway of mitoribosomal proteins was 

suggested for the yeast 54S large subunit (LSU) using a systematic genomic deletion 

of 44 yeast mitoribosomal proteins (Zeng et al., 2018). Both studies showed that, 

similarly to the bacterial LSU (Davis et al., 2016), the mitoribosome is assembled 

through stepwise association of clusters of ribosomal proteins. 

Structural insights into mitoribosomal assembly is limited to studies in which 

assembly intermediates of the Trypanosoma brucei mitoribosomal SSU were 

described (Saurer et al., 2019), and the observation of two late-stage assembly 

intermediates of the human 39S LSU (Brown et al., 2017). The latter showed that 

maturation of the peptidyl transferase center (PTC) formed by the 16S rRNA and the 

binding of bL36m are among the last steps of human mitoribosomal LSU maturation. 

Cryo-EM reconstructions described in that study also revealed a module consisting of 

three assembly factors (MALSU1, L0R8F8 and mt-ACP) that binds to uL14m and 

prevents premature subunit association. 

Mitochondrial biogenesis is biomedically important since mutations in 

mitoribosomal proteins, rRNAs, and assembly factors have been linked to a 

heterogeneous group of human multisystemic OXPHOS diseases as well as cancer 

development and progression (Kim et al., 2017; Silva et al., 2015). Furthermore, a 

mammalian ortholog of the recently identified yeast mitoribosomal assembly factor 

Mam33, is a protein involved in cancer progression and mitochondrial diseases 

(Hillman and Henry, 2019). 

Here we present the atomic structures of two native T. brucei mitoribosomal 

large subunit assembly intermediates determined by cryo-EM at resolutions of 3.1 Å 

and 3.9 Å. The intermediates feature 12S rRNAs in immature conformations and vary 

in the number of bound mitoribosomal proteins and biogenesis factors, suggesting a 

sequential order of assembly. We discover many novel assembly factors in addition to 

those with homology to previously biochemically characterized biogenesis factors of 

other systems. Moreover, we visualize the mode of interaction of the assembly factors 

with the immature mitoribosome. Finally, we present the conformational changes that 
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occur during maturation of mitoribosomes and the roles of various factors in this 

process. 

Results 

Cryo-EM analysis of trypanosomal mitoribosomes reveals two native assembly 

intermediates of the large subunit 

Mitoribosomal particles were purified from wild-type T. brucei cells and 

analyzed using cryo-EM. Two complexes that are structurally related to the ribosomal 

LSU, referred to as states A and B, could be classified from the dataset (Figure 1 and 

S1). The cryo-EM maps were resolved to 3.9 Å and 3.1 Å (Figure S2), respectively, 

and were of sufficient quality for building and refining an atomic model for both states 

according to the previously described strategy (Ramrath et al., 2018) (Table 1). 

Several lines of evidence indicate that the visualized complexes represent large 

mitoribosomal subunit assembly intermediates. Both complexes lack the central 

protuberance (CP) (Figure 1A), a prominent architectural feature that is responsible 

for intersubunit contacts with the small subunit (SSU), which is known to be formed 

late during bacterial large ribosomal subunit biogenesis (Davis et al., 2016). 

Furthermore, a highly intertwined cluster of non-ribosomal proteins is located on the 

subunit interface side of both complexes (Figure 1A-B). The protein cluster interacts 

with mitoribosomal proteins and the central core of the LSU formed by the 12S rRNA 

that harbors the PTC found in immature conformation. Whereas the intersubunit side 

is almost completely covered, the solvent accessible side resembles the previously 

published subunit (Ramrath et al., 2018). The L1 stalk, involved in tRNA release at the 

exit site, lacks mitoribosomal proteins mL91 and mL97 in both states. In the mature 

LSU, these proteins are located at the base of the L1 stalk, ensuring its correct 

positioning and solid attachment to the LSU. Although in the L1 stalk only two 

ribosomal proteins are missing, the L7/L12 stalk is completely absent in both states, 

along with many of the stalk base mitoribosomal proteins, in particular uL10m, uL16m, 

bL36m and mL88. Furthermore, both states lack mL79 that links the CP with the stalk 

base in the mature LSU. Additional nearby proteins, mL64 and mL84, although present 

in both complexes, adopt different, immature conformations. In total, states A and B 

lack 22 and 17 mitoribosomal proteins, respectively, out of the 72 found in the mature 

LSU. 
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Figure 1. Architectural overview of the mitoribosomal LSU assembly intermediates of T. brucei 

(A) The molecular structures of the mitoribosomal LSU state A and state B assembly complexes are 
shown in sphere representation from the intersubunit side. For comparison, the LSU 
of T. brucei (PDB: 6HIX) (Ramrath et al., 2018), including a modeled 12S rRNA, is shown. (B) The 
assembly factors of states A and B are illustrated and colored individually. The model of the 12S rRNA 
is blue. The ribosomal proteins are shown as gray surfaces. mt-LAF20 in state B is labeled with a 
dashed line, as it is occluded from view by other assembly factors. mt-LAF25∗ lacks an assigned 
sequence, but based on fold homology represents a putative methyltransferase. (C) The 12S rRNA 
structures of states A and B are shown from the intersubunit side (same orientation as in A and B). The 
12S rRNA segments, some of which are labeled, are colored according to their conformational state: 
mature elements in blue, immature elements with the same fold in states A and B in green, and elements 
adopting conformations specific for state A in yellow and for state B in red, respectively. The 12S rRNA 
secondary structure diagram of state B is given in the same color key. 
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Table 1. Cryo-EM data collection, map refinement, model refinement and validation statistics of 
the T. brucei mt-LSU assembly intermediates. 

Structure: 
State A mt-LSU assembly 

intermediate 
State B mt-LSU assembly 

intermediate 

EMDB accession / PDB code 10999 / 6YXX 11000 / 6YXY 

Data collection: 

Microscope FEI Titan Krios 

Detector Falcon 3 

Voltage (keV) 300 

Electron exposure (e-/Å2) 75 

Pixel size (Å) 1.085 

Magnification 129,000x 

Defocus range (µm) 1-3 

Automation software EPU 

Selected micrographs 26,776 

EM Reconstruction: 

Initial particle images (no.) 2,480,610 

Final particles (no.) 16,215 98,508 

Accuracy of rotations (degrees) 0.722 0.411 

Accuracy of translations (Å) 0.915 0.487 

Resolution (unmasked / masked) at FSC=0.143 (Å) 3.9 3.1 

Sharpening B-factor (Å2) -153.93 -128.35 

Coordinate real space refinement (PHENIX version 1.17.1-3660) 

Unit cell P1 P1 

a, b, c (Å) 260.40, 324.05, 292.23 258.23, 321.16, 294.04 

α = β = γ (º) 90 90 

CCmask 0.76 0.81 

High resolution limit for refinement 3.9 3.1 

Resolution according to model vs. map FSC=0.143 
/ FSC=0.5 (masked) criterions (Å) 

3.8 / 3.9 3.0 / 3.1 

Resolution according to model vs. map FSC=0.143 
/ FSC=0.5 (unmasked) criterions (Å) 

3.9 / 4.0 3.0 / 3.2 

Model composition: 

Number of chains 96 94 

Total atoms 183,960 177,572 

Protein residues 29,866 19,399 

RNA residues 906 903 

Ligands: 
GTP/ATP/NAD/SPD/PM8/H2O/Na+/Mg2+/Zn2+ 

2 / 1 / 1 / - / 1 / 8 / 2 / 17 / 7 3 / 1 / 1 / 1 / 2 / 10 / 2 / 33 / 5 

Average B-factors (min/max/mean): 

Protein 5.49 / 115.83 / 33.55 3.34 / 90.08 / 27.12  

RNA 4.28 / 261.05 / 63.34 4.95 / 175.21 / 45.28 

Ligand 1.89 / 98.95 / 57.77 5.40 / 96.97 / 51.22 

Water 13.94 / 57.01 / 33.98 9.39 / 38.53 / 19.00 

Model validation: 

RMSD bonds (Å) 0.002 0.002 

RMSD angles (º) 0.468 0.460 

All-atom clashscore 9.26 7.78 

EMRinger score 1.14 2.35 

MolProbity score 1.64 1.66 

Ramachandran statistics: 

Favored (%) 97.17 99.17 
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Allowed (%) 2.82 2.82 

Outliers (%) 0.01 0.01 

Rotamer outliers (%) 0.95 1.29 

RNA validation: 

Sugar pucker outliers (%): 0.33 1.22 

Angle/bond outliers (%): 0 0 

Bond outliers (%): 0 0 

CCmask, real space correlation coefficients; EMDB, Electron Microscopy Data Bank; PDB, Protein Data Bank; 
RMSD, root-mean-square deviation; SPD, spermidine, FSC., Fourier shell correlation 

 

Overall, of the 25 additional proteins identified in state A and the 21 in state B, 

16 are present in both states (Figure 1B and SI3). Some of these proteins are structural 

homologues of previously described mitoribosomal or cytoplasmic ribosomal 

assembly factors, including bacterial GTPases EngA (Bharat et al., 2006) and EngB 

(Schaefer et al., 2006), rRNA methyltransferase RlmI (Purta et al., 2008), 

mitochondrial GTPase Mtg1 (Barrientos et al., 2003), mitochondrial rRNA 

methyltransferase MRM3 (Rorbach et al., 2014) and mitochondrial RNA 

pseudouridine synthase Pus5/RPUSD4 (Ansmant et al., 2000; Antonicka et al., 2017), 

as well as the ACP-LYRm module recently identified in human mitochondrial LSU 

assembly intermediates (Brown et al., 2017). Consequently, we assigned the newly 

identified proteins as assembly factors and refer to them as mitochondrial LSU 

assembly factors (mt-LAFs). Assembly factors with previously characterized homologs 

were named with their original name and an “mt-” prefix. To corroborate their functional 

role in ribosome maturation, a selection of the newly found assembly factors was 

further tested using RNAi knockdown experiments, which showed that their ablation 

interferes with LSU maturation (Figure 2). 

Comparison of the assembly intermediates suggests the order of maturation 

In both assembly intermediates, the intertwined assembly factors stabilize the 

12S rRNA in an immature conformation (Figure 1). Domain II, namely helices 36-37, 

39 and 42-44, and domain V that forms the PTC in the mature LSU, are present in the 

same immature conformation in both states. However, helices 33-35 of domain II, the 

entire domain III and helices 61 and 64 of domain IV differ between the two assembly 

intermediates (Figure 1C). In state A, those rRNA regions are supported by a cluster 

of nine assembly factors including mt-LAF21 and KRIPP3, which bind between 

domains II, III and IV. Consistent with the important structural role of these factors in  
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Figure 2. Importance of assembly factors for cell growth and rRNA stability 

The protein levels of five assembly factors (A–E) of the LSU assembly intermediate were reduced by 
tetracycline-inducible RNAi in T. brucei cells. All knockdown cultures show reduced growth 72 h after 
induction. The levels of 12S and 9S rRNA in the knockdown strains were followed in 24-h intervals by 
northern blotting, and with the exception of mt-LAF3 (E), all show a specific reduction of the 12S rRNA 
steady-state level, but not of the 9S rRNA. Ribosomal proteins of the LSU and SSU (see Figure S3) are 
used as controls. The results complement previous findings regarding the mitoribosomal SSU assembly 
machinery (Saurer et al., 2019). The structures of the assembly factors from state B are shown together 
with their corresponding rRNA interaction sites. The structure of mt-LAF21 (A) was taken from state A, 
as it is specific to that state. Cultures were grown in triplicates. Error bars indicate the average deviation 
from the mean. See also Figure S3. 
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stabilizing rRNA domains in immature conformation, knockdowns of mt-LAF21 and 

KRIPP3 specifically reduce the steady state levels of 12S rRNA. In contrast, the SSU 

9S rRNA is not affected, suggesting that the targeted protein is required for LSU, but 

not SSU maturation. Furthermore, the growth rate of T. brucei cells is reduced, 

presumable due to retarded mitoribosome assembly (Figure 2A and S3C). In state B, 

the cluster of nine assembly factors specific to state A is replaced by four 

mitoribosomal proteins (mL90, mL99, mL100 and mL101) and by the assembly factors 

mt-LAF20 and mt-EngB, a homologue of the bacterial GTPase EngB (Schaefer et al., 

2006) (Figure 1A-B). The exchange of proteins is accompanied by a conformational 

change of the N-terminus of mL85 and 12S rRNA regions, which in state B adopt a 

fold more similar to the one found in mature LSU. Additionally, we observe differences 

between the two assembly intermediates in the vicinity of H95 called the sarcin-ricin 

loop (SRL). While in state A this rRNA region is occupied by protein secondary 

structure elements that could not be assigned due to lower local resolution, in state B 

different proteins are bound to the SRL, including mitoribosomal protein uL14m and 

three assembly factors MALSU1, L0R8F8 and ACP that belong to a module that was 

recently shown to be involved in maturation of the human mitoribosome (Brown et al., 

2017). The exchange of proteins is accompanied by a maturation of the nearby H94. 

Altogether, since state B has a more complete set of ribosomal proteins and the fold 

of its rRNA resembles more the one present in the mature LSU, we propose that this 

state represents a later assembly intermediate than state A. 

GTPases form a network of interactions 

Studies on ribosomal biogenesis suggest that GTPases are frequently engaged 

in ribosomal maturation and may couple the ribosome assembly with growth control 

pathways by sensing the cellular GTP/GDP level (Britton, 2009). The structures of the 

mitoribosomal LSU assembly intermediates contain several GTPases in agreement 

with previous biochemical evidence that GTPases also play an important role in 

mitoribosome biogenesis (Gupta et al., 2018; Kotani et al., 2013). The identified 

GTPases mt-EngA•GTP2 and Mtg1, as well as mt-EngB•GTP, which is present only 

in state B, are homologous to GTPases known to be involved in ribosome biogenesis 

in bacteria (Schaefer et al., 2006; Uicker et al., 2006). All three of these GTPases are 
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Figure 3. GTPases form an intricate network of interactions 

(A) State B assembly intermediate of the T. brucei mitoribosomal LSU with the assembly factor GTPases 
mt-EngA, mt-EngB, and Mtg1 shown in colored surface representation and the rRNA in blue. (B)
Schematic representation of the binding locations of prokaryotic GTPases RbgA and EngA to the 
prokaryotic 45S LSU assembly intermediate based on separate structures of 45S:RbgA (PDB: 6PPK) 
and 50S:EngA (PDB: 3J8G). (C and D) The silhouettes of the assembly intermediate states A (C) and B 
(D) are shown from the intersubunit side as black outlines in the same orientation as in (A). mt-EngA, mt-
EngB, and Mtg1, as well as the other assembly factors mt-LAF20, mt-LAF21, mt-LAF22, KRIPP3, mt-
LAF27, and mt-LAF28, are involved in the rearrangement of the H32–35 region. Regions of the 12S rRNA 
that interact with the GTPase cluster (H74, H75, H80–88, and H32–35 regions) are shown in blue, while 
the remaining 12S rRNA is omitted for clarity. Corresponding schematic representations of the GTPase 
clusters in states A and B are shown at right. mt-LAF20 is not shown on the state B schematic, as it is 
occluded from view by EngB and Mtg1. The conformational change of the N terminus of Mtg1 between 
states A and B is indicated by an arrow. See also Figures S4A and S4B. 
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located at the center of the LSU and interact with key elements of the 12S rRNA 

(Figure 3A). In state A, GTPase mt-EngA•GTP2 and Mtg1 interact with each other and 

form a docking site for the cluster of assembly factors that are only present in state A. 

During transition to state B, this cluster is replaced by a set of mitoribosomal proteins 

and assembly factors mt-LAF20 and the GTPase mt-EngB•GTP. 

Simultaneous binding of these three GTPases to an assembly intermediate is 

consistent with the evidence that suggests that homologues of mt-EngA•GTP2, Mtg1 

and mt-EngB•GTP work in conjunction during the bacterial LSU maturation (Ni et al., 

2016). Although there is currently no structure of these GTPases bound 

simultaneously to the bacterial large ribosomal subunit, structures of EngA in complex 

with mature E. coli 50S LSU (Zhang et al., 2014) and Mtg1 homolog, RbgA, bound to 

B. subtilis 45S assembly intermediate (Seffouh et al., 2019) are available. We used 

this information to create a schematic of prokaryotic 45S assembly intermediate in 

complex with both GTPases (Figure 3B). Strikingly, the observed mode of binding of 

the trypanosomal mt-EngA•GTP2 and Mtg1 to the mitochondrial LSU assembly 

intermediate resembles very closely the composite binding mode assumed for its 

prokaryotic homologs (Figure 3A-B). Therefore, it is tempting to assume that the 

lessons learned regarding the interplay of these three GTPases based on the 

structures presented here will also be applicable for understanding the maturation of 

bacterial ribosomes. 

The mt-EngA•GTP2 is a homologue of the bacterial GTPase EngA (also known 

as Der), which is an essential and conserved bacterial 50S maturation factor (Hwang 

and Inouye, 2006). As in bacteria, mt-EngA•GTP2 consists of two consecutive 

GTPase domains (G1 and G2) followed by a C-terminal RNA-binding KH domain. 

