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I  INTRODUCTION 

1. The bacterial ribosome 

1.1 From DNA to proteins: the role played by the ribosomes in the central 

dogma of molecular biology 

The idea that DNA could contain the information needed to determine the sequence 

of proteins started to become popular in 1954 when it was first proposed by George 

Gamow (Gamow, 1954) after the discovery of DNA structure in 1953 by Watson and 

Crick (Watson and Crick, 1953). The relationship DNA – RNA – protein, called 

central dogma, describes the flow of the genetic information from DNA to the proteins 

through two main steps:  

I. Transcription of DNA into mRNA (messenger RNA); 

II. Translation of mRNA in amino acid sequence (protein). 

Thanks to this mechanism, cells can maintain and protect the genetic information 

while synthetizing the building blocks essential to their survival and the development 

of the organism of which they are part. 

 

 
 

 

 

 

 

 

 

 

 

 

The four letters code which allows the storage of the genetic information in the DNA, 

is read and used to produce an mRNA molecule. The mRNA strand is based on the 

same alphabet as the DNA, except for the thymine (T) which is substituted by uracile 

(U). In bacteria, the RNA transcript can be readily used as a mature mRNA. In 

eukaryotes, the primary RNA transcript has to go through a process called 

splicing where some parts of the mRNA transcript may be removed while some caps 

are generally added to the extremities to reach its mature form. The place where 

Figure  1: The central dogma of molecular biology. The double stranded DNA is in light 
blue, the single stranded mRNA in red and the polypeptide in violet. 
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transcription takes place also differs. Eukaryotes have a nucleus, where 

chromosomes are stored, but protein synthesis is a cytoplasmic process. So, for the 

translation to occur, the mRNA produced in eukaryotes must be exported into the 

cytosol. Prokaryotic cells lack a nucleus, so transcription and translation are both 

carried out in the cytosol. Once the mRNA molecule is matured into its final version, it 

is ready to be translated into proteins. The nucleotide sequence of the mRNA is read 

in groups of three bases called codons. The 20 amino acids are encoded by 61 

codons, plus a “start“ codon and three “stop“ codons (Table 1). For this reason, the 

genetic code is called degenerated or redundant. 
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1.2 The bacterial ribosome 

The translation process is performed by a molecular complex known as ribosome. 

Ribosomes are macromolecular machines present in all cells, whose role in the 

Table  1: The genetic code. Each amino acid is associated to their respective codons. 
In green the “start“ codon; in red the “stop“ codons. 
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central dogma is to read the information carried by the mRNA molecule and 

synthesize the corresponding polypeptide chain that will next fold into a specific 

shape to form a particular protein. Based on the organism they belong to, ribosomes 

are around 200 Å – 300 Å (20 – 30 nm) in diameter, with a molecular mass going 

from 2,3 MDa in prokaryotes to 4,3 MDa in eukaryotes, and an rRNA-to-protein ratio 

close to 65% (Melnikov et al., 2012a). Only mitochondrial ribosomes present an 

inverse ratio, with more proteins than rRNA (Lightowlers et al., 2014). In general, 

ribosomal proteins do not have catalytic activity, acting mostly as a scaffold essential 

to enhance the ability of the rRNA portion in forming the peptide bond between amino 

acids, as well as to ensure the proper mRNA folding. For that reason we can also 

refer to the ribosome as a ribozyme, RNA molecules being the ones able to catalyze 

biological reactions. Structurally speaking, a ribosome is composed of a small 

subunit and a large subunit, whose name is derived from their sedimentation rates 

expressed in Svedberg (S). The prokaryotic ribosome is called 70S and consists of a 

30S (small) subunit and a 50S (large) subunit. During the present Ph.D., I focused 

my attention on the Escherichia coli ribosome which 30S subunit (0,8 MDa) is 

composed of 21 proteins and a 16S rRNA molecule of 1542 bases, while the 50S 

subunit (1,5 MDa) presents 31 proteins and two rRNA molecules: a 23S of 2904 

nucleotides and a 5S of 120 nucleotides (Alberts, Bruce et al., 2002; Garret, 

Grishman, 2009). In comparison the eukaryotes have a larger 80S ribosome, 

consisting of a 40S (small) subunit and a 60S (large) subunit. In this case the 40S 

subunit is composed of 33 proteins and an 18S rRNA of 1900 bases, while the 60S 

subunit presents 49 proteins, a 28S rRNA of 4700 nucleotides, a 5.8S rRNA of 160 

nucleotides and a 5S rRNA nof 120 nucleotides, although variations in the number of 

bases may exist depending on the organism (Alberts, Bruce et al., 2002; Ben-Shem 

et al., 2011; Klinge et al., 2011). The ribosomes of the three domains of life (Archaea, 

Bacteria, and Eucarya) differ in their protein composition. For that reason, a 

nomenclature was established in which, for each protein, the prefix “u“ stands for 

ubiquitous (present in both the domains), “b“ is used for proteins present in bacteria 

only (i.e. without homologs in archaea and eukaryotes), while “e“ and “a“ are used 

respectively for eukaryotes and archaea proteins (Table 2, Table 3) (Ban et al., 

2014).  
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Large Subunit 

New Name Old Bacteria Name Old Yeast Name Old Human Name 

uL1 L1 L1 L10A 

uL2 L2 L2 L8 

uL3 L3 L3 L3 

uL4 L4 L4 L4 

uL5 L5 L11 L11 

uL6 L6 L9 L9 

bL9 L9 - - 

uL10 L10 P0 P0 

uL11 L11 L12 L12 

bL12 L7/L12 - - 

uL13 L13 L16 L13A 

uL14 L14 L23 L23 

uL15 L15 L28 L27A 

uL16 L16 L10 L10 

bL17 L17 - - 

uL18 L18 L5 L5 

bL19 L19 - - 

bL20 L20 - - 

bL21 L21 - - 

uL22 L22 L17 L17 

uL23 L23 L25 L23A 

uL24 L24 L26 L26 

bL25 L25 - - 

bL27 L27 - - 

bL28 L28 - - 

uL29 L29 L35 L35 

uL30 L30 L7 L7 

bL31 L31 - - 

bL32 L32 - - 

bL33 L33 - - 

bL34 L34 - - 

bL35 L35 - - 

bL36 L36 - - 

Table  2: The nomenclature of 50S bacterial proteins.  
The proteins highlited in orange are only present in bacteria while the ones in light blue 
are universals. 
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1.2.1 The Bacterial ribosome small subunit 

As previously described, the E. coli 30S subunit is composed of a 16S rRNA of 1540 

nucleotides encoded by the rrsA gene, and 21 proteins, 6 of them specific for 

bacteria. Due to the particular 3D folding of the 16S rRNA the 30S structure can be 

described by four distinct domains: the flexible and mobile head is connected to the 

central body, which in turn presents a shoulder on the left and a platform on the right 