Although the binding environment in the trypanosomal mitoribosome is dominated by 

proteins instead of rRNA, the overall conformation and binding location of mt-EngA is 

similar to the bacterial EngA in complex with the immature bacterial 50S (Zhang et al., 

2014). The binding of mt-EngA•GTP2 interferes with the association of mL91 and 

bL33m, as is observed for the latter protein in bacterial ribosomes. The G1 domain 

binds the helical N-terminus of mL74, stabilizing its immature conformation, and 

interacts with the immature H88 of the 12S rRNA. The G2 domain attaches to the 

flipped-out nucleotides of H75, a central helix of the rRNA core, and orients the KH 

domain to contact the helix 89 of the partially formed PTC. On the opposite end, the 

N-terminal tail of mt-EngA anchors the factor to the base of the L1 stalk (Figure 3). In 
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E. coli, only GTP-bound EngA interacts with the LSU intermediate in the late state of 

maturation (Tomar et al., 2009). This may also be the case for mt-EngA•GTP2 since 

our cryo-EM maps reveal that GTP molecules are present in the binding pocket of both 

GTPase domains of mt-EngA•GTP2 (Figure S4A). The importance of mt-EngA•GTP2 

in LSU maturation is further emphasized by the fact that T. brucei cells grow much 

slower when mt-EngA•GTP2 is knocked down and we observe a reduction of the 12S 

rRNA steady state levels 72-hrs post-induction by more than 60% (Figure 2B). 

The conserved mitochondrial GTPase 1 (Mtg1) binds at the subunit interface 

side, where it interacts with the KH domain of mt-EngA, many other LAFs, 12S rRNA, 

and a few mitoribosomal proteins, including uL14m (Figure 3). The observed binding 

location and the state of assembly in which the large subunit is lacking proteins uL16m, 

bL27m and bL36m is consistent with the data available for binding of the prokaryotic 

homolog of Mtg1, named RbgA (or YlqF), to the immature 50S subunit (Jomaa et al., 

2014; Matsuo et al., 2006; Seffouh et al., 2019). Although the active site residues of 

Mtg1 responsible for the nucleotide binding and hydrolysis are conserved (Gulati et 

al., 2013), we find the binding pocket in a conformation that prevents binding of a 

nucleotide due to steric hindrance, implying that Mtg1 in our assembly intermediates 

serves an architectural role, whereas its nucleotide bound state may be required for 

LSU assembly at another stage of maturation as proposed earlier (Kim and Barrientos, 

2018). Therefore, the observed conformational changes of Mtg1 between the two 

assembly intermediates (Figure 3) do not involve the GTPase domains but are mostly 

limited to the N-terminal helix of the factor, which rotates by 90 degrees when the 

cluster of assembly factors specific for state A dissociates. 

Upon dissociation of state A specific factors mt-EngB•GTP is recruited, a 

homolog of the bacterial GTPase EngB (also known as YihA or YsxC). The contacts 

between the two GTPases involve the rotated N-terminal helix of Mtg1 and the 

trypanosomal specific long C-terminal extension of mt-EngB•GTP, which threads 

through a loop formed by Mtg1, establishing a shared beta-sheet.  mt-EngB•GTP 

knockdown experiments showed reduced cell growth phenotype in trypanosomes and 

a 40% reduction of the 12S rRNA steady state levels after 96-hrs of RNAi induction 

(Figure 2C). We observe a nucleotide bound to the GTPase domain of mt-EngB•GTP 

(Figure S3B) in the same location as observed in the crystal structure of GMP-PNP 

bound bacterial homologue YsxC (Ruzheinikov et al., 2004). 
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Due to the structural homology to bacterial factors, the observed contacts 

between mt-EngA•GTP2 and Mtg1 are likely also formed during bacterial large 

ribosomal subunit biogenesis. This is not the case for the contacts between GTPases 

that are mediated by the unique C-terminal extension of mt-EngB•GTP and, therefore, 

it is possible that in bacteria the communication between EngB and other GTPases is 

facilitated by the structural changes in the large subunit during maturation. 

Nevertheless, the observed intricate network of interactions may provide an example 

of how these GTPases are able to coordinate their action to function as checkpoint 

proteins in the assembly process (Britton, 2009). 

mt-LAF2 is a DEAD-box helicase that interacts with the 12S rRNA 

mt-LAF2•ATP, the largest of the identified assembly factors (85.6 kDa, 754 aa), 

is a member of the DEAD-box helicase family and consists of two highly conserved 

RecA-like domains, which harbor the DEAD-box motif (Fairman-Williams et al., 2010). 

The RecA-like domains exhibit a closed conformation, which for bacterial DEAD-box 

helicase YxiN has been shown to be induced by a cooperative binding of RNA and an 

ATP molecule (Theissen et al., 2008). Located below the CP region, the RecA-like 

domains interact with 12S rRNA elements of H37, H39 and H80-81 and with assembly 

factors. They overlap with the binding location of many mitoribosomal proteins, some 

of them being part of the CP in the mature LSU, including bL27m, bL31m and bL33m. 

As observed in other DEAD-box helicases (Putnam and Jankowsky, 2013), mt-

LAF2•ATP contains terminal extensions, which in trypanosomal LSU assembly 

intermediates intertwine with the 12S rRNA core (Figure 4A). The C-terminal tail is 

particularly long (164 aa) and extends through the entire core of the complex, thereby 

blocking the entry to the lower part of the polypeptide exit tunnel. mt-LAF2•ATP also 

contains an additional domain between the two RecA-like domains, which is 

uncommon for DEAD-box helicases (Figure 4B) (Fairman-Williams et al., 2010). This 

domain is positioned in front of the nucleotide binding pocket and is stabilized through 

interactions with mt-LAF3 and mt-LAF8 (Figure S5C). Thus, this interaction may 

prevent the dissociation of bound nucleotide and subsequent conformational change 

of mt-LAF2 as long as mt-LAF3 and/or mt-LAF8 stay bound to the assembly 

intermediate in the current conformation. 

Considering that mt-LAF2•ATP is deeply buried in the core of the assembly 

intermediate and is highly intertwined with the 12S rRNA (Figure S5B) it is likely that  
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Figure 4. Assembly factors involved in the PTC maturation 

(A) State B of the mitoribosomal LSU assembly intermediate is shown from the intersubunit side, with 
the mitoribosomal proteins in gray and the 12S rRNA in blue. Assembly factor mt-LAF2 is shown in a 
surface view, with its domains in different colors. Other assembly factors are hidden (see also Figure 
S5). (B) The assembly factor mt-LAF2 is illustrated, with its domains labeled and color-coded as in (A). 
(C and D) Immature H80–88 (C) and H89–92 (D) of the 12S rRNA are shown, with surrounding 
assembly factors colored individually. The immature fold of the rRNA regions is shown below, with a 
mature conformation of a corresponding fragment from Sus scrofa mitoribosomal 16S rRNA for 
comparison. rRNA fragments are colored as shown on the corresponding secondary structure diagrams 
of the 12S rRNA domain V. 
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it is recruited early in the maturation. Indeed, the 12S rRNA steady state levels drop 

rapidly to 60% after 24-hrs and to 40% after 48-hrs post-induction in mt-LAF2•ATP 

knockdown cells (Figure 2D) and the growth rate of the T. brucei cells is significantly 

reduced. These results resemble the findings for Mss116, a DEAD-box helicase in 

yeast, which plays a role in mitoribosomal maturation (De Silva et al., 2017). Deletion 

of Mss116 lowers the number of assembly intermediates and assembled 

mitoribosomes, suggesting an involvement at an early stage of the maturation 

process. Just like mt-LAF2•ATP, Mss116 also has a long C-terminal extension (CTE) 

(Campo and Lambowitz, 2009), which contributes to the RNA binding (Mohr et al., 

2008). Although the CTE of Mss116 adopts a compact conformation it is possible that 

upon binding to the early stage assembly intermediate, the Mss116 CTE unfolds and 

interacts with the rRNA similarly to the CTE of mt-LAF2•ATP described here. Taken 

together, our structural and biochemical results indicate that mt-LAF2•ATP, similarly 

to Mss116, plays an important role in the early stage of mitoribosome biogenesis and 

acts as a key rRNA scaffold or even as the nucleation center. Additionally, it interferes 

with association of the CP proteins and would have to dissociate upon CP maturation, 

possibly inducing a large rearrangement of the PTC rRNA core region. 

Maturation of the peptidyl transferase center involves multiple assembly factors 

In the mature ribosomal LSU, rRNA elements of domain V form the PTC, the 

catalytic site of the ribosome. Although the PTC region of the rRNA is not well ordered 

in the structure of T. brucei mitoribosome (Ramrath et al., 2018) due to high degree of 

conservation it is reasonable to assume that it will adopt the conformation observed in 

the mature mammalian 39S LSU (Greber et al., 2015) (Figure 4C-D). Therefore, in the 

discussion below, we will compare the conformation of the PTC observed in the LSU 

assembly intermediates to the homology modeled structure of the mature PTC. In both 

mitoribosomal LSU assembly intermediates, the PTC regions of the 12S rRNA interact 

with numerous assembly factors and are in an immature conformation. In particular 

H80, termed P-loop, is unwound by extensive interactions with the DEAD-box helicase 

mt-LAF2•ATP described above (Figure 4C), similarly as observed in several crystal 

structures of DEAD-box helicases in complex with RNA fragments (Campo and 

Lambowitz, 2009; Sengoku et al., 2006) (Figure S5A). Similarly, H88 that in bacteria 

interacts with the E-site tRNA during translation is unwound in the LSU assembly 

intermediates. Instead of the canonical stem-loop, the rRNA segment of H88 forms a 
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lariat-like structure that wraps around a loop of mt-LAF4 and the C-terminal helix of 

mL64 (also called CRIF1 in mammals). This lariat is sandwiched between a loop of 

mt-LAF19, the core domain of mt-LAF4 and mt-LAF14 (Figure 4C). Together, these 

factors prevent formation of the H88 stem-loop. Whereas we cannot detect proteins 

that are homologous to mt-LAF14 and mt-LAF19 in other organisms, mt-LAF4 shares 

structural homology with the bacterial tRNA pseudouridine synthase TruD and 

eukaryotic pseudouridine synthase Pus7. Although its overall catalytic domain fold 

shows structural homology (Figure S6F), the putative active site lacks the catalytic 

aspartate and the positively charged rRNA binding cleft found in TruD. Therefore, the 

pseudouridine synthase fold of mt-LAF4 is presumably used by this assembly factor 

to specifically recognizing the immature fold of this functionally important rRNA region. 

The other 12S rRNA elements of the PTC, in particular the peptidyl transferase 

ring and the outgoing helices H89 to H92 are kept in an immature conformation by six 

assembly factors (Figures 4D and 5A). The peptidyl transferase ring and helices H89 

and H90 in immature conformation create a three-way junction that is stabilized by mt-

LAF3, a structural homolog of the bacterial RluA and mitochondrial RNA 

pseudouridine synthase RPUSD4 (Antonicka et al., 2017; Hoang et al., 2006; 

Zaganelli et al., 2017). mt-LAF3 is comprised of two domains acting as a clamp (Figure 

5B-C). The N-terminal domain, lacking any close structural homology, interacts 

specifically with the three-way junction (Figure 5D). The C-terminal domain, 

structurally similar to the pseudouridine synthase, is sandwiched between the peptidyl 

transferase ring and H90. The specific interactions of mt-LAF3 with H90 introduce a 

kink in the canonical stem by flipping out an rRNA base into its active site that prevents 

the formation of the standard helical structure (Figure 5E). Contrary to the 

expectations, the flipped-out base is a cytosine (C1010) instead of a uridine, although 

the observed rRNA fold is related to the crystal structure of the RNA fragment bound 

to bacterial pseudouridine synthase RluA (Hoang et al., 2006) (Figure S6E). Although 

the catalytic aspartic acid in mt-LAF3 (D211) and all other residues necessary for its 

enzymatic activity are conserved, trypanosomes carry a mutation in the vicinity of the 

binding pocket (L316E). This glutamic acid residue points towards the active site and 

forms hydrogen bonds with the bound cytosine. This interaction stabilizes the binding 

of the cytosine and tilts the nucleotide away from the catalytic residues (Figure 5E). 

Our observations suggest that mt-LAF3 plays an rRNA scaffolding rather than a 

catalytic role during the visualized mitoribosomal LSU assembly states. 
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However, surprisingly RNAi-mediated gene knockdown of mt-LAF3, apart from 

slowing down the growth of T. brucei cells, not only reduces the steady state levels of 

the 12S rRNA by 60% after 72-hrs post-induction, but also affects the stability of the 

9S rRNA to a similar extent (Figure 2E). This suggests that mt-LAF3 plays an 

additional role in SSU maturation or in rRNA post-transcriptional processing. 

Figure 5. The methyltransferase heterodimer mt-LAF5/mt-LAF6 binds the rRNA helix 92 

(A) View of the mitoribosomal LSU assembly intermediate state B from the intersubunit side. The 
mitoribosomal proteins and assembly factors, colored gray, are represented as surfaces and 
illustrations, respectively, with the exception of mt-LAF3 (pink), mt-LAF5 (orange), and mt-LAF6 
(green). The 12S rRNA is shown in blue. (B and C) Interaction network between assembly factors mt-
LAF3, mt-LAF5, and mt-LAF6 and the 12S rRNA elements that in the mature state form the PTC ring. 
H89–92 in the mature mitoribosomal LSU are shown as ribbons (B) and as a schematic (C). (D–F) The 
regions of the close-up views shown in (D)–(F) are indicated, with the nucleotides in focus circled in 
red. (D) The N-terminal domain of the pseudouridine synthase mt-LAF3 stabilizes the kink formed by 
12S rRNA elements of the PTC ring and H89, while the C-terminal domain (E) harbors a cytosine 
nucleotide in its putative active site. (F) The nucleotides of the H91-92 region are sandwiched between 
the C-terminal domains of mt-LAF5 and mt-LAF6. The putative binding site of the cofactor SAM is 
indicated. In all 3 close ups, the uncarved cryo-EM density is shown as a black mesh. 
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The presented results indicate that, although many regions of the LSU are 

already in a mature conformation, the PTC region of the rRNA is still immature and 

interacts with numerous assembly factors. The PTC is also one of the last regions of 

the LSU to mature in prokaryotic and eukaryotic cytoplasmic ribosomes (Bassler and 

Hurt, 2018; Davis and Williamson, 2017). 

A methyltransferase binds to a conserved site of rRNA modification in the A-

loop 

In a translating ribosome, H92 (A-loop) interacts with the CCA-end of the A-site 

tRNA and it is crucial for the LSU activity. In both assembly intermediates, helices 90-

92 are protruding from the three-way junction and are positioned in a cleft shaped by 

mt-LAF5 and mt-LAF6 (Figure 5C). Both assembly factors belong to the SpoUT 

methyltransferases (MTase) superfamily (Anantharaman et al., 2002) and form a 

heterodimer. mt-LAF6 harbors a conserved set of S-adenosylmethionine (SAM) 

binding residues, while mt-LAF5 represents an inactive variant due to mutations in 

cofactor binding residues and resulting rearrangement in the binding pocket. Although 

enzymatically inactive, mt-LAF5 is likely important for the activity of mt-LAF6 since it 

contributes in trans a critical active site residue (Figure 5F), similarly as described for 

the homodimeric methyltransferase NshR that methylates the bacterial 23S rRNA of 

Streptomyces actuosus (Yang et al., 2010). Additionally, mt-LAF5 acts as a docking 

site, anchoring mt-LAF6 to the LSU assembly intermediate via long N- and C-terminal 

extensions that interact with multiple other assembly factors and mitoribosomal 

proteins. mt-LAF6 faces with its catalytic cleft towards the rRNA hairpin loop formed 

by H92, nucleotides of which are methylated in mitoribosomes of different eukaryotic 

species (Pintard et al., 2002; Rorbach et al., 2014). Although we could not establish 

the identity of individual nucleotides in H92 due to lower local resolution of the rRNA 

in that region, we observed a flipped-out nucleotide that points towards the active site 

of mt-LAF6 (Figure 5F). In both states, no SAM cofactor is observed in the active site 

of mt-LAF6, however the position of the flipped-out nucleotide suggests that mt-LAF6 

is an active methyltransferase involved in 2’-O-ribose methylation of a nucleotide in 

H92 loop and therefore may function analogously to MRM2 or MRM3, the 2′-O-

MTases that modify Um1369 and Gm1370, respectively, in the A-loop of human 

mitochondria (Rorbach et al., 2014). 
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A novel ACP-LYRm module binds and changes the conformation of the L1 stalk 

In mitochondria, the acyl carrier protein (ACP) to which a 4’-

phosphopantetheine group is covalently attached plays a critical role in the 

biosynthesis pathway of fatty and lipoic acids by shuttling the growing acyl chain from 

one enzyme to the other (Cronan et al., 2005). Surprisingly, the ACP has also been 

observed as a component of mitochondrial multisubunit complexes, like the 

NADH:ubiquinone oxidoreductase (complex 1) (Fiedorczuk et al., 2016; Zhu et al., 

2016) or the iron-sulfur cluster (ISC) assembly machinery (Boniecki et al., 2017). 

In addition, recent structural studies found ACP attached to assembly intermediates 

of both the human mitoribosomal LSU (Brown et al., 2017) and trypanosomal 

mitoribosomal SSU (Saurer et al., 2019). In all these complexes, the ACPs and their 

covalently linked acyl-phosphopantetheine moieties specifically interact with proteins 

Figure 6. The ACP-LYRm modules in the LSU assembly intermediates 

(A) An overview of the state B assembly intermediate is shown from the intersubunit side. The ribosomal 
proteins are represented as surfaces and the assembly factors as illustrations. (B and C) The ACP-
LYRm modules 1 (B) and 2 (C) are presented as close-up views. (D) Models of state B (gray) and of the 
mature LSU (yellow) are overlaid to indicate the conformational shift of the L1 stalk by 34 Å (18.5°) 
induced by the ACP-LYRm module 1. In the inset, the mature LSU with proteins in yellow and the 12S 
rRNA in blue are shown for orientation. See also Figure S4D. 
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that contain a LYR-motif (LYRm) characterized by consecutive leucine, tyrosine and 

arginine residues (Figure 6 and S4D). 

Interestingly, we found two such ACP-LYRm modules as architectural 

components of the trypanosomal LSU assembly intermediates (Figure 6A). Module 1, 

in which mt-LAF18 contributes the LYR motif is present in both states and located near 

the L1 stalk (Figure 6B). Besides the interaction with mt-LAF18, the ACP acts as bridge 

between mt-LAF14 and ribosomal proteins mL70 and mL74 of the L1 stalk, causing a 

tilt of the L1 stalk by 34 Å (18.5°) towards the CP region of the subunit in comparison 

to the conformation in the mature LSU (Figure 6D). Module 2 is observed only in state 

B near the SRL (H95), where it replaces state A specific factors. There, the ACP binds 

the LYRm containing protein L0R8F8, which in turn interacts with mitochondrial 

assembly factor MALSU1 forming the MALSU1-L0R8F8-ACP complex (Figure 6C and 

S6D) that was previously observed bound to the late state intermediate of the human 

mitoribosomal LSU (Brown et al., 2017). Similar as in the human LSU assembly 

intermediates, this complex interacts with uL14m that joins the T. brucei LSU upon 

progression to state B. Brown and colleagues suggested that the MALSU1-L0R8F8-

ACP module prevents the association of the mitoribosomal SSU to the immature LSU 

through steric clashes. Both ACP-LYRm modules found in the T. brucei assembly 

intermediates would accomplish the suggested function. 

Discussion 

Whereas bacterial and eukaryotic cytosolic ribosome maturation has been 

extensively studied in the past (Bassler and Hurt, 2018; Davis and Williamson, 2017), 

the assembly of mitoribosomes is relatively poorly understood. However, the advances 

in electron microscopy and the recent breakthroughs in determining atomic structures 

of mature mitoribosomes (Amunts et al., 2015; Desai et al., 2017; Greber et al., 2015) 

now permit structural and mechanistic investigations of the mitoribosome biogenesis 

in different organisms. 

Here, we present the atomic cryo-EM structures of two mitoribosomal LSU 

assembly intermediates, referred to as state A and B (Figure 1) that were prepared 

from wild-type T. brucei cells. In both states, the ribosomal proteins and the 12S rRNA 

elements located on the solvent accessible side, which does not contact the SSU, are 

in their mature state. However, the 12S rRNA elements that form the key functional 
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elements, such as the tRNA binding sites, the PTC and the upper part of the 

polypeptide exit tunnel, are held in immature conformations stabilized by an extensive 

protein network formed by multiple assembly factors. The observed states agree with 

the assembly sequence observed for the mammalian mitoribosomal LSU, where the 

PTC folds last (Brown et al., 2017). It appears that protein-rich mitoribosomes follow 

the established order of eukaryotic large ribosomal subunit assembly (Konikkat and 

Woolford, 2017), where the ribosomal protein shell forms early during the maturation 

process and assembles almost independently of the rRNA core. 

The structures provide additional evidence that the assembly of mitoribosomes 

occurs through hierarchical assembly of preformed clusters of proteins (Figure 7), as 

previously suggested by biochemical experiments (Bogenhagen et al., 2018; Zeng et 

al., 2018). During transition from intermediate state A to B, at least nine assembly 

factors forming two separate clusters at the lower intersubunit side of state A are 

replaced by four mitoribosomal proteins and five new assembly factors. The modular 

exchange is accompanied by conformational changes of the 12S rRNA and 

mitoribosomal protein elements. During the transition from assembly intermediate 

state B to the mature LSU, which probably includes multiple steps and intermediates, 

all the remaining assembly factors have to leave such that the 12S rRNA core, 

including the PTC, can adopt its mature fold. These observations suggest that even 

the previously described mitoribosomal large subunit (Ramrath et al., 2018) may 

Figure 7. The Assembly Process of the T. brucei Mitochondrial LSU 

The structures of the mitoribosomal LSU assembly intermediates states A and B and of the mature 
LSU, including a modeled 12S rRNA, are represented as surfaces from the intersubunit side. They are 
ordered in the most likely sequence of assembly, based on their structural features. Assembly factors 
are colored green (states A and B), yellow (specific for state A), and red (specific for state B). 
Mitoribosomal proteins are colored gray (states A and B and mature LSU), violet (in state B and mature 
LSU), and orange (mature LSU). The 12S rRNA is colored in blue. Landmarks of the LSU and selected 
elements are labeled. 
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represent a very late assembly intermediate with still unstructured PTC, and possibly 

some assembly factors still bound to the exit region of the large ribosomal subunit as 

described for the Leishmania tarentolae mitoribosome (Soufari et al., 2020). Multiple 

mitoribosomal proteins have to join state B to form the missing parts of the LSU, in 

particular the CP and elements of the L1 and the L7/L12 stalks. Considering that in 

the T. brucei mitoribosome the CP is composed entirely of ribosomal proteins, it is 

likely that it joins as a preassembled complex. In fact, classification of our particle 

datasets revealed further states of assembly intermediates that probably occur 

between state B and the mature LSU, but could not be resolved to high resolution 

(Figure S1). However, their structural features support the idea that the CP joins as a 

module and incorporates stepwise through distinct conformational states until it adopts 

its mature position. Likewise, it was proposed that CP components associate as a 

module during assembly of yeast mitoribosomes (Zeng et al., 2018). 

Our structures agree well with the proposed assembly order of the yeast 54S 

subunit (Zeng et al., 2018) and probably correspond to an intermediate stage (p254S) 

in the yeast maturation pathway (Figure S7C). Nevertheless, there are few exceptions, 

possibly due to the different protein composition and architecture of trypanosomal 

mitoribosomes. The similarities to the order of events proposed for the mammalian 

39S subunit assembly pathway are less obvious (Figure S7D) (Bogenhagen et al., 

2018). In particular, the proteins forming the CP are incorporated at early stages of 

mammalian 39S maturation in contrast to the observations for the yeast and 

trypanosomal LSU maturation. Although mitoribosomes diverged considerably from 

bacterial ribosomes, the set of ribosomal proteins still missing in the trypanosomal 

mitoribosomal LSU intermediates matches the ones missing in the late state 

intermediates of the bacterial LSU (Figure S7B) (Jomaa et al., 2014; Li et al., 2013; 

Nikolay et al., 2018). 

The assembly of trypanosomal mitoribosomes is assisted by numerous 

assembly factors with 25 LAFs present in state A and 19 LAFs in state B. Comparison 

based on sequence and structural features revealed that many of the observed LAFs 

are homologous to ribosomal assembly factors previously described in bacteria or in 

mitochondria (Figure S6). In particular, the module formed by MALSU1, L0R8F8 and 

mt-ACP was found in late-state intermediates of the human 39S subunit (Brown et al., 

2017) indicating that the observations described here may be applicable for 

understanding mitoribosomal assembly pathways in other organisms. Furthermore, 
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some factors that were known to participate in mitoribosome biogenesis, such as Mtg1 

and mt-EngA•GTP2 (Gupta et al., 2018; Kim and Barrientos, 2018; Kotani et al., 2013), 

are described here for the first time in complex with the immature mitoribosome 

helping to understand their molecular function. The GTPases EngA•GTP2, EngB•GTP 

and Mtg1 probably play an active role in the assembly process by inducing 

conformational changes within the assembly that control the release and binding of 

assembly factors and mitoribosomal proteins. Since they interact with such an 

extensive region of the intersubunit side, they might also sense a particular 

conformation of the 12S rRNA. Therefore, it is plausible that the observed 

intermediates correspond to some of the rate-limiting steps during assembly that are 

resolved only when a certain conformation of the 12S rRNA leads to GTP hydrolysis 

and dissociation of the GTPases. Furthermore, the GTPases may link mitoribosome 

biogenesis to the mitochondrial GTP/GDP ratio, similarly as proposed for the GTPases 

involved in cytoplasmic ribosome assembly, linking ribosomal maturation to the 

cellular energy level (Britton, 2009). Other assembly factors that show structural 

homology to enzymes, such as mt-LAF4 homologous to the tRNA pseudouridine 

synthase TruD, have lost their enzymatic activity. They probably act as a scaffold or 

specifically recognize important elements of the 12S rRNA, thereby promoting their 

correct folding. Structural homologues and functional analogues of the newly identified 

assembly factors may also play a role in mitoribosome maturation in other eukaryotes, 

including humans. 

In conclusion, presented structures of two late stage assembly intermediates of 

the T. brucei mitoribosomal LSU provide a wealth of information that advances our 

understanding of ribosomal biogenesis. The numerous identified assembly factors 

provide an excellent starting point for future biochemical and functional studies of 

mitoribosomal maturation in trypanosomes and other eukaryotes, including humans. 

Furthermore, the created RNAi knockdown strains present an interesting system for 

further structural analysis of other mitochondrial LSU assembly intermediates. 

Considering that trypanosomes are parasites causing severe diseases in humans and 

domestic animals and that mitochondrial translation is essential for the disease-

causing bloodstream form of trypanosomes, components of the discovered assembly 

pathway may serve as a possible drug targets for treatment against such diseases 

(Niemann et al., 2011). 
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STAR★Methods 

Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Chemicals, Peptides, and Recombinant Proteins 

Sorbitol Sigma 85529 

Nycodenz Alere Technologies AS 1002424 

DNase I from bovine pancreas Roche 10104159001 

IgG Sepharose 6 Fast Flow GE Healthcare 17-0969-01 

Deposited Data 

Cryo-EM density map of assembly intermediate of 
T. brucei mitoribosomal LSU state A 

This study EMDB-10999 

Cryo-EM density map of assembly intermediate of 
T. brucei mitoribosomal LSU state B 

This study EMDB-11000 

Atomic model of assembly intermediate of T. brucei 
mitoribosomal LSU state A 

This study PDB: 6YXX 

Atomic model of assembly intermediate of T. brucei 
mitoribosomal LSU state B 

This study PDB: 6YXy 

Experimental Models: Cell Lines 

BS19.3 for 427-based RNAi cell lines  Saurer et al., 2019 n/a 

mt-LAF1 RNAi This study n/a 

mt-LAF2 RNAi This study n/a 

mt-LAF3 RNAi This study n/a 

mt-LAF4 RNAi This study n/a 

mt-LAF5 RNAi This study n/a 

mt-LAF17 RNAi This study n/a 

mt-LAF21 RNAi This study n/a 

mt-LAF26 RNAi This study n/a 

Experimental Models: Organisms/Strains 

Trypanosoma brucei Lister strain 427    

Trypanosoma brucei Lister strain 29-13   

Oligonucleotides 

For oligonucleotides used in this study see Table SI2   

Recombinant DNA 

n/a   
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Software and Algorithms 

EPU Thermo Fisher Scientific https://www.fei.com/
software/epu/ 

MotionCor2 Zheng et al., 2017 http://msg.ucsf.edu/e
m/software/motionco
r2.html 

GCTF Zhang, 2016 https://www.mrc-
lmb.cam.ac.uk/kzha
ng/ 

Relion-3 Zivanov et al., 2018 https://www3.mrc-
lmb.cam.ac.uk/relion
/index.php/Main_Pa
ge 

Phyre2 Kelley et al., 2015 http://www.sbg.bio.ic
.ac.uk/phyre2/html/p
age.cgi?id=index 

Coot 0.8.9.1 Emsley et al., 2010 http://www2.mrc-
lmb.cam.ac.uk/Perso
nal/pemsley/coot/ 

Phenix Adams et al., 2010 https://www.phenix-
online.org/ 

Other 

Carbon coated holey copper grids R 2/2 Quantifoil N/A 

Resource Availability 

Lead Contact 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact, Nenad Ban (ban@mol.biol.ethz.ch) 

Materials Availability 

Cell lines generated in this study will be made available on request by the Lead 

Contact with a completed Materials Transfer Agreement (MTA). 

Data and Code Availability 

The cryo-EM reconstructions of the assembly intermediates of the trypanosomal 

mitoribosomal LSU have been deposited in the Electron Microscopy Data Bank 

(EMDB) under ID codes EMDB: 10999 (state A) and EMDB: 11000 (state B). The 

corresponding atomic models have been deposited in the Protein Data Bank (PDB) 

under ID codes PDB: 6YXX (state A) and PDB: 6YXY (state B). 
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Experimental Model and Subject Details 

Trypanosoma brucei strains 

Trypanosoma brucei cells were grown in suspension culture at 27°C in SDM-

79 (Brun and Schönenberger, 1979) supplemented with 7.5 mg/L Hemin and 5% (v/v) 

heat-inactivated fetal calf serum (FCS) for strain 427 (Cross, 1975) or 10% (v/v) FCS 

for strain 29-13, (Wirtz et al., 1999). Cells were maintained in disposable 50 mL culture 

flasks (25 cm2) with closed lids in a temperate incubator and diluted accordingly to 

keep the cells in the exponential growth phase (density ca. 2x 105 to 6x 107 cells/mL). 

For large scale preparations of mitochondrial vesicles (see below), cells were grown 

in 2L Erlenmeyer flasks to a density of up to 6x107 cells/mL in a total volume of 1-1.5 

L at 27°C and shaking at 120 rpm. The vesicle preparation for small to large scale is 

described in detail in Niemann and Schneider (2020). 

Method Details 

Transgenic cell lines 

RNAi-competent cell line based on Trypanosoma brucei strain 427 (Cross, 

1975) was used to generate the mt-LAF kockdown cell lines (phleomycin single marker 

cells, gift from B. Schimanski, University of Bern), whereas strain 29-13 (Wirtz et al., 

1999) was used for generating the cell lines targeting mS29/mS54 and uL15m with 

RNAi. All these constructs were based on a derivate of the stem-loop vector pLEW100 

(Wirtz et al., 1999) using the following inserts for the RNAi construct: mt-LAF1 

(Tb927.7.1640) ORF nt 521-991, mt-LAF2 (Tb927.11.12930) ORF nt 918-1324, mt-

LAF3 (Tb927.9.3350) ORF nt 407-877, mt-LAF4 (Tb927.11.5990) ORF nt 759-1228, 

mt-LAF5 (Tb927.9.12850) ORF nt 242-710, mt-LAF17 (Tb927.11.16990) ORF nt 731-

1157, mt-LAF21 (Tb927.7.3510) ORF nt 240-662, mt-LAF26/KRIPP3 (Tb927.1.1160) 

ORF nt 385-863. Transfection and selection of clones of the above-mentioned strains 

was done as described (Waldman, 2004). 

Growth curves 

T. brucei cells were inoculated to a density of 1x 106 cells/mL. The culture was 

divided and one half was induced for RNAi with 1μg/mL tetracycline (tet). Cells were 

counted approximately every 24 hours and diluted to 1x 106 cells/mL accordingly. 
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Preparation of mitochondrial vesicles 

Trypanosoma brucei strain 427 (Cross, 1975) was used for preparation of 

mitochondrial vesicles and the detailed protocol is described in Niemann and 

Schneider (2020). Briefly, T. brucei cells (ca. 20 L, up to 1x 1012 cells) were harvested 

by centrifugation (e.g., 7,100rpm/11,000 x g at 4°C for 10 min in a Fiberlite F9-6x1000 

LEX rotor) and washed once in 1X SBG (20 mM sodium phosphate, pH 7.9; 20 mM 

glucose; 0.15 M NaCl). The cells were lysed at isotonic conditions by nitrogen 

cavitation at a cell density of ~2.0 × 109 cells/mL in isotonic 1X SoTE (600 mM sorbitol, 

20 mM Tris-HCl pH 7.5, 1 mM EDTA) and by applying 70 bar for 45-60 min. The 

mitochondrial fraction was pelleted using centrifugation (16,000 rpm, 10 min, 4°C, 

Sorvall SS-34 rotor) and resuspended in 1X SoTE. To remove nuclear DNA 

contaminations and membrane fragments, the sample was treated with DNase I (100 

μg/ml) for 20-30 min on ice. In a first centrifugation (555 x g, 20 min, 4°C, centrifuge 

Eppendorf 5810 R with rotor A-4-81, rectangular bucket 500 mL and adaptor for five 

conical tube 50 mL), cell debris and living cells were separated from the mitochondrial 

vesicles remaining in the supernatant. The pellet was resuspended in 1X SoTE and 

the centrifugation was repeated to further extract mitochondrial vesicles. 

In a second centrifugation run (16,000 rpm, 10 min, 4°C, Sorvall SS-34 rotor) 

the mitochondrial vesicles were pelleted and immediately resuspended in 1X SoTE 

buffer containing 50% (w/v) Nycodenz. The suspension was syringed to the bottom of 

precast Nycodenz step gradients (18/21/25/28% (w/v) Nycodenz in 1X SoTE buffer; 

capacity 3.5-8 × 1010 cells) using a Sanitex Eterna Matic syringe. The gradients were 

centrifuged at 27,000 rpm for 45 min at 4°C in a SW32 Ti rotor (Beckman Coulter). 

Mitochondrial vesicles accumulated at the borders between 21% and 25% (w/v) 

Nycodenz and were harvested using a syringe. Starting with 20 L of cell culture (3.5-

5 × 107 cells/ml) usually yielded in ~10 g wet weight of mitochondrial vesicles. 