Small Subunit 

New Name Old Bacteria Name Old Yeast Name Old Human Name 

bS1 S1 - - 

uS2 S2 S0 SA 

uS3 S3 S3 S3 

uS4 S4 S9 S9 

uS5 S5 S2 S2 

bS6 S6 - - 

uS7 S7 S5 S5 

uS8 S8 S22 S15A 

uS9 S9 S16 S16 

uS10 S10 S20 S20 

uS11 S11 S14 S14 

uS12 S12 S23 S23 

uS13 S13 S18 S18 

uS14 S14 S29 S29 

uS15 S15 S13 S13 

bS16 S16 - - 

uS17 S17 S11 S11 

bS18 S18 - - 

uS19 S19 S15 S15 

bS20 S20 - - 

bS21 S21 - - 

bTHX THX - - 

Table  3: Thenomenclature of 30S bacterial proteins. The proteins highlited in orange 
are only present in bacteria while the ones in light blue are universals. 
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(Figure 2) (Wimberly et al., 2000a). The associated proteins are distributed mostly on 

the external surface, while those placed toward the inner surface allow the formation 

of contact points with the 50S subunit. Structurally speaking, the 30S proteins show 

one or more globular domains with a long extension, mostly composed of basic 

amino acids. It has been shown that these extensions (α-helices, loops, etc.) are in 

close contact with the rRNA, and they play an important role in the stabilization of the 

rRNA folding during the 30S biogenesis, by neutralizing the charge repulsion of its 

backbone (Wimberly et al., 2000). The 16S rRNA structure, on the other hand, is an 

arrangement of helical, or pseudo-helical, elements in the three-dimensional space. 

We can distinguish more than 50 double helices connected by single stranded loops. 

These secondary structures give life to different types of helix-helix packing that 

contribute to the formation of four domains. Among them, we distinguish three 

compact domains, such as the 5’ domain (5’), the central domain (C) and 3’ major 

domain (3’M), as well as an extended one called 3’ minor domain (3’m) (Figure 2) 

(Wimberly et al., 2000a).  
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Figure  2: Structure and organization of the 30S subunit 16S rRNA from T. 
thermophilus. A) Three-dimensional folding of the rRNA in which we highlight the head 
and the body of the subunit as well as the four structural domains. The 5’ domain is in 
cornflower blue, the central domain is in medium purple, the 3’ mejor domain si in 
salmon and the 3’ minor domain is in khaki. B) Secondary structure organization of the 
rRNA. The color code is the same as for the panel A (Center for molecular biology).  
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Functionally speaking, the 30S subunit plays a fundamental role during translation 

because it discriminates the different tRNAs entering the A-site, thus ensuring the 

decoding of the information brought by the mRNA into a polypeptide sequence. The 

three conserved bases G530, A1492 and A1493 belonging to Decoding Center (DC) 

play a central role during the process (Carter et al., 2000). In concert with the 50S, 

the small subunit ensures the translocation of the different tRNAs and their 

associated codons within the A, P and E sites (Figure 3). The 3’ end of the 16S plays 

an important role in binding the mRNA during the translation initiation: its 6/8 

nucleotides portion, called anti-Shine – Dalgarno (anti-SD), matches the 5’ end of the 

mRNA known as Shine – Dalgarno sequence (SD). This interaction is essential not 

only for the binding of the mRNA to the small subunit, but also for the correct 

positioning of the “start“ codon in the P site (Shine and Dalgarno, 1974). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.2 The 50S large subunit 

E. coli 50S subunit is composed of a 23S rRNA of 2900 nucleotides coded by the rrl 

gene, a 5S rRNA of 120 nucleotides coded by the rrf gene and 33 proteins, 15 of 

them specific for bacteria (Ban et al., 2000). The folding of both 23S and 5S gives life 

A-site tRNA

P-site tRNA

E-site tRNA

mRNA

codon-anticodon base-pairing

A

B

Figure  3: 30S representation during translation. A) 30S subunit bound to a mRNA 
(pink) and three tRNA in the A (green), P (orange) and E (cyan) sites. The 16S and 
proteins are represented in light grey. B) Focus on the codon–anticodon recognition 
(PDB: 6GSK. Rozov et al., 2010).  
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to a subunit that consists of 6 rRNA domains (Figure 4). In particular, most of the 

nucleotides forming domain I are involved in the building of protein exit tunnel walls, 

while domain II is the largest 50S domain and is characterized by the presence of 

three protrusions. One of them is formed by the helix H42 and H44 binding the 

ribosomal protein bL12 and interacting with the elongation factors. Domain IV 

represents most of the interface with the 30S subunit and, for that reason, is not 

stabilized by many ribosomal proteins. Domain V is involved with the peptidyl transfer 

activity of the ribosome (Garret and Rodriguez-Fonseca, 1996; Niessen et al., 2000). 

In addition, one of its regions, formed by helix 75, represents the binding site for uL1 

essential in controlling tRNA release from the E site. Domain VI is the smallest 23S 

domain and its importance derives from the presence of the sarcin-ricin loop (SRL), 

essential for the binding of several translation factors (Szewczak and Moore, 1995; 

Correll et al., 1998; Ban et al., 2000). Finally, the 5S rRNA represents the domain VII 

of the 50S subunit (Figure 4). As for the small subunit, the 33 ribosomal proteins are 

dispersed all over the rRNA, and are mostly present on the external surface and 

absent from the region that faces the 30S subunit. The overall structure and 

secondary structure elements for the 50S proteins are quite similar to that of the 30S 

subunit, with long extension penetrating the RNA elements. The primary role of these 

proteins is, once again, to neutralize the charge repulsion of the rRNA backbone and 

stabilize the 3D structure of the subunit.  
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Figure  4: Structure and organization of the 50S subunit 23S and 5S rRNA. A) Three-
dimensional folding of the rRNA in which we highlight the six domains and the 5S. 
Domain I is medium blue, domain II is cyan, domain III is light green, domain IV si khaki, 
domain V is salmon, domain VI is medium purple, and the 5S is light grgey. B) 
Secodary structure organization of the rRNA. The color code is the same as for the 
panel A (Center for molecular biology).  
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The bottom of the 50S subunit is characterized by the presence of six proteins 

forming the exit portion of the polypeptide channel, a tunnel where the nascent 

peptide goes out from the ribosome. The proteins at that surface may play an 

important role during the protein secretion because they can take contact with 

membrane elements (Ban et al., 2000). In addition, sequence-specific interaction 

between these proteins and the nascent polypeptide sequence (effector sequences) 

are essential for translation regulation. While the 30S ensures the decoding of the 

information brought by the mRNA, the 50S subunit is responsible of the peptidic 

transfer, the passage of the nascent peptide from the P/E-site tRNA to the A/P-site 

tRNA catalyzed by the peptidic transfer center (PTC) (Figure 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.3 The 70S 