Native T. brucei mitoribosome purification 

Mitochondrial vesicles (approx. 12 ml) were thawed on ice and pelleted by 

centrifugation (20,800 x g, 10 min, 4°C). The pellet was resuspended in an equal 

volume (12 ml) of lysis buffer (40 mM HEPES-KOH pH 7.4, 5 mM Na2H/NaH2 PO4 pH 

7.4, 100 mM KCl, 10 mM MgCl2, 3% (w/v) DDM, 2 mM DTT, 2.5 mM EDTA 10 μM 

bestatin, 2 μM E-64, 10 μM leupeptin, 1 μM pepstatine, 10 μM phenanthorline, 100 

μM PMSF, 20 U/ml RiboLock (ThermoFisher Scientific), 125 μM spermine, 125 μM 
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spermidine) and mitochondria were lysate by gentle mixing for 40 min at 4°C. The 

sample was centrifuged twice (20,800 x g, 25 min, 4°C) to clear the lysate. The cleared 

lysate was loaded onto a 60% (w/v) sucrose cushion in lysis buffer and centrifuged 

(65,000 rpm, 20 h 40 min, 4°C) using MLA-80 rotor (Beckman-Coulter). The pellets 

were then resuspended in 125 μl resuspension buffer (40 mM HEPES-KOH pH 7.4, 5 

mM Na2H/NaH2 PO4 pH 7.4, 100 mM KCl, 10 mM MgCl2, 2 mM DTT, 0.01% (w/v) 

DDM) for 75 min at 4°C by gentle mixing. The sample was again cleared by 

centrifugation (20,800 x g, 10 min, 4°C). The supernatant was subsequently loaded 

onto a 10%–40% (w/v) sucrose gradient in resuspension buffer and centrifuged 

(45,000 rpm, 1 h 30 min, 4°C) using a SW55 Ti rotor (Beckman-Coulter). The sample 

was manually fractionated from the top into 13 equal fractions. Fractions 4-6 were 

combined and buffer-exchanged to resuspension buffer in a tabletop centrifuge at 4°C 

using centrifugal filters (Amicon) until the calculated sucrose concentration was below 

1%. 

Cryo-EM sample preparation and data acquisition 

The buffer-exchanged sample was diluted 3 x with resuspension buffer to a final 

RNA concentration of 80 ng/μl. Quantifoil grids (R 2/2) were coated with a thin layer of 

carbon and glow discharged for 15 s at 15 mA. The sample (3.5 μl) was applied onto 

the grid, immediately blotted for 7-9 s using a Vitrobot Mark IV (Thermo Fisher 

Scientific) at 100% humidity and 4 °C and plunge frozen in a liquid ethane–propane 

mix cooled to liquid nitrogen temperature. 

The cryo-EM data of the LSU native sample was collected on a Titan Krios cryo-

transmission electron microscope (Thermo Fisher Scientific) equipped with a Falcon 

III direct electron detector (Thermo Fisher Scientific) and operating at 300 keV. Two 

datasets of 14,303 and 15,757 micrographs, respectively, were automatically collected 

using the EPU software (Thermo Fisher Scientific). A stack of 24 images was recorded 

for each micrograph at a defocus range between −1 to −3 μm. The exposure time was 

1.3 s and the calibrated magnification was 129,000x (corresponding to a pixel size of 

1.085 Å/pixel on the object scale), resulting in a total electron dose of ~75 electrons/Å2. 

Cryo-EM data processing of the mitoribosomal sample 

Both datasets were collected and initially processed independently. Movie 

frames of both datasets were drift-corrected and dose-weighted using MotionCor2 

(Zheng et al., 2017). GCTF (Zhang, 2016) was used to estimate the CTF parameters 
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of non-dose-weighted and drift-corrected micrographs. Based on the power spectra, 

13,503 and 13,273 micrographs, respectively, were selected for further processing. 

Subsequent data processing was carried out using Relion 3 (Zivanov et al., 2018), 

unless specified differently. 1,243,430 and 1,237,180 particles from dataset I and 

dataset II, respectively, were picked by a template-free auto-picking procedure based 

on a Laplacian-of Gaussian (LoG) filter. Initial 2D classification was used in processing 

of both datasets to remove featureless particles. Selected particles from dataset I, 

which was processed first, were subjected to another round of 2D classification, from 

which particles in LSU-like looking class averages were selected. A limited number of 

2D classes were used for ab-initio model creation. One class of 3D ab-initio model 

creation showed an LSU-like map, with the central protuberance (CP) region missing 

and additional density at the ribosomal intersubunit side. This map, lowpass filtered to 

50 Å, was used in 3D classification of particles from both datasets. Classes lacking an 

obvious density for the CP region and characterized by the additional density at the 

intersubunit side of the subunit were selected from both datasets and merged together, 

which resulted in 131,101 particles (5.3% of the starting particles). Joined particles 

were aligned using 3D refinement and submitted to a skip-alignment 3D classification 

focused on the CP region and bottom of the subunit (in the crown view) – two regions 

which in the refined map showed highly variable density. The classification resulted in 

one class representing the state A assembly intermediate, two classes representing 

unidentified states and the remaining classes, representing highly similar state B 

structures. State A contained 16,215 particles and subsequent refinement and 

postprocessing yielded a map resolved at 3.9 Å resolution. State B contained 98,508 

particles and with following refinement, postprocessing and particle CTF refinement 

was resolved at 3.1 Å resolution. Two classes representing unidentified states were 

merged and subjected for another skip-alignment 3D classification with a focus mask 

around the CP region that showed the highest flexibility in the density. This 

classification resulted in four meaningful classes (out of 6 in total), which upon further 

individual refinement resulted in low resolution (9-13 Å) maps that seem to represent 

assembly intermediates at different stages, although the low resolution of these 

reconstructions prevented any further and detailed interpretation. For the processing 

scheme see Figures S1 and S2 for the quality of the cryo-EM map. 
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Model building and refinement 

Published models for the proteins and rRNA of the previously published LSU 

(Ramrath et al., 2018) were docked into the cryo-EM maps using UCSF ChimeraX 

(Goddard et al., 2018) and adjusted in Coot (Emsley et al., 2010). Remaining 

unassigned densities was addressed manually. Initially, proteins were traced as poly-

alanine chains and side chain densities were used to assign the most probable amino 

acid sequence, considering secondary structure and local chemical environment. The 

obtained partial sequences were subsequently used to search through the non-

redundant protein sequence database of TriTrypDB (Aslett et al., 2010) or NCBI 

(Altschul et al., 1990) to identify the proteins. Phyre2 (Kelley et al., 2015) was utilized 

to obtain model structures based on amino acid sequence homology. For most of the 

identified proteins, Tb427 Lister strain amino acid sequences could be used. However, 

for some proteins the highly homologous sequence of Tb927 strain was taken due to 

sequence incompleteness in the Tb427 Lister strain (Table S1). The correct fit of the 

side chain densities was used for validation of the identified sequence. Sequence 

(BLAST by NCBI) or secondary structure (PDBeFold by EMBL-EBI) was used to 

identify homologous proteins. Most parts of the maps showed high-quality EM density 

features, which allowed an atomic interpretation. In some peripheral areas fragmented 

EM density with lower local resolution was observed, which impeded protein 

identification, and some stretches in well-ordered areas were too short for confident 

sequence assignment. These protein fragments were built as unassigned UNK 

residues. Similarily, areas of weaker EM density clearly encompassing rRNA features 

such as helices, stem-loops or single-stranded connections but unresolved base 

orientations were built as unassigned phosphate backbone. In the case of the H91-92 

stemloop, in which the orientation, but not the identities of the bases could be 

established, the model was truncated to poly-pyrimidine. 

The build models were initially corrected, completed and refined manually using 

Coot (Emsley et al., 2010). The final models were then subjected to five cycles of real 

space refinement using Phenix (Afonine et al., 2018), during which RNA base pair, 

RNA stacking, protein secondary structure, side chain rotamer and Ramachandran 

restraints were applied (Table 1). Using available high-resolution structures as guides, 

additional bond and angle restraints were imposed for some ligands, such as the 

coordinated zinc ions, covalently linked phosphopantetheine moieties as well as the 

GTPs with a hexa-coordinated magnesium. The model geometry was validated using 
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MolProbity. Real space correlation coefficients (CCmask) between cryo-EM maps and 

the models were calculated to evaluate the fit. Further, the model versus map FSCs 

at the FSC = 0.5 criterion resulted in similar resolutions as those calculated from both 

map half-sets at the FSC = 0.143 criterion for both models. 

Northern Analysis for mitochondrial rRNAs 

The Northern analysis for mitochondrial 9S and 12S rRNAs steady-state levels 

was done as described in Saurer et al. (2019) and basically follows the acid 

guanidinium thiocyanate-phenol-chloroform RNA extraction method (Chomczynski 

and Sacchi, 1987). RNAi cell lines were grown in triplicates in the presence of absence 

of tetracycline. A minimum of 5x 107 cells were harvested for each time point and 

washed with 1x PBS (phosphate buffered saline). Cell pellets were dissolved 

immediately in 4 M guanidinium isothiocyanate containing 200 mM sodium acetate pH 

4.0, 25 mM sodium citrate, 0.5% (w/v) sodium N-lauroyl sarcosinate and 100 mM β-

mercaptoethanol as well as 20 mg/mL oyster glycogen. The RNA was extracted and 

precipitated using 1.2 volumes of ice-cold isopropanol, and pellets were washed with 

70% (v/v) ethanol. 5 μg RNA containing 0.1% (w/v) ethidium bromide were separated 

in 1% (w/v) agarose gels containing 200 mM formaldehyde for 1 h 45 min at 100 V. 

The running buffer (20 mM MOPS, 8 mM sodium acetate, 1 mM EDTA, 200 mM 

formaldehyde, pH 7.0) was pumped continuously between the anode and cathode 

reservoirs using a peristaltic pump or subjected to interval mixing. The three prominent 

cytosolic rRNAs (2251, 1864 and ~1400 nt) were visualized and served as loading 

control. A capillary blot transferred the RNA onto a charged nylon membrane for ca. 

16 h in 10x SSC (130 mM NaCl, 150 mM sodium citrate, pH 7.0). The membrane was 

UV-crosslinked (150 mJ/cm2) and dried, followed by northern hybridization using 

complimentary DNA oligonucleotide probes for mitoribosomal 9S and 12S rRNAs 

(Table S2). The membrane was pre-wetted in 0.2x SSPE (1.5 mM NaCl, 0.1 mM 

sodium phosphate, 0.01 mM EDTA, pH 7.4) and pre-hybridized for at least 1 h at 55°C 

in 10 mL of buffer containing 6x SSPE, 5x Denhardt’s and 0.5% (w/v) SDS in a 51 mm 

diameter hybridization bottle. The buffer was discarded and the membrane was 

hybridized for 12-18 h at 55°C with 10 mL fresh buffer containing in addition 10 pmol 

5′PNK-γ32P-ATP labeled DNA probe for the 9S rRNA. The membrane was washed 

three times with ~50 mL washing solution (2x SSPE, 0.5% (w/v) SDS) for 3 min. The 

blot was exposed for three days and quantified with a Typhoon FLA 9500 
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Phosporimager, followed by re-hybridization using the DNA probe for the 12S rRNA 

and exposure for one day. 

Quantification and Statistical Analysis 

The phosphorimager images were quantified using the Image Quant TL 

software (version 8.1). The signal intensities were used to calculate the average from 

biological triplicates. The average from uninduced cells (day = 0) was set to 100 and 

all other averaged time points were normalized accordingly in an unbiased manner. 

The error bars represent the average deviation calculated with MS Excel. 

The statistical analysis of the cryo-EM data processing, model building and 

model refinement is described in Method Details and in the Supplemental Information. 

Creation of Figures 

Molecular graphics and analyses were performed with UCSF ChimeraX, 

developed by the Resource for Biocomputing, Visualization, and Informatics at the 

University of California, San Francisco, with support from National Institutes of Health 

R01-GM129325 and the Office of Cyber Infrastructure and Computational Biology, 

National Institute of Allergy and Infectious Diseases (Goddard et al., 2018). 
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Figure S1. Cryo-EM data processing and reconstruction of the mt-LSU assembly intermediates. 

Related to STAR Methods 

Processing scheme of the native T. brucei mitoribosome sample collected as two separate datasets. 

Particles in both datasets were picked using a reference-free method. Initially, both datasets were 

processed separately. Selected 2D classes from dataset I were used to generate an ab initio 3D model. 

After 3D classification, classes that represented mt-LSU, but lacked the complete density for the CP 

region and showed an extra density on the intersubunit side were joined and 3D refined. Subsequent 

focused 3D classification resulted in state A (12.5%) and state B (75%) assembly intermediates, which 

were resolved to 3.9 Å and 3.1 Å resolution, respectively. The remaining particles (12.5%) were refined 

and subjected to another round of 3D classification focused on the CP region; 4 additional classes with 

varying density in the CP region were identified and refined individually. The cryo-EM maps of all 

identified assembly intermediates are shown at the bottom of the figure lowpass filtered to 13 Å, with 

the CP region colored orchid.  
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Figure S2. Data quality of the native sample. Related to STAR Methods 

(A-B) Fourier shell correlation (FCS) curves of the cryo-EM maps of states A (A) and B (B) are shown 

as green lines. The overall resolutions of the different reconstructions are estimated using the FSC = 

0.143 criterion. The model-vs-map FSC curves shown as yellow lines reveal a similar resolution using 

an FSC = 0.5 cutoff. (C-D) Local resolution map of states A (C) and B (D) shown from the intersubunit 

side and from the solvent accessible side. Additionally, a cross-section through the middle of the 

subunit is shown at the bottom of the respective panel. The local resolution of both maps is visualized 

according to the same color key. (E-F) Euler distribution plots for states A (E) and B (D) are shown 

from both the subunit interfaces and from the solvent accessible side. 
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Figure S3. The growth rate and the stability of the mitochondrial rRNA is affected by assembly 

factors and ribosomal proteins. Related to Figure 2 

RNAi-induced knockdown of the assembly factors mt-LAF-5 (A), mt-LAF4 (B) and KRIPP3 (C) stalls 

cell cultures growth and causes a reduction in 12S rRNA levels. A knockdown of uL15m (D) was used 

as a positive control, and knockdowns of mt-SSU ribosomal proteins mS29 (E) and mS54 (F) were 

used as a negative control. The structure of mt-LAF5 (A) and mt-LAF4 (B) are shown as observed in 

state B, whereas KRIPP3 (C) was taken from the state A assembly intermediate. The structural panel 

of uL15m (D) was created using the PDB: 6HIX model, whereas the panels with mS29 (E) and mS54 

(F) were made from the PDB: 6HIZ model. Cultures were grown in triplicates. Error bars indicate the 

average deviation from the mean.  
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Figure S4. Cryo-EM map quality and model fit of the state B mt-LSU assembly intermediate. 

Related to STAR Methods 

GTP molecules (teal) bound to the mt-EngA (purple) (A) and EngB (olive) (B) are shown. (C) A 

fragment of H80 is shown in purple with nearby assembly factor mt-LAF2 (yellow). (D) mt-ACP (red) 

and mt-LAF18 (purple), which are part of the ACP-LYRm module 1, are shown together with the 

covalently attached acylated phosphopantetheine prosthetic group (green). (E) Cryo-EM map of 

ribosomal protein uL13m (yellow). In all close-ups, the uncarved cryo-EM map is shown as black and 

red mesh at different contour levels. 
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Figure S5. Detailed look at the DEAD-box helicase mt-LAF2. Related to Figure 4 

(A) Two views of the structure of mt-LAF2 colored according to its domains, overlaid with the crystal 

structure of yeast DEAD-box helicase Mss116 (PDB: 3I5X). (B) Structure of mt-LAF2 (surface 

representation) with 12S rRNA (cartoon) to highlight its exceptional entanglement with the rRNA. (C) 

Alignment obtained by Phyre2 one-to-one modeling (Kelley et al., 2015) of Mss116 using the mt-LAF2 

structure as a template. The C-terminal extensions of both Mss116 and mt-LAF2 are highlighted in red. 
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Figure S6. Selected assembly factors superimposed with structural homologs. Related to Figure 

1. 

Assembly factors of the trypanosomal LSU intermediates (shown in different colors) are overlaid with 

their structural homologs (gray). (A) GTPase mt-EngA overlaid with the E. coli EngA bound to the 50S 

subunit. Native GTP molecules bound to mt-EngA are show in sphere representation and colored 

green. (B) GTPase mt-EngB superimposed with the B. subtilis YsxC structure. The native GTP of mt-

EngB and the bound GMP-PNP of YsxC are shown in sphere representation and colored green and 

gray, respectively. (C) GTPase Mtg1 aligned with a structure of B. subtilis RbgA bound to the bacterial 

large subunit assembly intermediate. (D) ACP module 2 (mt-ACP, L0R8F8, MALSU1) overlaid with the 

ACP module present in a human mitoribosomal assembly intermediate (Brown et al., 2017). (E) mt-

LAF3 superimposed with the structure of RluA from E. coli. (F) mt-LAF4 overlaid with the structure of 

E. coli TruD. (G) RNA methyltransferase mt-LAF6 aligned with the structure of TrmH from 

Porphyromonas gingivalis. (H) mt-LAF26 overlaid with the E. coli structure of RlmI.  
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Figure S7. Comparison of the trypanosomal LSU assembly intermediates with previous 

biochemical data and structures of mature large subunits from different species. Related to 

Figure 7. 