The assembly of the large subunit (50S) on the small one (30S) gives life to the 

complete structure of the ribosome (70S) which, as a whole, represents the largest 

ribonucleoprotein particle and accomplishes the protein synthesis in all living cells 

(Maguire and Zimmermann, 2001; Schmeing and Ramakrishnan, 2009). Following its 

assembly, it is possible to distinguish the formation of three fundamental 

morphological elements essential to accomplish the translation. These are the three 

tRNA recognition and binding sites, i.e. the A-site (aminoacyl-tRNA), P-site (peptidyl-

tRNA) and E-site (exit). Starting from the A site, all the tRNAs will transit within the 

A-site tRNA

P-site tRNA

E-site tRNA

mRNA

Nascent 

peptide

peptidic transfer

A

B

Figure  5: 50S representation during translation. A) 50S subunit bound to three tRNA in 
the A (green), P (orange) and E (cyan) site, a mRNA (pink) and a short nascent peptide 
(red). The 23S, 5S and proteins are represented in light grey. B) Focus on the peptidic 
transfer (PDB: 6GSK. Rozov et al., 2010; 4V5H. Seidelt et al., 2009).  



 12 

ribosome until they are expelled from the E site, in a manner faithful to the 

information coded inside the mRNA (see 2 The bacterial protein synthesis). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The formation of the complete ribonucleoprotein is the result of the assembly of the 

two subunits which are held together thanks to a series of “bridges” that occur 

between the two surfaces of contact. These contacts can rearrange or break during 

the different conformational changes that the ribosome undergoes during translation 

(Yusupov et al., 2001; Valle et al., 2003; Spahn et al., 2004; Schuwirth et al., 2005). 

The intersubunit bridges occur mostly between rRNA helices, thus they are mostly 

rRNA-rRNA contacts. However, in some cases, these interactions also involve rRNA-

protein or protein-protein contacts (Liu and Fredrick, 2016).  

 

 

A site

P site

E site

Decoding 

Center

A site
P site

E site

Peptidic Transfer

Center

30S 50S

70S

50S

30S

mRNA

E-site tRNA

P-site tRNA

A-site tRNA

A

B

Figure  6: 70S representation. A) Schematic representation of the 30S (left, dodger 
blue),  the 50S (right, goldenrod) and the 70S (middle, both colour).  The tRNA’s binding 
sitesand the catalytic sites are highlighted on the two subunits. B) Atomic model of the 
70S ribosome with three tRNAs (A-site green, P-site orange, E-site purple) and a mRNA 
(brown). The 50S rRNAs are in khaki while the large subunit proteins are in golden. The 
30S rRNA is in light blue, while the small subunit proteins are in sky blue (PDB: 4V4Y. 
Yusupova et al., 2009).  
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The B1 bridge ensures the connection between the 30S head and the 50S central 

protuberance through two main points of contact: the B1a and the B1b bridges. The 

first one involves the uS13 protein and helix H38 of the 23S, while the second one 

occurs between uS13 and the 50S proteins uL5 and bL31 (Liu and Fredrick, 2016). 

The B2 bridge is formed by different contacts in a large zone of the 30S platform. In 

particular, the B2a/d is formed by the 23S helix H69 and several 16S elements, such 

as the helix h44, the loop of the helix h24 and the loop of the helix h45. Since it is 

close to the decoding center, its rearrangement during the A-site tRNA codon – 

anticodon selection is essential to ensure the correct base pairing between the 

mRNA and the aa-tRNA (Ogle and Ramakrishnan, 2005; Jenner et al., 2010; Satpati 

et al., 2014; Liu et Friedrick, 2016). The B2b is formed by contacts between the 16S 

helix h24 and 23S helix H68. This interaction involves also the helix h45 and the helix 

H71 in the absence of an A-site tRNA (Fischer et al., 2015). The B2c bridge is a 

tripartite interaction involving the 16S helices h24/h27 and the 23S helix H67. The B3 

bridge is formed by the 16S helix h44 and the 23S helix H71 but, sometimes, 

additional bridge contacts involve also the 50S protein uL14 in presence of Mg2+ 

ions. B4 is based on an rRNA – protein interaction that involves the 23S helix H34 

and the 16S protein uS15. The presence of this bridge is essential for optimal subunit 

Figure  7: The Ribosome Intersubunit bridges. A) Schematic representation of the 
contact zones present on the 30S subunit (light blue). B) Schematic representation of 
the contact zones present on the 50S subunit (gold). In both the structures The A-site 
tRNA (red), P-site tRNA (pink) and E-site tRNA (orange) are shown on both subunits. 
The bridges between the two subunits are highlighted in blue (Liu and Fredrick, 2016).  
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association and translation activity (Komoda et al., 2006). The bridges B5 and B6 

both involve the 16S helix h44 that interacts with the 23S helix H62 (bridge B5) and 

the 50S protein bL9 (bridge B6). The B7 bridge connects the 30S platform to the 23S 

protuberance. As for B1, we can distinguish two contact zones: B1a and B1b. B1a 

involves the 16S helix h23 and the 23S helix H68, while B1b is a three-element 

contact formed by the helices h23/h24 and the 50S protein bL12. Finally, the B8 

bridge is formed by the 16S helix h14 and the 50S proteins bL9 and uL14 (Liu and 

Friedrick, 2016). The bridges described above are, of course, formed at the end of 

the initiation, during the subunits joining, where some elements placed at their 

interface undergo several conformational changes. (Harms et al., 2001; Schuwirth et 

al., 2005; Liu and Friedrick, 2016). The subunits are capable of forming a 70S 

particle even in absence of initiation factors, in a way that only depends on Mg2+ 

concentrations (Tissieres and Watson, 1958). High Mg2+ levels promote subunits 

association, while low Mg2+ concentrations favor their dissociation. Obviously, the 

bridges undergo several rearrangements, associated with the conformational 

changes of the ribosome observed during the translation cycle, and are fully 

disrupted during ribosome recycling.  