(A) Mature mitoribosomal LSU of T. brucei (PDB: 6HIX) shown with ribosomal proteins colored 

according to their appearance in the presented assembly intermediate states A and B (red: missing in 

both assembly states; green: missing in state A, but present in state B; blue: present in both states in 

an immature conformation). (B) Mature 50S LSU of E. coli (PDB: 4YBB). Proteins that are missing in 

state 3 in vitro assembled 50S according to Nikolay et al. (2018) are colored red. (C) Mature S. 

cerevisiae mitochondrial LSU (PDB:5MRC). Ribosomal proteins missing in p254S according to Zeng 

et al. (2018) are colored red. The table below shows ribosomal proteins belonging to the same protein 

clusters as mentioned by Zeng et al. (2018). Their names are colored according to their appearance 

in the trypanosomal assembly intermediates. (D) Structure of Sus scrofa mitoribosomal LSU 

(PDB:6GB2). Ribosomal proteins missing in the intermediate assembly intermediate as shown in 

Bogenhaged et al. (2018) are colored red. Similar to panel C, the table below shows ribosomal protein 

clusters with their names colored relative to their presence in the trypanosomal assembly 

intermediates. In both tables, the underscored ribosomal proteins are located at the central 

protuberance of the given LSU. For easier comparison, all structures are shown in similar orientation. 
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Table S2. Oligonucleotides used in this study. Related to STAR Methods 

 
RNAi constructs  

mt-LAF1 Tb927.7.1640  5’-CACTCAAGCTTGGATCCGAATGGTTGAGGAGGCGTT-3’ 
5’-GATTCTCTAGACTCGAGCAAACCCCACCAGTCTGTT-3’  

mt-LAF2 Tb927.11.12930  5’-CACTCAAGCTTGGATCCGCTGGAGTTTGTTGTTGGGA-3’ 
5’-GATTCTCTAGACTCGAGCATTATCACCTTTCGCACCG-3’  

mt-LAF3 Tb927.9.3350  5’-CACTCAAGCTTGGATCCGTGTCCTAGAGGAGACTGAC-3’ 
5’-GATTCTCTAGACTCGAGCAACAAACTCAGCGATAGCC-3’  

mt-LAF4 Tb927.11.5990  5’-CACTCAAGCTTGGATCCCTTGCTGAAGAAGACGGCA-3’ 
5’-GATTCTCTAGACTCGAGGGACTACATCCCCTTCAAC-3’  

mt-LAF5 Tb927.9.12850  5’-CACTCAAGCTTGGATCCGCAACATCGTTGTTCCGGAT-3’ 
5’-GATTCTCTAGACTCGAGTCAAACCTCTGCTTGTTTGC-3’  

mt-LAF17 Tb927.11.16990  5’-CACTCAAGCTTGGATCCGGTGCATTAACATGACAGCC-3’ 
5’-GATTCTCTAGACTCGAGCCCTCTAACAAAGAGGAGTC-3’  

mt-LAF21 Tb927.7.3510  5’-CACTCAAGCTTGGATCCGAGTGGCTACGTAACTGAGA-3’ 
5’-GATTCTCTAGACTCGAGCCGAGTGAGCCAAACTTTAC-3’  

mt-LAF26/KRIPP3 Tb927.1.1160  5’-CGGGATCCTTCCTGCATTGCAGCACC-3’ 
5’-GGCCCTCGAGACAAGGGGAGTTGGTGCC-3’  

Northern oligos for mitoribosomal rRNA detection  

9S rRNA  5’-TTGGTTAAATCAGCACTTAAC-3’  

12S rRNA  5’-CTTGTTAACCTGCTCGAACC-3’  
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Chapter 2. Stepwise maturation of the peptidyl transferase 
region of human mitoribosomes 
The content of this chapter was previously published in Nature Communications. 
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Abstract 

Mitochondrial ribosomes are specialized for the synthesis of membrane 

proteins responsible for oxidative phosphorylation. Mammalian mitoribosomes have 

diverged considerably from the ancestral bacterial ribosomes and feature dramatically 

reduced ribosomal RNAs. The structural basis of the mammalian mitochondrial 

ribosome assembly is currently not well understood. Here we present eight distinct 

assembly intermediates of the human large mitoribosomal subunit involving seven 

assembly factors. We discover that the NSUN4-MTERF4 dimer plays a critical role in 

the process by stabilizing the 16S rRNA in a conformation that exposes the functionally 

important regions of rRNA for modification by the MRM2 methyltransferase and quality 

control interactions with the conserved mitochondrial GTPase MTG2 that contacts the 

sarcin-ricin loop and the immature active site. The successive action of these factors 

leads to the formation of the peptidyl transferase active site of the mitoribosome and 
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the folding of the surrounding rRNA regions responsible for interactions with tRNAs 

and the small ribosomal subunit. 

Introduction 

Human mitochondrial ribosomes (mitoribosomes) are responsible for the 

synthesis of 13 oxidative phosphorylation (OXPHOS) proteins, encoded by the 

mitochondrial genome1,2. Due to their unusual architectural features1,2,3 and the 

requirement to coordinate mitochondrial ribosomal RNA (rRNA) synthesis with the 

import of all ribosomal proteins, their assembly is anticipated to involve mitochondrial-

specific pathways and participation of both conserved and mitochondrial-specific 

maturation factors, such as GTPases and methyltransferases1. Production of 

functional mitoribosomes is critical since defects in the mitochondrial translation 

machinery lead to a range of severe human diseases4. 

Structural analyses of the yeast5 and prokaryotic cytoplasmic large subunits6,7 

as well as kinetoplastid mitoribosomal large subunit (mt-LSU) assembly 

intermediates8,9,10, combined with the biochemical studies of yeast and human 

mitoribosomal assembly11,12, showed that the solvent exposed side of the mt-LSU 

matures early, whereas the conserved functional sites of the large subunit, such as 

the peptidyl transferase center (PTC), the GTPases-associated center (GAC) and the 

polypeptide exit tunnel, assemble last. At the final stages of the maturation, assembly 

factors bind to these functional regions to facilitate their maturation and prevent 

premature translation13. Although human mitoribosome assembly has been 

extensively investigated using a combination of biochemical and high-throughput 

approaches12,14,15,16, structural understanding of this process is currently limited to a 

late assembly intermediate where a MALSU1–L0R8F8–mt-ACP module is bound17. 

To better understand the structural basis of human mitoribosome maturation, 

we isolated mt-LSU assembly intermediates and investigated their composition and 

structures using cryo-electron microscopy (cryo-EM). We determined structures of 

eight distinct states of the human mt-LSU where a total of seven assembly factors 

(MTERF4, NSUN4, MRM2, MTG2, MALSU1, L0R8F8, and mt-ACP) were bound in 

different combinations. Our results reveal the conformational changes that allow 

successive modification and maturation of the functionally important regions of rRNA. 

The structural data supported by biochemical evidence provide an explanation for the 
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role of the essential NSUN4–MTERF4 heterodimer in the process and specifically in 

the maturation of the functionally important tRNA-interacting P loop through interplay 

with the conserved GTPase MTG2 (GTPBP5). The obtained results allow us to 

propose a stepwise maturation pathway of the functionally important regions in the 

human mitochondrial large ribosomal subunit (mt-LSU). 

Results 

Structure of assembly intermediates of the human mitoribosomal large subunit 

To purify assembly intermediates of the human mt-LSU, we transfected human 

embryonic kidney cells with a tagged mitochondrial GTPase 1 (MTG1) 

(Supplementary Fig. 1), which is a homolog of bacterial RbgA18,19 and is essential for 

the production of functional mitoribosomes due to its involvement in the late stages of 

mt-LSU assembly prior to monosome formation20,21. The affinity-purified sample was 

investigated using single-particle cryo-EM to reveal several mt-LSU-like structures 

containing the entire set of ribosomal proteins. Furthermore, density for several 

additional proteins was observed at the intersubunit side bound to the rRNA in an 

immature conformation. Using focused classification around those additional features, 

we were able to obtain reconstructions of eight distinct cryo-EM classes (overall 

resolution range between 2.9 and 3.5 Å) corresponding to assembly intermediate 

states of the mt-LSU (Supplementary Figs. 2 and 3). Two of the classes, states A0 

Fig. 1. Structures of the key human mitoribosomal large subunit assembly intermediates. 

The molecular structures of states A (a), B (b) and C (c) are shown in surface representation from the 

intersubunit side. Ribosomal proteins are depicted in light grey, 16S rRNA in beige and assembly 

factors NSUN4, MTERF4, MRM2, MTG2 and the MALSU1–L0R8F8–mt-ACP module in teal, light 

green, green, red and blue, respectively. 
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and D, resemble the structures of the assembly intermediates described previously, 

where a MALSU1–L0R8F8–mt-ACP module is bound at the intersubunit face, 

whereas the rRNA is either disordered or in a nearly mature state, respectively17. Other 

classes correspond to novel assembly intermediates (Supplementary Fig. 2). We 

characterized in detail three of these intermediates, resolved to 2.9, 3.1, and 3.1 Å, 

and referred to them as states A, B, and C, respectively (Fig. 1 and Supplementary 

Table 1). They represent the key steps in the late stages of mt-LSU maturation, during 

which functionally important regions of the rRNA progressively mature. The remaining 

classes (states C0, D0′, and D0″) correspond to structurally related, but less complete 

states that occur between the described intermediates. 

NSUN4-MTERF4 stabilizes rRNA in a conformation that exposes the active site 

region 

In addition to the previously characterized MALSU1–L0R8F8–mt-ACP 

module17, state A contains at the intersubunit side, below the central protuberance 

(CP), a dimer of NSUN4 and MTERF4, which were both previously identified as 

mitoribosomal assembly factors22,23 and their structures determined by x-ray 

crystallography24,25 (Fig. 1a). Although tagged MTG1 was used for affinity purification 

of ribosomal assembly intermediates, the factor was not sufficiently ordered on the mt-

LSU to be structurally interpreted in any of the observed states. The NSUN4–MTERF4 

dimer forms extensive interactions with the rRNA and ribosomal proteins by contacting 

rRNA helices H66, H75, H81, H87, and H93, and keeps the C-termini of uL2m and 

mL48 in an immature conformation (Fig. 2a). Interestingly, NSUN4 is an RNA m5C 

methyltransferase that has been implicated in the assembly of both small and large 

mitoribosomal subunits, however, biochemical data suggested that in vivo it only 

modifies the rRNA of the small subunit23. Consistently, no RNA substrate was found 

in the active site of NSUN4 where a clearly visible S-adenosyl-methionine (SAM) 

cofactor was bound (Fig. 2b and Supplementary Fig. 4). Since NSUN4 lacks an RNA 

substrate recognition domain that is present in bacterial homologs22, it was proposed 

that it relies on interactions with MTERF4 to be targeted to the mt-LSU to regulate 

ribosome maturation22,23, as we now observe in the mt-LSU-bound state. 

The MTERF4 protein folds into a bent α-solenoid that binds with its convex 

region to the surface of the immature subunit and exposes its positively charged 

concave region towards the outside, where we observe a segment of double-helical  
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Fig. 2. Interactions of NSUN4 and MTERF4 with the immature human mitoribosomal large 

subunit. 

(a) The NSUN4–MTERF4 heterodimer (teal and light green, respectively) forms a number of contacts 

with the mitochondrial large subunit via rRNA (beige spheres) and ribosomal proteins, resulting in 

rearrangements of the mL48 (yellow) and uL2m (light blue) C-termini (highlighted as circles), as well 

as stabilization of the H68-H71 region (violet) of the 16S rRNA domain IV. The connection from helix 

H67 (pink) to H68-H71 is shown as dashed lines. The A loop, which is modified by MRM2 in state B, 

is colored orange. (b) The NSUN4 (teal) active site with bound S-adenosyl-methionine (SAM) cofactor 

is shown together with nearby rRNA helices H81, H87, P loop and PTC loop (beige cartoon). MTERF4 

is also shown for orientation (light green). (c) Effects of mutations in NSUN4 or MTERF4 on their 

association with mitoribosomal fractions. A continuous 10%–30% sucrose gradient was used to 

separate mitochondrial lysates from HEK 293T cells expressing MTERF4 and either wild-type or 

mutated version of NSUN4 to determine their distribution and co-migration with mitochondrial 

ribosomal fractions. The small and large ribosomal subunit and polysomes in mitochondria isolated 

from wild-type cells were followed by immunoblotting for mitochondrial ribosomal protein markers of 

the small (bS16m) and large (bL12m) ribosomal subunits. The input, mitochondrial lysate, was used 

as a positive control. (d) Rearrangement of the A loop (light orange: state A; orange: state B) upon the 

MRM2 methylation event. The likely position of MRM2 SAM cofactor, which is not visible in our 

structure, is schematically shown in blue. 
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RNA bound (Supplementary Fig. 5). Although we could not assign the identity of RNA 

nucleotides in this region, continuous density can be traced from rRNA helix H67, 

suggesting that the additional density belongs to the H68–H71 region of the rRNA (Fig. 

2a and Supplementary Fig. 5). In the mature mt-LSU these helices form the front of 

the peptidyl transferase active site cleft. The interactions with MTERF4 expose the 

immature rRNA regions corresponding to the PTC loop that forms the active site of the 

ribosome, as well as the A (H92) and P (H80) loops responsible for binding the 

acceptor end of tRNAs and positioning substrates for the peptidyl transferase reaction 

in the active site of the mature mt-LSU. 

To better understand the role of both MTERF4 and NSUN4 in the context of the 

mt-LSU assembly, we designed a series of mutants based on our structural results 

with deletions in key interaction regions. The mutant proteins were then investigated 

with respect to their ability to form dimers and associate with the mitoribosome using 

continuous sucrose gradients in cells expressing a FLAG-tagged MTERF4 and HA-

tagged NSUN4. Wild-type MTERF4 and NSUN4 associate with each other and co-

migrate with the large subunit of the mitoribosome, confirming previous 

findings22,23,24,25. Two different mutants were designed to disrupt NSUN4 interactions 

with the 16S rRNA or MTERF4. The first NSUN4 mutant, bearing a triple mutation 

K215A, H218A and R275A located at the interface between the rRNA and NSUN4 

(Supplementary Fig. 5), was designed to test the contribution of NSUN4 to binding of 

the complex to the 16S rRNA of the immature mt-LSU. This mutation neither reduced 

the association of NSUN4 with MTERF4 nor their co-migration with the large subunit 

(Fig. 2c), indicating that MTERF4 plays a predominant role in delivering the complex 

to the immature subunit. A second NSUN4 mutant carrying a quadruple mutation of 

residues V65R, R136A, I139R, and R141A (Supplementary Fig. 5), designed to break 

the dimer between NSUN4 and MTERF4, completely abolished their interaction as 

shown previously25, and also prevented binding of either of the two proteins to the 

large subunit (Fig. 2c). We conclude that formation of a stable NSUN4–MTERF4 

heterodimer is critical for their function in mitoribosome assembly. 

MRM2 methylates the U3039 in the A loop before it adopts mature conformation 

While state A described above contains only the MALSU1–L0R8F8–mt-ACP 

module and NSUN4–MTERF4 dimer, in state B we additionally observe the MRM2 

methyltransferase bound to the rRNA in an optimal position for methylation of its target 
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nucleotide U3039 within the A loop of the 16S rRNA26,27 (Fig. 1b). The A loop is 

repositioned such that the 2′-O-ribose of nucleotide U3039 faces the active site of 

MRM2, although we do not observe density for a SAM cofactor (Fig. 2d). The binding 

site for the MRM2 methyltransferase, as observed in state B, is occupied by helix H71 

in the mature mt-LSU (Supplementary Fig. 6). This implies a temporal order of 

maturation events where U3039 methylation must take place before helix H71 

assumes its mature conformation. 

MTG2 and NSUN4 interact with the P loop in a tweezer-like manner 

In state C (Fig. 1c), MRM2 is replaced by MTG2, a GTPase conserved from 

bacteria to eukaryotes. The bacterial homolog (ObgE) has been recently visualized on 

the native assembly intermediates of the bacterial large subunit7. MTG2 was proposed 

to play a key role in the human mt-LSU assembly as a final quality control checkpoint 

protein28. Furthermore, biochemical experiments showed that it interacts with the mt-

LSU at the same time as MRM2, MTERF4, MTG1, and MALSU128. Our structure 

reveals that, in the presence of NSUN4, MTERF4, and the MALSU1–L0R8F8–mt-ACP 

module, MTG2 binds to the mt-LSU in a position, from which it can simultaneously 

check two key regions of the large ribosomal subunit: the GAC that plays a key role in 

stimulating GTP hydrolysis of translational GTPases and the catalytic PTC (Fig. 3a). 

On the side of the GAC, the conserved Ras-like G domain of MTG2 interacts 

with sarcin-ricin loop (SRL) H95 and ribosomal protein uL11m (Fig. 3b). The G domain 

is oriented such that the active site, including the only partially resolved G2/Switch I 

and G3/Switch II loops involved in GTP binding and hydrolysis, faces towards the SRL 

and uL11m. Such positioning suggests that the G domain of MTG2 would be able to 

monitor the correct conformation of the GAC region in the final stages of mt-LSU 

maturation. 

On the other side, the N-terminal Obg domain of MTG2 stabilizes the mature 

conformation of the PTC-forming helices H81, H89, H90 as well as the A and PTC 

loops and indirectly H71, which are in immature conformations in states A and B 

(Supplementary Fig. 7). The most prominent rRNA rearrangement involves the PTC 

loop, which in state A surprisingly forms a helix with the P loop of the 16S rRNA (Fig. 

3c). As the PTC loop matures in state C, it withdraws from the P loop, which is now 

held in immature conformation by contacts with assembly factors MTG2 and NSUN4 

(Fig. 3d). These interactions encompass the Obg domain of MTG2 and the N-terminal  
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Fig. 3. Mitochondrial GTPase MTG2 interacts with the functional regions of the immature 

human mitoribosomal large subunit. 

(a) Interaction of the MTG2 (red cartoon) with the 16S rRNA and ribosomal proteins in state C. The N-

terminal Obg domain of MTG2 contacts the peptidyl transferase center (PTC) region of the 16S rRNA 

(light cyan, PTC helices depicted individually, P loop in pink), whereas the G domain associates with 

the ribosomal GTPase associated center (GAC) components uL11m (green) and the sarcin-ricin loop 

(SRL). (b) Detailed view of G domain interactions with the GAC rotated by 180° relative to panel (a). 

The Switch loops II and III are schematically indicated as dashed lines. The color key is the same as 

in panel (a). (c) The 16S rRNA PTC loop (light yellow) stacking with the P loop (pink) as a result of an 

immature rRNA arrangement in state A. (d) Specific interactions of the NSUN4 N-terminal tail (teal) 

and the MTG2 Obg domain (red) with the P loop (pink). Amino acid residues involved in coordinating 

the P loop are highlighted. (e) Effects of NSUN4 ΔN 26-36 mutant on the association with 
  

         continued on the next page 
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tail of NSUN4, which is disordered in the absence of MTG2. The two factors grip the 

immature P loop from two sides in a tweezer-like manner involving aromatic residues 

Tyr27 and Trp31 of NSUN4 that stack with the P loop nucleotides G2814 and A2817, 

whereas MTG2 contributes Phe92 to interact with the P loop nucleotide G2816 (Fig. 