 

During translation, the nascent polypeptide chain goes through an exit tunnel that 

crosses the 50S subunit before emerging from the ribosome. The tunnel length is 

~100 Å from the PTC to the exit, while its diameter varies from 28 Å at the exit to 10 

Å in its initial part (Nissen et al., 2000). Structurally speacking, most of its surface 

consists of the 23S domains I to V, except for the proteins uL4, uL22 and uL23 

(Nissen et al., 2000; Voss et al., 2006). Since in its narrowest segment the tunnel has 

a diameter comparable to that of an α-helix, the protein folding occurs mostly at the 

exit and at the surface of the ribosome. Altought the tunnel is primarily made of 

rRNA, the presence of hydrophilic groups avoids the interactions that could occur 

during the passage of the aminoacidic chain (Nissen et al., 2000). Once the nascent 

chain emerges from the ribosome exit channel, the ribosome itself, molecular 

chaperons and other factors assist the folding in a correct tertiari structure essential 

for its function.  
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When the polypeptide chain emerges from the exit channel, the Trigger Factor (TF) 

anchors the ribosome through the uL23 protein and starts the protein folding based 

on the amino acids sequence (Rodnina and Wintermayer, 2016). While most of the 

proteins do not need any further interventions by other chaperones, about 30% of the 

other cytosolic proteins need the assistance of HSP70 (DnaK) and HSP60 (GroEL), 

two ATP-dependent chaperons, to complete their folding (Kramer et al., 2009; 

Castanié-Cornet et al., 2014). Polypeptides of membrane proteins bringing specific 

signals are recognized by the signal recognition particle (SRP) as they exit the 

ribosome and are targeted to the cytoplasmatic membrane (Lurikin and Sinning, 

2004; Bornemann et al., 2014). In bacteria, since the first amino acid incorporated in 

the nascent peptide during translation is an N-formyl methionine, the enzymes 

peptide deformylase (PDF) and methionine aminopeptidase (MAP) provide the 

deformylation and the removal of the first methionine, respectively. These 

modifications are important for the stability and function of many proteins 

(Bornemann et al., 2014).  

 

P-site tRNA

uL22

uL23

uL4

Nascent 

peptide

Figure  8: Proteins involved in the formation of the 50S exit channel. The P-site tRNA is 
green, the nascent peptide is red, uL4 orange, uL22 pink and uL23 blue.  
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2 The bacterial protein synthesis 

The whole process is highly dynamic but, to simplify its narration, it can be divided in 

four main phases: initiation, elongation, termination and ribosome recycling. All 

along this process, the ribosome forms several transient complexes with different 

factors, bringing life to stable intermediates that can reveal how this machine 

navigates through the different conformations. 

 

2.1 Translation initiation 

Translation initiation represents the rate-limiting step of protein production. This 

phase results in the assembly of the 70S initiation complex (70SIC) during which the 

mRNA start codon is placed into the 30S P site, allowing the correct positioning of 

the tRNAfMet CAU anticodon directly into the P site and the assembly of the two 

ribosomal subunits. In the subsequent steps, all the other codon – anticodon base 

pairings take place in the A site. 

 

2.1.1 The mRNA translation initiation regions (TIRs) 

Apart from the ribosomal subunits, a key role in translation initiation is played by the 

mRNA translation initiation region (TIR), a 5’ end region that contains several 

elements essential for the formation of the 30S initiation complex 30SIC.  

One of these elements is the Shine-Dalgarno (SD) sequence (or ribosome binding 

site (RBS)), a region placed several nucleotides upstream of the start codon, and 

which is complementary to the 3’ end of the 16S (Shine and Dalgarno, 1974). The 

base pairing between the SD and the anti-SD of the 16S forms a duplex that confers 

to the nascent 30SIC an increased chance to bring the mRNA start codon into the P 

site and to give life to productive 30S – mRNA complexes (Gualerzi and Pon, 2015). 

However, a large number of transcripts lack a 5’ UTR region in their TIRs and, by 

consequence, an SD element. They are named leaderless mRNAs. In that case, 

other mechanisms ensure the 30SIC formation, such as the intervention of the bS1 

protein. 

The next important characteristic is the AUG codon, the most common start codon in 

E. coli (present in the 83% of the mRNAs) that codes for a methionine (Hecht et al., 

2017). The GUG (14%) and UUG (3%) codons can also alternatively fulfil this 

function (Hecht et al., 2017). These three codons are characterized by the presence 
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of a central uracyl, which is therefore a discriminating feature in initiation codon 

recognition (Gualerzi et Pon, 2015). The AUG codon is not only important for the 

translation initiation of canonical mRNAs but also essential for the translation of 

leaderless mRNAs (Brock et al., 2008). 

 

2.1.2 Formation of the initiation complex 

As aforementioned, in bacteria, the translation initiation starts with the formation of 

the 30SIC when the AUG start codon joins the 30S P site and is by consequence 

recognized by the complementary anticodon of the tRNAfMet. In addition, three 

important proteins called initiation factors (IFs) IF1, IF2 and IF3 intervene during this 

step to ensure the fidelity of the process. So far three different initiation mechanisms 

have been described (Figure 9) (Yamamoto et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Model 1: IF3 binds the 30S E site, avoiding the binding of the 50S (Figure 9, 

Model 1). At the same time, the mRNA binds the 30S, placing the start codon 

into the P site while IF1 occupies the A site in order to hamper the binding of 

Figure  9: Scheme representing the three different model for the translation initiation, 
from Yamamoto et al., 2016. 30S is in yellow, 50S is in light blue, IF1 is in blue, IF2 is in 
purple, IF3 is in green, tRNA is in pink. Model 1: translation starts with the formation of 
the 30SIC. Model 2: translation starts at the end of the same process, with the shifting 
of the start codon into P site once again. Model 3: translation initiaition for mRNA 
macking of SD sequence. 
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aminoacylated tRNA. The binding of the IF2GTP-tRNAfMet tripartite complex 

allows the initiator tRNA anticodon to pair with the P-site start codon, resulting 

in the 30SIC. IF3 is then released, allowing the binding of the 50S subunit and 

the formation of the so-called 70S initiation complex (70SIC). After GTP 

hydrolysis, IF1 leaves the 70SIC and is followed by IF2 roughly 60ms later 

(Caban et al., 2017; Keledhonkar et al. 2020). This results in the formation of 

the elongation competent 70S (70SEC) with the mRNA and initiator tRNA 

properly positioned. 

• Model 2: this second mechanism is called “70S-scanning initiation” (Figure 9, 

Model 2). Once the 70S has finished the reading of an open reading frame 

(ORF), the two subunits remain associated. IF1, IF2GTP-tRNAfMet and IF3 

arrive on the ribosome. IF1 and IF2 occupy the A and E sites respectively and 

prevent the entrance of tRNAs. This allows the ribosome to scan the mRNA 

until a new start codon is positioned within the P site. IF1 and IF3 then leave 

the ribosome, the tRNAfMet recognizes the START codon allowing the release 

of IF2 and a new 70IC is formed (Yamamoto et al., 2016). 

• Model 3: this model is proposed for the leaderless mRNAs (Figure 9, Model 3) 

(Moll et al., 2004; Udagawa et al., 2004). In this case the initiation uses 

already assembled 70S. However, bS1 and uS2 are not required for mRNA 

recruitment and binding. IF3 and IF2GTP-tRNAfMet are always present and 

play the same role as during the canonical initiation, but IF1 is dispensable as 

it can interfere with the initiation in these conditions (Moll et al., 2004; 

Udagawa et al., 2004). 

In this scenario, regardless of the model in which the process takes place, the 

tRNAfMet anticodon will be paired to the start codon within the P site. At this point 

elongation can start. 