3d). While deletion of residues 26–36 at the N-terminal region of NSUN4 did not 

reduce the association of NSUN4 with MTERF4 or mt-LSU, it reduced the levels of 

mature mitoribosomes in a dominant-negative manner (Fig. 3e) compared to the wild-

type control (Fig. 2c). Taken together, our structural and biochemical results reveal a 

direct contribution of the NSUN4 N-terminal tail to the maturation of the mt-LSU. 

The above-mentioned P loop is the sole element of the 16S rRNA domain V 

that remains immature in state C and, together with helices H68 and H69 of domain 

IV that are still bound to MTERF4, the only area in the mt-LSU rRNA that still needs 

to mature (Supplementary Fig. 7). Interestingly, besides keeping the P loop in a distinct 

immature conformation, MTG2 also samples the entrance to the nascent polypeptide 

tunnel with one of its Obg domain loops (Fig. 3f). At exit side of the ribosomal tunnel, 

we observe that mitoribosomal protein mL45 inserts its N-terminal tail into the tunnel, 

as observed for the non-translating mature mitoribosomes29,30, and reaches almost to 

the Obg domain of MTG2. Consequently, the two proteins sample virtually the entire 

length of the exit tunnel and may play a role in facilitating proper folding of proteins 

and rRNA elements forming the mitoribosomal nascent polypetide tunnel during mt-

LSU maturation. 

mitoribosomal fractions and 55S monosome formation. A continuous 10%–30% sucrose gradient 

was used to separate mitochondrial lysates from HEK 293T cells expressing the MTERF4 and NSUN4 

mutant to determine their distribution and co-migration with mitochondrial ribosomal fractions. The small 

and large ribosomal subunit and polysomes in mitochondria isolated from NSUN4 ΔN 26-36 transfected 

cells were followed by immunoblotting for mitochondrial ribosomal protein markers of the small (bS16m) 

and large (bL12m) ribosomal subunits. The input, mitochondrial lysate, was used as a positive control. 

(f) Cross-section of the mitochondrial large subunit state C assembly intermediate. Spatial arrangement 

of assembly factors NSUN4 (teal), MTERF4 (light green) and MTG2 (red) ensure probing the P loop 

(pink) and the entrance to the nascent polypeptide tunnel in the mitochondrial large subunit assembly 

intermediate (gray). The mL45 (blue) N-terminal tail occupies the exit tunnel, contributing to an inactive 

state of the subunit. 
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Stepwise maturation of the human mitochondrial large subunit 

Visualization of eight distinct assembly intermediates of the human mt-LSU that 

reveal the interdependence of assembly factors and the role of the rRNA in the process 

allows us to propose a model for stepwise maturation of the ribosomal active site (Fig. 

4 and Supplementary Fig. 8). Binding of the NSUN4–MTERF4 dimer to the immature, 

but compositionally complete mt-LSU, sequesters the flexibly disposed H68–H71 

region to expose the active site and allow access of factors that modify the rRNA and 

check its conformation. This conformation is recognized by the methyltransferase 

MRM2 that modifies nucleotide U3039 in the A loop of the rRNA. After the methylation 

of U3039, MRM2 dissociates and the quality checkpoint GTPase MTG2 binds to the 

P loop in an NSUN4-dependent manner to facilitate maturation of the PTC and to 

check the functionality of the GAC of the ribosome. Once the rRNA assumes its native 

or nearly native conformation, the assembly factors dissociate, and a mature, 

translationally competent mt-LSU is formed.  

Our data provide the basis for understanding the late stages of human mt-LSU 

maturation at a structural level and reveal the key role of the NSUN4 and MTERF4 to 

induce a conformation of the subunit ready for subsequent modification and maturation 

steps. The described assembly intermediates show maturation and/or proof-reading 

of all functionally important regions of the large subunit. These results complement the 

Fig. 4. Model for stepwise maturation of the human mitoribosomal large subunit aided by 

assembly factors. 

Eight classes, corresponding to distinct assembly states in this study, allow us to propose the order of 

events in the late stages of the human mitoribosomal large subunit assembly. Sequestering of the H68-

H71 16S rRNA by assembly factors NSUN4 and MTERF4 exposes the functionally important regions 

of the large subunit that allows MRM2 to modify its target nucleotide in the A loop. Dissociation of 

MRM2 is followed by association of MTG2, a mitochondrial GTPase that performs a final quality check 

of the peptidyl transferase center (PTC) region as well as the sarcin-ricin loop (SRL) in the GTPase 

associated center (GAC). Dissociation of all assembly factors results in completion of the rRNA 

maturation and formation of a translationally competent particle. 
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discovery of a remarkably complex mitoribosomal assembly machinery in 

trypanosomal mitochondria8,9,10,31 and suggest that the divergent mitochondrial 

ribosomes are likely to involve an equally diverse set of assembly factors across 

different species. Furthermore, while this work was in preparation, several manuscripts 

describing complementary results on the topic of mt-LSU maturation were published 

or uploaded in pre-print repositories32,33,34,35. Taken together, these results now 

provide a comprehensive description of the late stages of mitoribosomal large subunit 

assembly in human mitochondria. Furthermore, these results will help us understand 

the structural basis of mutations in the mitochondrial translational apparatus that are 

associated with neurodegenerative diseases36 and diverse progressive and fatal 

genetic disorders37,38. 

Methods 

Transient expression of MTG1-3xFLAG in HEK 293 EBNA cells 

HEK 293 EBNA embryonic kidney cells, adapted to suspension growth in 

serum-free Ex-Cell medium, were obtained from the protein production and structure 

core facility at EPFL. The cell line was cultured at 37 °C under 4.5% CO2 in EX-CELL® 

293 serum-free medium for HEK 293 cells (Sigma), supplemented with 4 mM L-

glutamine. The cells were not tested for mycoplasma contamination. 

The pcDNA3.1(+) plasmid encoding the C-terminally 3xFLAG-tagged MTG1 

(UniProt ID Q9BT17) was ordered from GenScript. The inserted sequence was verified 

using a CMV forward primer at Microsynth. Cells with a concentration of 106 cells/mL 

were transfected with 1.5 mg of DNA per liter of the culture using transfection reagent 

40 kDa PEI MAX (Polysciences, Inc.) in a 1:2 ratio. Cells were harvested and 

mitochondria were isolated 72 h post-transfection. 

Isolation of mitochondria from HEK 293 EBNA cells 

Mitochondria were isolated as previously described39,40 with few modifications. 

Briefly, the cell pellets were resuspended in ice-cold RSB hypo buffer (10 mM Tris–

HCl pH 7.5, 10 mM NaCl, and 1.5 mM MgCl2) and allowed to swell for 10 min. The 

swollen cells were opened with several strokes of a dounce homogenizer followed by 

immediate addition of 2.5× MS buffer (12.5 mM Tris–HCl pH 7.5, 525 mM mannitol, 

175 mM sucrose, 2.5 mM EDTA, and 2.5 mM DTT) to a final concentration of 1× MS 
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buffer (5 mM Tris–HCl pH 7.5, 210 mM mannitol, 70 mM sucrose, 1 mM EDTA and 

1 mM DTT). The homogenate was clarified at 1300×g and 4 °C for 10 min, followed by 

another 10 min centrifugation at 7500×g and 4 °C. Finally, the supernatant and the 

crude mitochondria fraction were separated after centrifugation at 9500×g and 4 °C for 

10 min. The mitochondria pellet was resuspended in 20 mM HEPES–KOH pH 7.6, 

250 mM sucrose, and 1 mM EDTA and applied to a layered sucrose gradient, 

consisting of 15%, 23%, 32%, and 60% (w/v) sucrose solutions in 20 mM HEPES–

KOH pH 7.6 and 1 mM EDTA. After 70 min ultracentrifugation at 60,000×g and 4 °C 

using SW 32 Ti rotor, mitochondria band between 32% and 60% (w/v) sucrose solution 

was carefully collected, flash-frozen in liquid nitrogen, and stored at −80 °C until use. 

Preparation of MTG1-3xFLAG-tagged mitochondrial ribosomes 

Upon thawing of the mitochondria, 1.5 volumes of lysis buffer (20 mM HEPES–

KOH pH 7.6, 100 mM KCl, 20 mM MgCl2, 1.6% Triton X-100, supplemented with 1× 

cOmplete EDTA-free protease inhibitor cocktail (Roche)) was added, and 

mitochondria were lysed using a dounce homogenizer. Membranes were further 

solubilized by stirring for 15 min at 4 °C. The lysate was clarified by centrifugation at 

20,800×g for 15 min at 4 °C. Next, the supernatant was incubated for 1.5–2 h at 4 °C 

with anti-FLAG M2 affinity gel (Sigma) while gently mixing. The anti-FLAG M2 affinity 

gel (Sigma) was pre-equilibrated with three sequential column volumes of 0.1 M 

glycine HCl pH 3.5 and washed with 10 volumes of TBS and wash buffer (20 mM 

HEPES–KOH pH 7.6, 100 mM KCl, and 20 mM MgCl2). After collecting the flow-

through, the beads were washed with 10 column volumes of wash buffer. Bound 

mitoribosomes were eluted 3 times using elution buffer (20 mM HEPES–KOH pH 7.6, 

100 mM KCl, 20 mM MgCl2, and 100–200 µg/mL 3×FLAG peptide), each time 

preceded by a 10–15 min incubation at 4 °C with gentle mixing. Eluted fractions were 

pooled and subjected to a 2.5 h ultracentrifugation at 135,500×g at 4 °C using a TLA-

55 rotor (Beckman-Coulter). Finally, the mitoribosome pellet was resuspended in mito-

resuspension buffer (20 mM HEPES–KOH pH 7.6, 100 mM KCl, 20 mM MgCl2, and 

1 mM DTT), yielding mt-LSU at a concentration of ~40 nM. Samples from the key steps 

of the purification were subjected to western blot analysis (anti-3×FLAG antibody 

A8592, Sigma) (Supplementary Fig. 1). 
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Expression of NSUN4 variants in HEK 293T cells 

Expression cassettes for NSUN4 variants were synthesized from overlapping 

oligonucleotides and cloned into pTwist CMV (Twist Bioscience). All NSUN4 variants 

were expressed as fusions to a C-terminal HA tag, while MTERF4 was C-terminally 

FLAG-tagged. 

Human embryonic kidney (HEK 293T) cells were cultured at 37 °C in humidified 

95% air with 5% CO2 in Dulbecco’s modified essential medium (DMEM) (Gibco, Life 

Technologies) containing glucose (4.5 g/L), L-glutamine (2 mM), 1 mM sodium 

pyruvate, 50 µg/ml uridine, and 10% (v/v) fetal bovine serum (FBS). The cells were 

tested and shown to be free off mycoplasma contamination. HEK 293T cells were 

plated at 60% confluence in 15 cm plates and transfected with mammalian expression 

plasmids in OptiMEM media (Invitrogen). 158 ng/cm2 of NSUN4 and MTERF4 plasmid 

DNA, in equal ratios, were transfected using Fugene HD (Roche). Cell incubations 

were carried out for 72 h following transfection and mitochondria were isolated as 

described previously41. 

Sucrose gradients of mitochondrial ribosomes to analyze NSUN4 mutants 

Sucrose gradient fractionation was carried out on purified mitochondria as 

previously described41. Briefly, isolated mitochondria were separated on a 10–30% 

sucrose gradient and lysed in 260 mM sucrose, 100 mM KCl, 20 mM MgCl2, 10 mM 

Tris–HCl pH 7.5, 2% digitonin, 40 U/ml RNase inhibitor, and 1× cOmplete protease 

inhibitor cocktail (Roche) for 20 min. After centrifugation at 9200×g for 45 min at 4 °C, 

the clarified lysates were loaded on a continuous 10–30% sucrose gradient containing 

100 mM KCl, 20 mM MgCl2, 10 mM Tris–HCl pH 7.5, and the aforementioned RNase 

and protease inhibitors, followed by centrifugation at 71,000×g in an Optima Beckman 

Coulter preparative ultracentrifuge. Fractions were collected, and one-third of each 

fraction was precipitated with 0.02% sodium deoxycholate and 12% trichloroacetic 

acid, washed twice with acetone, and resolved by SDS–PAGE. Representative 

markers of the small and large ribosomal subunits were detected by immunoblotting 

as described below. 

Immunoblotting 

Specific proteins were detected using rabbit monoclonal antibodies against 

MRPL12 (bL12m) (16394-1-AP), MRPS16 (bS16m) (16735-1-AP), and FLAG (Sigma, 

F7425); and mouse monoclonal antibodies against HA (Cell Signaling, 2367). All 
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primary antibodies were diluted 1:1000 using the Odyssey blocking buffer (LI-COR). 

IR dye 800CW goat anti-rabbit IgG or IR Dye 680LT goat anti-mouse IgG (LI-COR) 

secondary antibodies (diluted 1:10,000) were used, and the immunoblots were 

visualized using the Odyssey Infrared Imaging System (LI-COR). 

Cryo-EM sample preparation and data acquisition 

Quantifoil R2/2 holey carbon copper grids (Quantifoil Micro Tool) were prepared 

by applying an additional thin layer of continuous carbon, followed by glow-discharging 

for 15 s at 15 mA using an easiGlow Discharge cleaning system (PELCO). For both 

datasets, 4 µl of resuspended MTG1-3×FLAG-tagged mitoribosome sample was 

directly applied onto the grid mounted in the Vitrobot chamber (Thermo Fisher 

Scientific) and incubated for 1 min. Excess of buffer was blotted away, and the grid 

was immediately plunge frozen in 1:2 ethane:propane (Carbagas) at liquid nitrogen 

temperature. The Vitrobot chamber was kept at 4 °C and 100% humidity during the 

whole procedure. For the second dataset, NP-40 detergent was added to a final 

concentration of 0.001% just before applying the MTG1-3×FLAG-tagged 

mitoribosome sample onto the grid. 

Both datasets were collected on a Titan Krios cryo-transmission electron 

microscope (Thermo Fisher Scientific) operating at 300 kV. For the first dataset, the 

microscope was equipped with a Falcon IIIEC Direct Electron Detector (FEI) and the 

movies were collected in integrating mode with a pixel size of 1.087 Å/pix, 30 frames, 

and a total dose of 60 e−/Å2, with defocus varying from −3.0 to −0.6 µm. The second 

dataset was collected on a microscope equipped with a K3 detector (Gatan), mounted 

to a GIF Quantum LS imaging filter operated with an energy filter slit width of 20 eV. 

The movies were collected in counting and super-resolution mode, with 40 frames and 

a total dose of 60 e−/Å2 at a physical pixel size of 1.06 Å/pix (0.53 Å/pix in super-

resolution) with defocus varying from −3.0 to −0.6 µm. The collection of both datasets 

was automated with the EPU software (Thermo Fisher Scientific). 

Cryo-EM data processing 

Both datasets were collected and processed independently. Unless stated 

otherwise, all processing steps were performed using cryoSPARC 3.142. 

Movies of the first dataset collected on the Falcon IIIEC Direct Electron Detector 

(FEI) were drift-corrected and dose-weighted using MotionCor243, and the corrected 

15,441 micrographs were imported into cryoSPARC43. The CTF parameters for each 



89 
 

micrograph were estimated using patch-based CTF estimation, and 100 randomly 

selected micrographs were used to pick initial particles using a Laplacian-of-Gaussian 

filter-based method. These particles were subjected to a 2D classification. Classes 

resembling the large subunit of the human mitoribosome were used as a reference for 

picking particles from the whole dataset. The resulting 2,214,072 particles were 

extracted at 5.6-fold binning and subjected to 2D classification. Good-looking classes 

were selected and used for an ab-initio reconstruction to create the initial 3D model. 

The obtained model was then used as an input in homogenous refinement with all 

1,064,609 selected particles from the 2D classification. The resulting refined map was 

used to create a mask covering the intersubunit side of the large subunit in UCSF 

Chimera44. Aligned particles, together with the mask, were used in a 3D Variability 

analysis45 with eight modes to solve and the resolution filtered to 6 Å. The particles 

were then divided into 10 clusters using 3D variability display. 

The second dataset was pre-processed during collection using cryoSPARC 

live42. The pre-processing included 2-fold binning, drift-correction, dose-weighting, 

CTF estimation, and particle picking using a Laplacian-of-Gaussian filter-based 

method, resulting in 10,682 processed micrographs and 1,626,837 extracted particles 

that were exported into cryoSPARC. The particles were then subjected to 2D 

classification, and classes resembling the mitoribosomal large subunit were selected, 

resulting in 833,994 particles. All particles were used for ab-initio reconstruction, and 

the resulting cryo-EM map was used as an input model in homogenous refinement. 

The previously created intersubunit mask was resampled onto the new map using 

UCSF Chimera44 and together with the aligned particles was used for 3D variability 

analysis45 with five modes to solve and the resolution filtered to 10 Å. The particles 

were then divided into 25 clusters using 3D variability display. 

Overall, the processing of both datasets resulted in similarly looking 3D classes. 

The only difference was states B and D0″, which were present only in the first and the 

second dataset, respectively. The key classes found in both datasets were re-

extracted at full-size and refined again, this time with per-particle defocus estimation46. 

The local resolution was calculated using a locally windowed FSC method as 

described in ref. 47. 
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Model building and refinement 

Published structures of the mature human mitoribosome30 (PDB 6ZM6) and of 

a late assembly intermediate containing the ACP module17 (PDB 5OOL) were used as 

initial models and docked into the cryo-EM maps using UCSF Chimera44. Composite 

models were assembled in PyMOL Molecular Graphics System, Version 2.1.5 

(Schrödinger, LLC), followed by manual rebuilding of the proteins and nucleic acids 

using Coot48. For interpretation of the additional density features representing the 

assembly factors, the crystal structures of the human NSUN4–MTERF4 dimer24 (PDB 

4FZV) and MRM2 (PDB 2NYU) were fitted and readjusted. For MTG2, an initial model 

was obtained using the Phyre2 modeling server49 based on a crystal structure of the 

E. coli homolog ObgE50 (PDB 5M04). The N-terminal Obg and C-terminal G domains 

were docked individually and rebuilt. For fitting the GDP and SAM cofactors, 

superimposed high-resolution structures were used as a guide. 