 

2.2 Translation elongation 

During translation elongation, a series of fundamental reactions take place and are 

repeated cyclically. These are, in order, the decoding, the peptide bond formation 

and the translocation. Elongation starts when the ORF’s second codon, in the 

ribosome A site, is sampled by an aa-tRNA and ends when the ribosome reaches a 

stop codon. During this phase, the sequential addition of amino acids (carried by their 

respective tRNAs) to the nascent polypeptide chain occurs. The entire mechanism is 
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assisted by the elongation factor thermo unstable (EF-Tu) and the elongation factor 

G (EF-G). 

 

2.2.1 The decoding 

The decoding consists of the ability of the entire machinery to translate the 

information brought by the mRNA in the form of codons in a nascent polypeptide 

chain. This process occurs in the A site where the ribosome selects the correct tRNA 

based on the ability of its anticodon to form base pairs with the mRNA codon (Figure 

10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Before the tRNA comes to the ribosome, it needs to be aminoacylated by a specific 

aminoacyl-tRNA synthetase (aaRS), a ligase that catalyzes the binding of the specific 

amino acid to the 3’ end of the respective tRNA, in a two-step mechanism (Figure 

11):  

A B

P-site tRNAfMet

mRNA
EF-Tu•GTP - tRNA

P-site tRNAfMet

mRNA
A-site tRNA

Decoding Center
Peptidic Transfer Center

Figure  10: Representation of the pre-accommodated (A) and accommodated (B) tRNA 
in the ribosome A site. P-site tRNA fMet is orange, the tRNA in the process of being 
accommodated is green, the mRNA is brown, EF-Tu is pink, the GTP is violet, the 70S 
density is light grey. PDB: (A) 5WFS, (B) 7K00. 
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1) In the first step, the aaRS binds the specific amino acid in presence of an ATP 

molecule. This brings life to an aaRS-amino acid-AMP complex after the 

release of a pyrophosphate; 

2) In the second step, the specific tRNA binds the aaRS-amino acid-AMP 

complex through a covalent bond with the amino acid. The reaction is 

catalyzed by releasing the AMP molecule and results in the formation of the 

aaRS-amino acid-tRNA complex. After that, the aa-tRNA is released 

(Rajendran et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once the ester bond between the tRNA universally conserved 3’-CCA sequence and 

the carboxylic acid moiety of the corresponding amino acid is formed, the 

aminoacylated tRNA is taken in charge by EF-Tu to form a ternary complex aa-tRNA-

EF-TuGTP ready to bind the ribosome. The initial phase of tRNA selection and 

binding to the ribosome is very rapid and independent from the mRNA codon within 

the A site. The 50S protein bL12 assists the aa-tRNA-EF-TuGTP complex 

Figure  11: Schematic representation of the aminoacylation process catalyzed by aaRS. 
aaRS is light brown, the amino acid is red, the ATP/AMP is in blue and light green, 
pyrophospate is light green, the tRNA is magenta. 
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recruitment by interacting with the D-loop of EF-Tu (Wieden et al., 2001; Blanchard et 

al., 2004; Diaconu et al., 2005). The tRNA is first positioned into the A site in a pre-

accommodated conformation to sample the codon-anticodon interaction, the crucial 

step of translation that links the mRNA genetic information with the amino acid 

sequence of a protein (Schmeing et al., 2009). The overall process of base pairing is 

controlled by three universally conserved bases of the 16S rRNA decoding center: 

G530, A1492 and A1493. These three nucleotides interact with the tRNA only if the 

Watson-Crick geometry of the codon-anticodon base pairing is correct (Figure 12 A) 

(Nissen et al., 2001; Ogle et al., 2005; Voorhees and Ramakrishnan, 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to the codon-anticodon recognition, the tRNA body is also fundamental in 

decoding. Indeed, during the binding of the ternary complex, the aa-tRNA adopts the 

so called “A/T” conformation (Figure 12 B) (Stark et al., 1997; Valle et al., 2002). The 

codon recognition triggers a conformational change in the 30S subunit that brings the 

shoulder domain in contact with EF-TuGTP. The interaction causes a shift of some 

regions into EF-TuGTP domain II, thus triggering the breaking of the interactions 

between the tRNA 3’ end and the elongation factor and a distortion of the aa-tRNA 

Figure  12: (A) PTC during decoding. The aa-tRNA is green, the mRNa is red, the PTC is 
blue. (B) “A/T“ conformation of the aa-tRNA. EF-Tu is pink, “A/T“ state aa-tRNA is 
green. An accomodated tRNA (orange) is shown for comparison (PDB: 1TTT (Nissen et 
al., 1995), 4V5G (Schmeing et al., 2009)).  
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acceptor arm. By consequence, this process causes rearrangements into the domain 

I (GTP binding domain) of EF-Tu where, together with the intervention of the sarcin-

ricin loop (SRL) of the 30S, the GTP hydrolysis occurs. Following the GTP hydrolysis, 

EF-Tu undergoes a series of domains rearrangements that disrupt the interaction 

with both the 30S and the aa-tRNA. This results in the dissociation of the factor from 

the ribosome and the complete accommodation of the aa-tRNA into the peptidic-

transfer center (PTC) of the A site in a conformation called “A/A“ (Berchtold et al., 

1993). The GDP is then exchanged with a new GTP and EF-Tu is recycled and can 

once again bind a aa-tRNA. This process is assisted by the elongation factor thermo 

stable (EF-Ts) which, by consequence, regulates the relative abundance of EF-Tu in 

its active form (EF-TuGTP) (Burnett et al., 2013). 

 

2.2.2 The peptidyl transfer 

The crucial step of protein synthesis is the formation of the peptidic bond between 

the α-amino group of the aa-tRNA and the aminoacyl ester of the peptidyl tRNA 

present in the P site. Once the A site is occupied by an aa-tRNA, a series of 

conformational changes occur in the 23S rRNA, allowing the exposure of the peptidyl 

tRNA ester for the reaction (Schmeing et al., 2005). Several catalytic mechanisms 

have been proposed. Biochemical studies suggest that the reaction is catalyzed by 

entropic effects alone, consistent with the fact that no important effects on the rate of 

peptide bond formation have been reported for mutations on the 23S. Thus, rRNA 

groups do not play a direct role in catalysis, although differences have been reported 

in the mechanism of the ribosome and in solution (Satterthwait and Jencks, 1974; 

Sievers et al., 2004; Sharma et al., 2005; Seila et al., 2005; Kingery et al., 2008).  

 

 

 

 

 

 

 

 

 

 

Figure  13: Schematic representation of the peptidic transfer (Voorhees and 
Ramakrishnan, 2013).  
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In detail, several analyses suggest that the two-step mechanism brings to the 

formation of an early transition state (TS1, Figure 13) represented by a zwitterionic 

tetrahedral intermediate during the rate-limiting step of the reaction, the zwitterionic 

tetrahedral intermediate is then deprotonated to give life to a second transition state 

(TS2, Figure 13) before the formation of the final product (Figure 13) (Lang et al, 

2008; Rodnina, 2013).  