The models were real-space refined for five cycles using Phenix version 

1.19.151, while applying side-chain rotamer and Ramachandran restraints. The 

remaining discrepancies between the models and maps were detected and corrected 

using real space difference density maps and the geometry validation tools 

implemented in Coot48. The final model geometry was validated using MolProbity52 

(Supplementary Table 1). To evaluate the quality of the fit of the refined models to the 

EM maps, real-space correlation coefficients (CCmask) as well as the model versus 

map FSCs at the FSC = 0.5 criteria were calculated. The resulting resolutions were 

close to those calculated from the map half-sets at the FSC = 0.143 criteria 

(Supplementary Fig. 3). 

Figure preparation 

Molecular graphics and analyses were performed with UCSF Chimera44 and 

UCSF ChimeraX53, developed by the Resource for Biocomputing, Visualization, and 

Informatics at the University of California, San Francisco, with support from National 

Institutes of Health P41-GM103311 and R01-GM129325 and the Office of Cyber 

Infrastructure and Computational Biology, National Institute of Allergy and Infectious 

Diseases. Detailed views of cryo-EM map densities were created using The PyMOL 

Molecular Graphics System, Version 2.1.5 Schrödinger, LLC. 
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Reporting summary 

Further information on research design is available in the Nature Research 

Reporting Summary linked to this article. 

Data availability 

The data that support this study are available from the corresponding author 

upon reasonable request. The atomic coordinates were deposited in the RCSB Protein 

Data Bank (PDB) under accession numbers 7ODR (state A), 7ODS (state B), and 

7ODT (state C). The cryo-EM maps were deposited in the Electron Microscopy Data 

Bank (EMDB) under accession numbers EMD-12845 (state A), EMD-12846 (state B), 

EMD-12847 (state C), EMD-12848 (state A0), EMD-12849 (state C0), EMD-12850 

(state D0′), EMD-12851 (state D0″), and EMD-12852 (state D). Source data are 

provided with this article. 
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Supplementary Figure 1. 3x-FLAG tagged MTG1 co-pellets with the mitoribosomal particles. 

(a) Schematic representation of the mitochondria preparation, followed by the purification of 
mitoribosomes via C-terminally 3x-FLAG-tagged MTG1. Curved arrows indicate an (ultra)centrifugation 
step. (b) Western Blot analysis of the purification procedure using antibodies against the 3xFLAG tag. 
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Supplementary Figure 2. Data processing of the purified particles bound to the tagged MTG1 
assembly factor. 

Data processing schemes for both datasets collected from the particles obtained by affinity 
purification of C-terminally tagged MTG1 assembly factor. Both datasets, collected using K3 (a) and 
Falcon IIIEC (b) cameras, were processed independently. Cryo-EM maps of selected 3D classes with 
density of assembly factors as well as key rRNA regions color-coded as in Fig. 1 are shown. 
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Supplementary Figure 3. Cryo-EM data statistics. 

Cryo-EM maps, colored according to the local resolution with scale bars presented on the left of each 
panel, are shown for state A (a), state B (b), state C (c), state A0 (d), state C0 (e), state D0’ (f), state 
D0’’ (g) and state D (h). Each panel contains the FSC curve on the top right and the particles angular 
distribution graph on the bottom right. 
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Supplementary Figure 4. Examples of electron density maps in the areas of the bound 
maturation factors. 

Overview of the EM density for (a) NSUN4, (b) the NSUN4 S-adenosyl-methionine cofactor, (c) 
MTERF4, (d) MRM2, (e) the G domain of MTG2 and (f) the N-terminal Obg domain of MTG2 and 
NSUN4 interacting with the P loop.  
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Supplementary Figure 5. NSUN4 binding to key elements of the PTC rRNA region and MTERF4 
stabilizing a distinct immature conformation of H68-71. 

Atomic models of NSUN4–MTERF4 are shown in surface representation and colored according to 
their electrostatic potential. Selected rRNA elements that interact with NSUN4–MTERF4 are shown in 
cartoon and are labeled individually. NSUN4–MTERF4 is shown as viewed from the GTPase 
associated center (left) and from intersubunit space (right). Regions of introduced NSUN4 mutations 
are indicated with dashed line boxes. 
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Supplementary Figure 6. MRM2 methylates U3039 in the A-loop before maturation of H71. 

Cross-sections of the atomic models of state B (left) and the mature mt-LSU (right, PDB: 6ZM6) are 
shown as viewed from the CP. The MRM2 methyltransferase, H92 (A loop) and H71 are labeled and 
colored individually. On the right panel, the green outline represents superposed MRM2 to visualize 
steric hindrance of the assembly factor with the mature H71. 
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Supplementary Figure 7. Stepwise maturation of the key rRNA regions of the mt-LSU. 

The 16S rRNA atomic models of states A (a) and C (b) are shown in surface representation and colored 
according to the root-mean-square deviation (RMSD) compared to the mature 16S rRNA (PDB: 6ZM6). 
RMSD values range from 0 Å (blue) to 8 Å and above (red). Corresponding 2D diagrams of 16S rRNA 
domains IV and V are shown on the right of each panel and colored according to their respective atomic 
model. 
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Supplementary Figure 8. Stepwise maturation of the mt-LSU including all obtained cryo-EM 
maps. 

The pathway of mt-LSU maturation is proposed based on all obtained cryo-EM maps. The densities 
corresponding to the assembly factors and important rRNA fragments are colored and labeled 
individually. The ACP module includes MALSU1, L0R8F8 and mt-ACP. 
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Supplementary Table 1. Cryo-EM data collection, refinement and validation statistics. 

 State A 
MTERF-NSUN4 
+ ACP module 

State B 
MTERF-NSUN4-
MRM2 
+ ACP module 

State C 
MTERF-NSUN4-
MTG2-H71 + ACP 
module 

EMDB code #### #### #### 
PDB code #### #### #### 
Data collection and processing 
Camera K3 Falcon IIIEC K3 
Magnification 81,000 (nominal) 75,000 (nominal) 81,000 (nominal) 
Voltage (kV) 300 
Electron exposure (e–/Å2) 60 
Defocus range (μm) 0.6-3.0 

Pixel size (Å) 
1.06 (super-res. 
pix. at 0.53Å/pix.) 

1.087 
1.06 (super-res. pix. at 
0.53Å/pix.) 

Initial particle images (no.) 833,994 1,064,609 833,994 
Final particle images (no.) 123,285 114,557 62,565 
Map resolution at FSC=0.143 
(Å) 

2.9 3.1 3.1 

Structure refinement in PHENIX 1.19.1 
Model resolution at FSC=0.5 
(Å) 

3.1 3.3 3.4 

CCmask 0.80 0.76 0.79 
Map sharpening B factor (Å2) – 64.1 – 97.9 – 54.6 
Model composition 
   Non-hydrogen atoms 107,683 108,570 110,405 
   Protein residues 9,274 9,374 9,588 
   RNA residues 1,516 1,516 1,521 
   Ligands: 
   Mg2+ / K+ / Zn2+ / [Fe2-S2] / 
   C10-PPT / SAM / GDP 

 
97 / 2 / 2 / 1 / 
1 / 1 / - 

 
68 / 0 / 2 / 1 / 
1 / 1 / - 

 
99 / 4 / 2 / 1 / 
1 / 1 / 1 

B factors min/max/mean (Å2) 
   Protein 14/122/57 20/246/91 27/356/101 
   RNA 8/183/52 22/382/77 27/278/72 
   Ligand 12/108/52 19/177/88 26/234/94 
R.m.s. deviations 
   Bond lengths (Å) 0.002 0.002 0.002 
   Bond angles (°) 0.408 0.402 0.403 
Validation 
MolProbity score 1.3 1.3 1.3 
Clashscore 5.1 5.3 5.3 
Poor rotamers (%) 0.8 0.7 0.8 
Protein 
EM Ringer score 3.2 2.5 2.8 
Ramachandran plot 
   Favored (%) 98.73 98.70 98.78 
   Allowed (%) 1.27 1.29 1.22 
   Disallowed (%) 0.0 0.01 0.0 
RNA 
   Pucker outliers (%) 0.5 0.7 0.6 
   Bond outliers (%) 0.0 0.0 0.0 
   Angle outliers (%) 0.0 0.0 0.0 
   Suite outliers (%) 17.1 18.4 18.5 
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Conclusions and future perspectives 

Ribosomes are responsible for protein synthesis and therefore have a central 

role in the expression of genetic information. A great progress has been made since 

the discovery of ribosomes in unveiling their composition and their mechanism of 

action. Ribosomal assembly has also been studied extensively in the recent years. 

Because of their composition and the number of proteins and rRNAs involved in its 

biogenesis is a complex and fascinating process that still holds many mysteries. 

In addition, understanding of ribosome maturation is important from a 

biomedical perspective. In bacteria, the ribosome assembly may provide promising 

antimicrobial drug targets, while in eukaryotes a way to treat ribosome biogenesis 

associated disorders. In eukaryotes, ribosomopathies are cause not only by the 

cytoplasmic ribosome, but also the mitoribosome. Deregulation of mitoribosome 

components and its assembly factors also lead to severe multisystemic diseases and 

may cause cancer66,272,276–280. 

Despite the years of research and numerous excellent biochemical and genetic 

studies on the mitoribosome maturation, structural data is still scarce. In this thesis I 

presented my contributions to determining high-resolution structures of the 

mitochondrial large subunit from both Homo sapiens and human parasite 

Trypanosoma brucei that provide important structural insights into this intricate 

process. I have been able to identify numerous novel mitochondrial assembly factors 

that helps in understanding their role in mitoribosome maturation. These results agree 

with previous biochemical and genetical studies and present promising targets for 

further analysis. 

Mitoribosome maturation is both similar to and different from the bacterial 

ribosome assembly 

According to the endosymbiotic theory mitochondria are organelles of α-

proteobacterial origin32, and thus, the mitoribosome shares an ancestor with its 

bacterial counterpart. Although their structures differ significantly, only a handful of 

newly identified assembly factors show homology to prokaryotic proteins and seem to 

play similar roles in the mitoribosome maturation. 

For example, three GTPases (mt-EngA, mt-EngB and Mtg1) found on one of 

the T. brucei mitoribosomal large subunit assembly intermediates show homology to 
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bacterial assembly factors. Interestingly, while the binding site of bacterial mt-EngB 

homolog has not been visualized so far, the position of both mt-EngA and Mtg1 in T. 

brucei mitoribosome is almost identical to that observed for its homologs in bacterial 

ribosome171,189. Furthermore, biochemical investigation of the bacterial ribosome 

biogenesis suggest that all three GTPases act together at a specific step in the large 

subunit ribosomal assembly185. Given the homology of the factors and almost identical 

binding place for those that are structurally characterized, it is tempting to assume that 

the role and the mode of interaction for these GTPases during bacterial ribosome 

assembly is very similar to those observed in the presented structures of Trypanosoma 

brucei mitoribosome. 

Similarly, mitochondrial assembly factor Mtg2 found on the assembly 

intermediates of the human mitoribosome presented in chapter 2 shows homology to 

the bacterial GTPase ObgE. Interestingly, structure of ObgE in complex with the 

mature bacterial large subunit179 shows practically identical mode of interaction. 

Furthermore, based on the recent structural analysis of the native assembly 

intermediates in bacteria that describe the role of ObgE during large subunit assembly 

in detail283, it seems that Mtg2 fulfills the same role in the mitoribosomal maturation as 

its homolog in bacteria. Additionally, the bacterial assembly intermediate described in 

the above-mentioned study discovered RsfS assembly factor bound just below the 

ObgE. Intriguingly, the structure of the human mitoribosome assembly intermediate 

described in chapter 2 also has a RsfS homolog bound – MALSU1. The mode of 

interaction of both factors is presumably the same. 

Very recent results describing assembly intermediates of the human 

mitoribosomal large subunit characterized the binding place of DEAD-box ATPase 

DDX28284. Interestingly, DDX28 binds the assembly intermediate in virtually the same 

place as mt-LAF2 does the assembly intermediate of T. brucei mitoribosome. mt-LAF2 

is also a DEAD-box helicase and based on the sequence similarity and biochemical 

results may act similarly to yeast Mss116, although structural analysis is necessary to 

validate this hypothesis. Nevertheless, a possibility that all three organisms share 

almost identical mitoribosomal assembly factor that fulfils the same function, despite 

the significant differences in the mitoribosomes structure, is definitely intriguing. Did 

the assembly factor evolved independently in these organisms to serve the same role? 

Or, and probably more likely, is the factor conserved from prokaryotes? 
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Despite the progress in our understanding of the bacterial ribosome maturation 

in recent years, we still cannot answer that and many other questions. Biochemical 

results indicate that several DEAD-box ATPases are involved in the maturation of the 

bacterial large subunit, but thus far none of them have been visualized interacting with 

an assembly intermediate. In general, our current structural data describe only late 

stages of both bacterial and mitoribosomal large subunit maturation. Our understating 

of the small subunit assembly is similarly limited. Although better understood 

biochemically in bacteria, high-resolution structural information for the early stages of 

small subunit maturation is still lacking. The only structural information available to 

date for the mitoribosomal small subunit comes from a handful of native assembly 

intermediates found in T. brucei285. Structures of early assembly intermediates from 

both bacteria and mitochondria would be of great interest and most likely several 

research groups are already undertaking efforts to visualize them. 

On the other hand, multiple assembly factors identified in the presented 

structures do not show any homology to known prokaryotic proteins and seem to be 

specific to mitoribosomes. 

Cryo-EM revolutionized the field of structural biology 

Task of solving structures of early assembly intermediates was definitely made 

possible thanks to the advancement in cryo-EM over the past years. The advances in 

cryo-EM technology and methodology lead to a “resolution revolution”286 and had a 

great effect on structural biology opening up possibilities to elucidate structures of 

unknown and heterogenous protein complexes at high-resolution without the need for 

crystallization. Just like the X-ray crystallography gave rise to the field of structural 

biology, cryo-EM allowed it to mature and broaden the spectrum of targets that can be 

structurally analyzed. With almost 8000 atomic models solved by cryo-EM today, and 

only 21 at the beginning of 21th century, the exponential growth is stunning (based on 

Protein Data Bank statistics from 5th of June 2021). 

But the impressive number of structures solved over the recent years is not the 

only wonderful benefit of cryo-EM. The resolution revolution, especially the data 

processing algorithms advancement, allowed for structural analysis of heterogenous, 

flexible and/or unknown protein complexes. Contrary to the X-ray crystallography, 

cryo-EM does not require protein crystallization, and consequently, proteins with 

flexible extensions and/or domain can be easily analyzed with cryo-EM. In the worst-
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case scenario, if a given domain does not have a limited number of conformations, i.e. 

is continuously flexible, it will not be visible in a 3D reconstruction but it will still be 

possible to determine the structure for other parts of the molecule.  However, in a 

crystallographic experiment such domain would hinder crystallization making it 

impossible to obtain any structural information.  Even more significant advantage of 

cryo-EM is the ability to analyze heterogenous samples, even with unknown proteins 

being part of the complex. 

Few proof-of-concept studies already showed that structural analyses of very 

heterogenous sample or even minimally purified cell lysate is possible287–289. With 

further advancement in data acquisition speed as well as data processing capabilities, 

a whole cell lysate analysis followed by a “computational purification” by means of 2D 

and 3D classifications is becoming a possibility. 

Cryo-EM has potential to position structural biology at the frontline of molecular 

biology 

The ability to analyze and structurally characterize a minimally purified or 

unprocessed cell lysate is still rather an ambitious goal than reality, however, it is 

already feasible to investigate highly heterogeneous and completely or partially 

unknown protein complexes using cryo-EM. Combined with the ability to obtain high-

resolution reconstructions, it is possible to build proteins models de novo and identify 

them directly from the experimental cryo-EM map42,285,290,291. 

Based on the structural analysis of the assembly intermediates of the 

mitoribosomal large subunit of T. brucei we were able to identify 28 assembly factors, 

many of which were not even suspected to take part in mitoribosome maturation. 

Selected factors have been further validated using RNA-mediated interference (RNAi) 

which confirmed their importance for large subunit assembly and T. brucei growth rate. 

In a way, our structural results paved a way for additional biochemical and genetical 

characterization and further experiments. 

Structures of the human mitoribosomal large subunit assembly intermediate 

revealed a network of assembly factors occupying the immature regions of the large 

subunit. Reconstructions of multiple steps of assembly allowed us to propose a model 

for stepwise maturation of the peptidyl transferase region and to determine the 

structure of a previously unknown N-terminal domain of NSUN4 assembly factor. This, 

in turn, lead to a design of specific mutations and subsequent biochemical analysis 
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that allowed characterization of a specific role of NSUN4 in the human mitoribosomal 

large subunit assembly. 

Mentioned examples illustrate the significance of high-resolution structures and 

their role in new discoveries. The fact that protein complexes do not need to be 

crystallized anymore, and therefore can be more heterogeneous, increases the 

chances of observing something unforeseen and unknown that generates new 

hypotheses and opens opportunities for further genetical and biochemical studies. 

There are still aspects of cryo-EM that can be improved 

Progress made in the cryo-EM in the past 5-6 years is astonishing. 

Improvements in data acquisition and data processing, introduction of direct detectors 

and general microscope availability made it the key method for structural studies. It is 

exhilarating to think where cryo-EM can be in the next 5-10 years. 