 

2.2.3 The translocation 

After the formation of a new peptide bond, the ribosome hosts a deacetylated tRNA 

into the P site and a new peptidyl tRNA straddling the A and P sites. For this cycle to 

repeat, the tRNAs already present within the ribosome need to move one position to 

free the A site and make it accessible to the next aa-tRNA. This “shifting“ step is 

called translocation (Figure 14). In particular, the A- and P-site tRNAs move, 

respectively, to the P and E site while, at the same time, the mRNA moves by one 

codon. The main actor involved in this tRNAs ballet within the ribosome is the 

elongation factor G (EF-G) coupled with a GTP molecule (Achenbach and Nierhaus, 

2015). The binding of this factor allows the shifting of the two tRNAs and the mRNA 

anticodon by one position passing through an intermediate state characterized by an 

A/P tRNA and a P/E tRNA (Semenkov et al., 2000; Pan et al., 2007; Walker et al., 

2008; Holtkamp et al., 2014). This hybrid state is accompanied by a series of 

movements of the ribosome itself to assist the transition from the previous to the next 

step. More precisely, the EF-GGTP binding induces a rotation (ratcheted) of the 30S 

head relative to the 50S subunit of 7° (Figure 15) (Achenbach and Nierhaus, 2015). 

The fulcrum of this rotation is represented by the B3 bridge between the two subunits 

(Liu and Fredrick, 2013).  
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The ribosome undergoes this conformational change very quickly and independently 

of translocation, although it is of fundamental importance in this process (Horan and 

Noller, 2007; Qin et al., 2014; Sharma et al., 2016). A second movement occurs, at 

the level of 30S head which, this time, undergoes a counter-clockwise rotation 

(swivel) with respect to its body of approximately 18°, in the same direction as the 

tRNAs shifting (Figure 15) (Achenbach and Nierhaus, 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure  14: Representation of the translocation process adapted from Schmeing and 
Ramakrishnan, 2009. After peptidic bond formation the two tRNAs shift in a hybrid state 
to which EF-GGTP binds. After GTP hydrolyses, the tRNAs move to the P and E site 
respectively. The 30S head undergoes a revers ratcheting motion and the EF-GGDP 
dissociates from the ribosome (Shmeing and Ramakrishnan, 2009). 

Figure  15: Movement of the 30S head during transolcation adapted from Achenbach 
and Nierhaus, 2015 
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These movements are very important during translocation because in the pre-

translocation state a natural “constriction“ between the head and the platform of the 

small subunit could inhibit the tRNA transit from the P to E site (Voorhees and 

Ramakrishnan, 2013). In parallel with the double rotation of the 30S head, the L1 

stalk on the 50S bends by ~ 60 Å towards the E site covering, and stabilizes the 

tRNA at P/E position (Figure 16) (Noller et al., 2017). At the same time, once EF-

G•GTP has joined the ribosome by contacting its binding site on the 50S, the tip of 

the domain IV takes contact with the codon-anticodon base pairing and favorizes the 

displacement of the tRNA from the A to the P site, while the deacetylated tRNA is 

displaced to the E site (Noeller et al., 2017). Finally, after GTP hydrolysis and Pi 

release, the tRNAs move into the final P and E sites together with a reverse rotation 

of the head (Noller et al., 2017). The EF-G•GDP is released from the ribosome and, 

as a result, the ribosome advances by one codon while the A site is freed and 

available to host a new aa-tRNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EF-G•GTP

P-site tRNA E-site tRNA

uL1 stalk uL1 stalk

A B

Figure  16: Movement of L1 stalk during translocation (Noeller et al., 2017). 50S is grey, 
30S is blue, EF-GGTP is in aquamarine, tRNA is orange, L1 stalk is red. PDB: 4V9H, 
4V9D. 
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2.3 Translation termination and ribosome recycling 

The elongation cycle, and all its sub-steps described above, continues until a so-

called “stop“ codon is found within the ribosome A-site, signaling the end of the 

coding portion of the mRNA transcript. This signal initiates the process of translation 

termination and ribosome recycling during which the newly synthesised peptide is 

released while the two ribosomal subunits dissociate to be ready for a new 

translation cycle (Dunkle and Cate, 2010). The two main factors involved in this 

process are two class I release factors RF1 and RF2 (Schmeing and Ramakrishnan, 

2009). 

 

2.3.1 The “stop“ codon recognition 

The genetic code possesses three termination codons: UAA, UAG and UGA (Table 

1). These three codons are not recognized by a new entering tRNA but by the factors 

cited above. In particular, whereas the UAA “stop” codon is recognized by both 

factors, UAG and UGA are recognized only by RF1 and RF2, respectively (Schmeing 

and Ramakrishnan, 2009). The ability of these factors to bind the ribosome once the 

“stop“ codon reaches the A site involves some conserved elements present in both 

RF1/RF2 and the 16S.  
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In particular, the decoding center (DC) residues G530, A1492 and A1493 play an 

important role in the recognition of “stop” codons, undergoing a series of 

conformational changes and forming important interactions during this step (Figure 

17, bottom panels) (Loh and Song, 2010). On the other hand, the tripeptide motifs 

PVT in RF1 and SPF in RF2 give specificity for “stop” codons UAG and UGA 

respectively (Figure 17, bottom panels) (Loh and Song, 2010). While the first 

nucleotide of the “stop“ codon (U) is recognized by both RF1 and RF2 thanks to a 

particular packing of the PVT and SPF motifs, RF1 only establishes hydrogen bonds 

if an A is present at the second position whereas RF2 can accommodate either an A 

or a G. The third nucleotide of the “stop“ codon position stacks on 16S G530, which 

favorise A and G rather than C or U (Loh and Song, 2010).  

 

2.3.2 The hydrolysis of the nascent peptide 

In parallel, the GGQ motif of RF1/RF2 is positioned into the peptidyl-transfer center 

(PTC) with a particular conformation only possible thanks to the presence of the two 

glycine residues (Gly238 and Gly239) (Figure 17, top panels) (Laurbeg et al., 2008; 

Korostelev et al., 2008; Weixlbaumer et al., 2008). The accommodation of the GGQ 

motif within the PTC induces a conformational change in U2585 which moves away 

from the ester bond of peptidyl-tRNA, now exposed to a nucleophilic attack by a 

molecule of water (Figure 18).  

 

 

 

 

 

 

 

 

 

 

Figure  17: RF1 and RF2 whithin the ribosome. Top panels, close-up on the bindig of 
the GGQ motif to the PTC. Middle panel, representation of the ribosome in complex 
with a tRNA and either RF1 (left) or RF2 (right). Bottom panels, close-up close-up on the 
interaction between the “stop“ codon, the 16S and the RF1’s PVT (left) or RF2’s SPF 
(right) motifs. 50S is khaki, 30S is sky blue, tRNA is orange, mRNA is green, RF1 is 
purple, RF2 is magenta, PVT, SPF and GGQ are gold. PDB: 4V7P, 4V67 (Korostelev et 
al., 2008).  
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At the same time, the GGQ Gln240 makes a hydrogen bond through its main chain 

with the 3’-OH of deacetylated P-site tRNA A76 (Laurbeg et al., 2008; Korostelev, 

2011; Zeng and Jin, 2018). The “stop codon“ recognition and the nascent peptide 

hydrolysis are two events extremely cooperative. However, the mechanism under the 

coordination remains elusive. Several studies propose that the binding of RF1/RF2 to 

the ribosome causes conformational changes in the 16S and 23S. These 

rearrangements induce another conformational change in the release factors and the 

accommodation the GGQ motif into the PTC (Loh and Song, 2010).   

 

2.3.3 RFs liberation and ribosome recycling 

In addition to the class I release factors RF1/RF2, another factor, called released 

factor 3 (RF3) and belonging to class II, intervenes during translation termination 

(Zavialov et al., 2001, 2002; Pallesen et al., 2013, Koutmou et al., 2014; Peske et al., 

2014; Shi and Joseph, 2016). Once the neo-synthesised peptide is released, the 

RF1/RF2 need to move away from the ribosome, and this task is accomplished by 

RF3. This class II factor is normally free into the cytoplasm and binds GTP or GDP 

with the same affinity (Koutmou et al., 2014). In its GDP-binding state, it presents a 

high affinity for ribosome termination complexes. In this state, RF3 binds the RF1/2-

tRNA-70S complex and the GDP moiety is exchanged with a GTP. The 30S head 

undergoes a ratchet motion that results in the ejection of RF1/2. At this point, RF3 

hydrolyses the GTP molecule and leaves the ribosome (Peske et al., 2014). 

However, ribosomes still contain tRNA and mRNA. To be reused for the next round 

of translation, the ribosome needs to be freed and the two subunits dissociated. 

Subunits dissociation is catalyzed by the ribosome recycling factor (RRF) together 

with EF-G (Rodnina, 2018). First, RRF binds the A site, stabilizing the ratcheted state 

of the 30S, with the tRNA in a P/E site conformation (Gao et al., 2005; Dunkle et al., 

2011). EF-G•GTP binds to the ribosome, hydrolyses its GTP and pushes on RRF. 

This disrupts the B2a intersubunit bridge and results in the subunits separation 

(Schuwirth et al., 2005; Rodnina, 2018). The 30S still carries tRNA and the mRNA 

with it. IF3 is responsible for tRNA dissociation while the mRNA spontaneously 

Figure  18: The catalytic pocket of the PTC during translation termination (Adapted from 
Zeng and Jin, 2018). The water molecule is magenta, tRNA is green, 23S is cyan, RF is 
red, nascent peptid is with dashed lines. 
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leaves the small subunits (Rodnina, 2018). The 30S-IF3 complex is then ready to 

undergo another translation cycle.  

All the translation steps are summarized in Figure 19 (Schmeing and Ramakrishnan, 

2009). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 Quality control of bacterial translation 

The success of a translation cycle depends on the ribosome’s ability to translate, with 

high fidelity, the information contained in an mRNA into an amino acids chain. As 

consequence, mRNAs themselves not only have to preserve a high fidelity in the 

information they carry but, in addition, they have to exhibit high integrity throughout 

their sequence. However, mRNAs are subjected to constant changes and 

modifications that could potentially have adverse consequences on translation. 

mRNAs biogenesis is a very complicated process that involves highly elaborate 

molecular machines. A misprocessing in mRNA synthesis and maturation can lead to 

truncated transcripts (Frischmayer et al., 2002; van Hoof et al., 2002). Truncated 

transcripts often lack a “stop” codon, causing an inability to recruit the release factors 

RF1/2, release the neo-synthesised peptide, and recycle the subunits. The mRNAs 

are also susceptible to chemical insults that can interfere with the codon-anticodon 

Figure  19: Schematic representation of bacterial translation from Schmeing and 
Ramakrishnan, 2009. 
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recognition. These situations are very frequent in bacteria, causing the accumulation 

of non-functional ribosomes and the production of truncated, eventually toxic 

proteins. Taken together, these phenomena contribute to cell death. As a result, 

bacteria evolved a series of translation quality control processes to detect errors in 

protein synthesis and ensure cell survival. The main rescue system present in 

bacteria is trans-translation, mediated by the transfer-messenger RNA (tmRNA) and 

the small basic protein SmpB (Guyomar, D’Urso et al., 2021). Other rescue 

mechanisms are based on the intervention of the alternative rescue factors A and B 

ArfA and ArfB (Keiler, 2015; Himeno et al., 2015; Huter et al., 2017). 

 

3.1 Ribosome stalling causes 

Bacteria present a large network of factors dedicated to ribosome rescue, which 

ensures cell survival despite ribosome stalling. One of the most common causes of 

ribosome stalling is when ribosomes reach the 3’-end of a so-called “non-stop” 

mRNA. Another situation where problematic events can occur is when ribosomes 

pause before reaching the “stop” codon. In this case we refer to “no-go“ mRNAs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The “non-stop“ mRNAs are the product of exonucleolytic degradation of the 3’-end of 

the transcript or endonucleolytic cleavage by RNases. Both processes induce a 

Figure  19: Schematic representation of bacterial rescue systems during ribosome 
stalling on defective mRNAs (Giudice and Gillet, 2013) 
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truncation of the mRNA sequence that results in the loss of the “stop” codon and the 

ribosome stalling at the mRNA 3’-end (Inada, 2020). Other mechanisms can 

generate truncated mRNAs, such as mutations causing the disappearance of the 

“stop” codon, oxydative stress, frame-shifting, tRNAs suppressors intervention (Abo 

et al., 2002a; Ueda et al., 2002; Hayes and Sauer, 2003a; Poulsen et al., 2012). In 

this case, this first line of defense is represented by the trans-translation mechanism 

that relies on two important partners: the tmRNA and the SmpB protein (Giudice and 

Gillet, 2013). Alternatively, two alternative rescue factors are present in bacteria 

based on ArfA (together with RF2) or ArfB (Chadani et al., 2012; Kurita et al., 2014; 

James et al., 2016; Huter et al., 2017). 