An aspect of cryo-EM that has a high potential of improving in the near future 

is grid preparation292. Currently, the commonly used method requires a small droplet 

of a sample placed on a copper grid followed by removal of the excess buffer with filter 

paper and subsequent rapid flash-freezing in the liquid ethane. Even though 

successfully used in many studies, the above-described blot method is rather wasteful 

and sub-optimal for selected fragile protein complexes. Nowadays, only a small portion 

of the grid is used for data acquisition and therefore there is no need to deposit the 

sample throughout the entire grid. Indeed, an alternative method is being developed 

where only a thin line of a sample is layered onto the copper grid293,294. Such method 

would allow for not only a significantly smaller amounts of sample to be used, but also 

for multiple samples to be deposited on the same grid, enabling data collection from 

different samples without a need to exchange grids and effectively saving time during 

data acquisition. 

Despite the fact that cryo-EM broadened the range of protein complexes that 

can be structurally studied, there are still some that are either too fragile to be 

investigated by this method or too transient to be successfully purified. Cryo-EM 

approach requires the sample to be immobilized in thin layer (<100 nm) of vitrified ice 

and despite the automatization and exceptionally short time necessary for grid 

preparation, the proteins are during this process unavoidably exposed to the air-water 

interface multiple times295. Such exposure often causes protein denaturation and 

protein complex dissociation, effectively limiting or completely preventing any high-
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resolution structural characterization of fragile protein targets. Over the years, various 

methods have been developed to overcome that problem, however, many of them 

seem to be sample specific and often need to be tested thoroughly in a manner, 

ironically similar to the crystallization screens employed in X-ray crystallography. 

Subtomogram averaging cryo-ET allows for structural investigation of protein 

complexes without the need for purification 

While cryo-EM is used to analyze single particles, cryo-electron tomography 

(cryo-ET) visualizes a flash frozen thin cross-section of cell, tissue or whole 

organism296. As such, it allows for investigation of protein complexes in their native 

environment. Moreover, lack of necessity to purify the complex of interest permits 

analysis of transient or difficult to isolate targets. Furthermore, the ability of cryo-ET to 

look at protein complexes in their native environment has a potential to provide 

information about binding partners and their mode of interaction. 

Of course, a single tomographic map is insufficient for detailed structural 

interpretation. However, subtomogram averaging allows for individual protein 

complexes to be picked, extracted, aligned and averaged, leading to a 3D 

reconstruction297. Nowadays, majority of subtomogram averaging reconstructions 

result in maps resolved to 30-50 Å, nevertheless several protein complexes were 

already resolved to a higher resolution. Probably the most astonishing is the 

reconstruction of a bacterial ribosome with bound antibiotic resolved at 3.5 Å 

resolution298. 

For cryo-ET subtomogram averaging the ribosome is almost the ideal sample. 

Not only is it a relatively big complex, it is also present within the cell in multiple copies 

and gives a strong signal under the electron microscope due to the presence of nucleic 

acids. Furthermore, with a bound antibiotic it is relatively rigid. Nevertheless, the 

example with the ribosome shows that the technique is in principle able to produce 

maps that in terms of resolution can rival those obtained by single particle cryo-EM. 

Ability to investigate proteins in their native environment without the need for 

purification makes cryo-ET an especially interesting method for structural biologists. 

Despite the inability of the technique to produce high-resolution maps for majority of 

the targets, the subtomogram averaging reconstructions are already sufficient to 

interpret protein complex composition and positions of individual protein domains, 

especially if structures of the individual proteins have already been solved by other 
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means, like cryo-EM, X-ray crystallography or NMR. Solving structures of protein 

complexes solely from cryo-ET subtomogram averaged maps is still not possible in 

most of the cases. 

One of the reasons behind the limited resolution is the time required for both 

data acquisition and data processing. Recording of a single tomogram takes much 

longer then recording of a single micrograph and the data processing involves many 

lengthy additional steps. Still, with the constant improvements of the data processing 

software and advances in data collection strategies, it is more than likely that cryo-ET 

will become much faster and more automated in the near future. Perhaps that will be 

enough to routinely reach 10 Å resolution and beyond. 

Regardless of the hypothetical progress, cryo-ET will probably remain a 

technique suitable only for big complexes. Even with the potential improvements, the 

technique most likely will not be able to rival structural analysis of medium size (100-

500 kDa) protein complexes performed by single particle cryo-EM. Though it may 

seem like a pessimistic view, so is the cryo-EM still unable to compete with X-ray 

crystallography when it comes to small proteins (<150 kDa) and/or serial protein 

complexes done for example in drug discovery/screening process. 

The future of structural biology is full of exciting possibilities 

Structural biology is still a very young field that emerged in the 1930s. 

Nevertheless, in just a century the field made a stunning progress. Passion, hard work 

and relentless efforts of many structural biologists allowed us to glimpse into the 

unknown and see the world at a scale of molecules. Thinking about the future of such 

a rapidly developing field is exhilarating. 

Will the structural biology lead the way? Will we first observe a biological 

phenomenon and later try to understand and explain it by means of biophysics, 

biochemistry and genetics? Will the cryo-ET improve to the stage that allows us to 

solve structures of protein complexes in vivo? Or perhaps yet another method will take 

the stage and revolutionize the field of structural biology just like the cryo-EM did? It 

will be exciting to see what the future holds. 
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Appendix I 

Cryo-electron microscopy 

Invention and the design of electron microscope 

Electron microscope was developed in 1931 by group of Max Knoll at the 

Technical University of Berlin. Two years later, in 1933, it was already capable of 

achieving a higher magnification than the light microscope. In 1938 first commercially 

available electron microscope was produced by Siemens. Following that came a 

number of groundbreaking studies, which used the electron microscope to look at 

various biomacromolecules. Discovery of the ribosomes2, mentioned in the 

introduction, is just one such example. Invention of the electron microscope had such 

a big impact on multiple fields of science, including biology, that in 1986 Ernst Ruska, 

who co-invented the electron microscope in the Max Knoll’s research group and 

continued to work on it afterwards, was awarded the Nobel Prize in Physics “for his 

fundamental work in electron optics, and for the design of the first electron 

microscope”. Max Knoll unfortunately could not be considered for the Nobel prize 

under the rules of the Royal Swedish Academy of Science, as he passed away in 

1969. 

Both light and electron microscopes are similar in design. Where in the light 

microscope the photons produced by a light source are guided through the specimen 

by an array of glass optical lenses, so are the electrons in an electron source directed 

through the sample by a set of electromagnetic lenses in the electron microscope. The 

electron source, often called an electron gun, releases electrons in either a thermionic 

emission or a cold field electron emission. In the thermionic emission a tungsten 

filament, a lanthanum hexaboride crystal or a ZrO/W Schottky emitter is heated by an 

electrical current leading to electrons release. In the cold field electron emission, 

electrons can be induced from a tungsten filament at room temperature by applying 

an electrostatic field. The cold field electron emission produces higher yield of 

electrons characterized by a significantly lower chromatic aberration, which makes it 

possible to achieve much higher resolution. However, it does require a higher vacuum 

to work. High vacuum is needed at the electron gun to prevent burning of the heated 

electron source or oxidation of the filament. Regardless of the method of emission, 

electrons leaving the source have a very low energy and need to be accelerated. That 



113 
 

is achieved by applying a high voltage between the electron source, which acts as a 

cathode, and an anode plate. Nowadays, most commonly used microscopes operate 

at 200 or 300 kV voltage. 

Accelerated electrons leaving the electron gun are guided through the sample 

onto the detector by a set of electromagnetic lenses positioned within the microscope 

column. Electromagnetic lens is usually made of a solenoid coil which produces a 

magnetic field once electric current pass through it. Electrons entering such a lens are 

influenced by the Lorentz force and can be focused at a certain point. As such, 

electromagnetic lenses fulfill the same role as the glass lenses in an optic microscope. 

However, what gives the electron microscope such flexibility, is the ability to adjust the 

strength of the magnetic field by adjusting the electric current running through the 

solenoid coil. While a given glass lens has a specific, set focusing power, an 

electromagnetic lens‘ power can simply be changed by adjustment of the current. 

Multiple sets of electromagnetic lenses, positioned at different places throughout the 

microscope column provide additional flexibility. First the electron beam is condensed 

by a condenser lenses system, by which the electron beam brightness (strength) can 

be controlled. Once adjusted, the electrons pass through the sample and enter an 

objective lenses system used for primary image formation. Adjustment of the magnetic 

field of the objective lens affects focus of the image. Finally, electrons are guided 

through a system of intermediate and projection lenses, which further magnifies the 

image and projects it onto a fluorescent screen, a photosensitive field or a camera. 

Path of the electron beam and consequently the whole column of the 

microscope needs to be kept under a high vacuum. Even though the vacuum does not 

need to be so stringent as at the electron gun, any gas molecule present within the 

column can potentially collide with the electrons and lead to scattering, effectively 

lowering the resolution of the microscope. High vacuum at the column also affects the 

sample inserted into the microscope. Most biological specimens, like tissues, cells or 

proteins, do not behave well under a high vacuum, which quickly leads to their 

dehydration. Thus, biological samples need to be properly prepared before analysis. 

In room temperature electron microscopy, the biological sample is therefore 

chemically fixated, dehydrated and embedded in a solid, transparent material. Such 

prepared sample is then inserted into the microscope on a small metal grid usually 

made out of copper, although available out of other materials, like gold or platinum. 

With a side-entry electron microscope the grid is placed on a long metal rod that 
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functions as a holder and slid into the column through a vacuum lock. In order for the 

electrons to be able to pass through the sample, the specimen should not be thicker 

then approximately 100 nm, although that depends on the energy of the electrons. The 

higher the voltage at which the microscope operates, the higher the acceleration of 

electrons and the thicker the sample can be examined. Biological samples prepared 

in such a way unfortunately provide low contrast in the electron microscope, as the 

elements building the organic matter like carbon, oxygen, hydrogen and nitrogen 

interact poorly with the electrons. 

Contrast in the transmission electron microscopy is created by either local 

differences in the intensity of the electron beam (amplitude contrast) or a shift in the 

electron wavelength (phase contrast). Electrons passing through the sample may stay 

unaffected or interact with either the atomic nucleus or its electron cloud. 

The interaction with the positively charged nucleus is electrostatic in nature and 

yields an elastically scatted electron or, when the electron is deflected by more than 

90°, a backscattered electron. In both cases the affected electron does not lose any 

significant amount of its kinetic energy. Majority of the scattered electrons are stopped 

by an objective apparatus - a solid metal plate with a small hole - located below the 

sample within the microscope, which leads to a local difference in the “concentration” 

of electrons, thus amplitude contrast formation. In addition to the amplitude contrast 

generated by absorption of electrons, the elastically scattered electrons experience a 

phase shift in their wavelength and the interference between the shifted wavelength 

and the unchanged wavelength of the unscattered electrons leads to the phase 

contrast formation. 

Contrary to the elastic scattering, electrons interacting the electron cloud lose 

a portion of their kinetic energy and are called inelastically scattered electrons. 

Deflected at low angles, they are not stopped by the objective apparatus and, having 

lower kinetic energy, interact with the electromagnetic lenses differently leading to 

blurring of the image. Nowadays though an energy filter is often used to filter them out. 

Contrast formation in the electron microscopy depends on the interactions 

between the negatively charged electrons and the positively charged nucleus, which 

is referred to as the Coulomb force. Consequently, the more positively charged 

protons the nucleus has, the stronger is its interaction with the electrons. This is the 

reason why heavier atoms, the ones with larger atomic number Z, give rise to the 

larger amplitude contrast, whereas weaker elements building the organic matter, like 
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carbon, oxygen, nitrogen and hydrogen, generate less contrast since they interact 

poorly with the electrons. 

To overcome the issue of the low contrast when visualizing biological samples, 

scientist started staining them with the heavy atoms’ solutions, like ammonium 

molybdate, uranyl formate or uranyl acetate. These solutions absorb well to the 

biological matter and, because of high number of protons, scatter electrons strongly. 

As a result, the stained background appears dark under the transmission electron 

microscop, while the sample remains visible. Thus, the method is called negative 

staining. It is a simple sample preparation method characterized by a good signal-to-

noise ratio and high radiation resistance. It has been used successful for many years 

and remains to be one of the main methods at an early stage of many structural 

studies. It nevertheless has its drawbacks and limitations that one need to be aware 

of. First of all, dehydration and staining of the sample may lead to structural artefacts. 

Furthermore, because of these two processes, the sample is in a non-native 

environment. Consequently, for this method, the maximal obtainable resolution of the 

3D reconstructions is limited to approximately 15 Å. 

Single particle cryo-EM 

A method that preserves the native hydrated state of the purified molecules is 

referred to as cryogenic electron microscopy (cryo-EM). This method was pioneered 

by Jacques Dubochet and his colleague Alasdair McDowall in 1981, when they 

presented a rapid freezing method which allowed for trapping proteins in a layer of 

vitreous (non-crystalline) ice299. Not only did this allow for proteins to be inspected in 

their native state, as it solved the dehydration problem for samples inserted in the 

evacuated microscope column, freezing also lowered the radiation damage that the 

sample was exposed to. 

Still, the contrast of the sample was too low to allow direct visualization and it 

was clear that averaging of multiple views of the same particles, according to the 

mathematical principles established by Aaron Klug and Richard Crowther would be 

necessary to extract useful information300. In 1980s, Joachim Frank together with 

Marin van Heel presented a method that allowed for extraction of multiple images of 

the same protein and their classification based on their structural features and 

orientation301. Created 2D classes composed of multiple images of the same protein 

significantly improved the signal to noise ratio. Using these 2D projections it became 
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possible to reconstruct a 3D structure of that protein or protein complex302. In 1999, a 

year before the structures of the bacterial ribosomal subunits were obtained at high 

resolution using X-ray crystallography, a cryo-EM structure of the 50S large subunit of 

Escherichia coli ribosome reached 7.5 A20. 

Initially the images were recorded on a photographic film. With the introduction 

of the software to process the single particles data, the film needed to be digitalized. 

And so, in 1980s specialized cameras started to be introduced into the electron 

microscopy. While initially inferior to the photographic film in terms of image quality 

and attainable maximum resolution, they allowed for an automatization of data 

acquisition and thus collection of larger datasets303. 

At first, a charge coupled devices (CCD) were used. In electron microscopes 

these detectors need to be coupled with a scintillator layer, which converts absorbed 

electrons into photons, as a direct exposure to the high energy electrons damages the 

device. Because of the necessary conversion though, an additional noise was 

introduced into the images. In the beginning of 2013, however, direct electron 

detectors were designed for use in electron microscopy. These cameras were able to 

detect the electrons directly and record the images with high frame rate. As a 

consequence, the direct electron detectors are able to operate in a “counting” mode, 

in which impact of every detected electron is measured. That allows for elimination of 

a Landau noise originating from a different energy amount deposited by each electron. 

High frame rate additionally allows for recording of multiple exposures of the same 

area and creation of so-called “movies”, which allows for correction of the beam-

induced movement of the sample. 

Overall, the advancement in the data processing software, development of new 

direct detectors, more advanced microscopes and the increase of computational 

power over the years lead to what is referred to a “resolution revolution”286. These 

advancements allowed for calculation of maps of asymmetric molecular complexes at 

sufficiently high resolution to allow de novo structure determination, same examples 

include structures of the mitoribosomal large subunit solved at 3.4 Å304 and the 

complete mitoribosome at 3.8 Å39, a structure of the F420-reducing [NiFe] hydrogenase 

at 3.4 Å305 and a structure of the TRPV1 ion channel at 3.4 Å306.  

In recognition of their pioneering contributions to the development of cryo-EM 

methods and their impact on life science studies, Jacques Dubochet, Joachim Frank 

and Richard Henderson were awarded the Nobel Prize in chemistry in 2017. 
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Use of cryo-EM and its limitations 

The boundaries of what is possible with the cryo-EM are still being pushed. 

Herzik and colleagues showed in 2019 that it is possible to obtain a structure of 82 

kDa protein at 2.7 Å resolution. Furthermore, they also presented a sub-nanometer 

(<10 A) resolution structure of a 43 kDa protein307. And not even a year later two 

structures of apoferritin were reported at 1.25 Å and 1.22 Å resolution308,309. 

As every method, cryo-EM also has its limitations. It is still a more expensive 

technique than X-ray crystallography. And the time required to collect enough images 

for a high-resolution structure reconstruction is still much longer then with X-ray 

crystallography310. Even with the newest cameras characterized by very high frame 

rates it is usually necessary to collect for more than 2 days. Despite the fact that 

proteins crystals are not needed for cryo-EM, the sample preparation is not entirely 

straightforward. Both the ice thickness and the particle distribution need to be 

optimized. It often takes several short sessions on the electron microscope to screen 

for optimal grid preparation conditions for the main data collection. Same proteins or 

protein complexes can be preferential orientated, making the 3D reconstruction almost 

impossible and demanding an adjustment in the data collection strategy. Some protein 

complexes also require an adjustment in the grid preparation procedure, as they tend 

to fall apart during freezing, most likely because of the contacts with a water-air 

interface. And even when the sample preparation and data collection are optimized, 

averaged cryo-EM maps will still not resolve highly flexible fragments of proteins or 

loosely bound factors. 

Despite these limitations, the number of structures solved by cryo-EM is 

growing exponentially. In 2013, a year of resolution revolution, there were “only” 28 

cryo-EM maps at a <5 A resolution deposited to the Electron Microscopy Data Bank 

(EMDB). Already in 2018 the number increased 10-fold higher, with 230 maps 

deposited310. According to statistics of the Protein Data Bank (PDB) which holds more 

than 174 thousand atomic models, 3.94% were solved with cryo-EM, 7.62% with NMR 

and 88.3% with X-ray crystallography (as of 1/2/2021). While the percentage for cryo-

EM structures may seem small, it is important to note that most of these structures are 

typically much more complex than X-ray structures and were deposited only recently. 
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