The “no-go” mRNAs present a “stop” codon at 3’-end but, on the other hand, they are 

characterized by roadblocks along their sequence that cause the ribosome to stall 

within the open reading frame (ORF). The phenomenon can be caused by the 

presence of secondary structure elements on the mRNA, rare codons, the presence 

of SD-like sequences, the binding of deacetylated tRNAs, presence of antibiotics 

(e.g. aminoglycosides), specific peptide sequences in the exit tunnel or the lack of 

some translation factors (Roche and Sauer, 2002; Abo et al., 2002a; Hayes et al., 

2002; Wendrich et al., 2002; Li et al., 2008; Li et al., 2012; Guydoh et al., 2017; 

Ikeuchi et al., 2019). These situations can lead the stalled ribosome to different 

rescue possibilities. The first solution is the “drop-off“ mechanism based on the 

spontaneous detachment of the tRNAs. Another possibility is represented by the 

intervention of the elongation factor 4 (EF4) and the elongation factor P (EF-P) (Qin 

et al., 2006; Connel et al., 2008; Hummels et al., 2020). EF4 is a conserved bacterial 

factor that catalyzes the tRNA back-translocation from P and E site to A and P site, 

respectively (Qin et al., 2006). Then, EF-P enters the ribosome by the E site and 

binds to a site located between the P and E sites (Blaha et al., 2009). Its N-terminal 

domain is positioned close to the aminoacyl acceptor stem of a P-site tRNA and, in 

this way, it favorizes the formation of the peptide bond during elongation, especially 

on proline-rich sequences (Buskirk and Green, 2013; Ude et al., 2013; Hummels et 

al., 2020). Finally, the “no-go“ mRNA can also be cleaved in the A site thanks to the 

activity of the 3’➔5’ exonuclease RNase II, becoming so a “non-stop“ mRNA (Garza-

Sanchez et al., 2009). 
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In the course of this Ph.D. thesis, our efforts were particularly focused on the 

biochemical and structural study of trans-translation, the main bacterial rescue 

system for ribosome stalling on “non-stop” mRNAs, to obtain a detailed description of 

the mechanism at a molecular level. 

 

3.2 The trans-translation rescue mechanism 

The biological importance of rescuing “non-stop” translation complexes is highlighted 

by the fact that three different mechanisms have evolved in several bacterial species 

to ensure cell survival (Giudice and Gillet, 2013). Among them, the most important is 

trans-translation whose central components, essential in orchestrating this 

sophisticated ballet, are the transfer-messenger RNA (tmRNA) and its partner the 

small basic protein B (SmpB) (Hayes and Keiler, 2010; Barends et al., 2011, Giudice 

and Gillet, 2013). This complex, together with other translation factors, ensures the 

ejection of the aberrant mRNA, the tagging of the truncated polypeptide and 

ribosome recycling. In this paragraph we describe, in the attached reviews, the actors 

involved in this process, the molecular detail of the mechanism as derived from our 

recent structural cryo-EM studies, as well as the current and future prospects for 

developing a new generation of trans-translation inhibitors (D’Urso et al., 2022; 

Campos-Silva et al., 2022). 
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3.2.1 Review: “Trans-Translation Is an Appealing Target for the 

Development of New Antimicrobal Compounds“ 
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3.2.2 Review: “Insights into the ribosomal trans-translation rescue 
system: lessons from recent structural studies“ 
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3.3 The alternatives to trans-translation 

The ssrA and smpB genes coding, respectively, for tmRNA and SmpB have been 

found in all bacteria and they are essential to cell survival in different species, 

bringing defects in virulence and/or cell cycle control (Huang et al., 2000; Keiler and 

Shapiro, 2003; Thibonnier et al., 2008; Mann et al., 2012; Svetlanov et al., 2012; Fey 

et al., 2013; Ramadoss et al., 2013; Personne and Parish, 2014). In some other 

bacteria the deletion of trans-translation genes has only mild consequences on cell 

survival, such as defects in the response to different stresses or an increased 

susceptibility to antibiotics (Abo et al., 2002; Munavar et al., 2005; Shin et al., 2007). 

This evidence suggested the presence of other accessory mechanisms that would 

allow for cell survival in the absence of the main translation rescue system. Two 

other mechanisms have been highlighted for the nonstop mRNA decay (NSD), each 

of which is based on alternative ribosome-rescue factors (Arfs) able to recognize and 

bind a vacant A site. The first mechanism involves the ArfA factor together with RF2, 

while the second is only based on the action of ArfB (Chadani et al., 2012; Kurita et 

al., 2014; Huter et al, 2017; Inada, 2020). An additional rescue system, called 

Ribosome-Associated Quality Control has also been recently described in bacteria 

(Lytvynenko et al., 2019) 
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3.3.1 The alternative ribosome-rescue factor A (ArfA) 

The importance of this backup system for trans-translation has been demonstrated 

when studies on double mutant bacteria, lacking both ssrA and arfA genes, showed 

the lethality of these simultaneous deletions (Chadani et al., 2010). Furthermore, 

ArfA activity is finely tuned by the presence or the absence of tmRNA. The mRNA 

transcript of the arfA gene presents a stem-loop that acts as a substrate for RNase III 

cleavage (Chadani et al., 2011; Garzza-Sanchez et al., 2011). When tmRNA is 

present, the truncated protein coming from the cleaved transcript is tagged by 

tmRNA for degradation. In the absence of tmRNA, the short ArfA is not tagged and it 

can play its role in ribosome rescue (Chadani et al., 2011; Garzza-Sanchez et al., 

2011). As with SmpB, the C-terminal tail of ArfA acts as a probe which identifies the 

absence of mRNA in the entry channel. After that, it binds close to the DC and 

recruits RF2 on the ribosome (Shimizu, 2012). The rescue mechanism of ArfA is 

based on peptidyl-tRNA hydrolysis, which means that it frees the ribosome by 

hydrolyzing the peptidic bond between the P-site tRNA and the nascent peptide. 

However, this factor lacks a GGQ motif, essential for this task. For this reason, ArfA, 

once it is accommodated within the A site, recruits RF2 to accomplish this function 

(Chadani et al., 2012; James et al., 2016; Demo et al., 2017; Huter et al., 2017b; Ma 

et al., 2017; Zeng et al., 2017). 

 

3.3.2 The alternative ribosome-rescue factor B (ArfB) 

Different from ArfA, the ArfB factor is able to rescue the ribosome independently from 

the presence of tmRNASmpB and ArfARF2 complexes. As previously described for 

AfrA and SmpB, ArfB also presents a C-terminal tail, disordered in solution, that acts 

as a probe to detect vacant mRNA entry channel and to bind an empty A site 

(Gagnon et al., 2012). On the other hand, the N-terminal tail contains the conserved 

GGQ motif essential to hydrolyze the bond between the nascent peptide and the 

peptidyl-tRNA (Kogure et al., 2014). Thanks to that, ArfB can act alone to rescue the 

ribosomes (Chadani et al., 2011; Handa et al., 2011). In addition, although ArfB is 

Figure  20: The two Arf factors. Top: representation of a stalled ribosome with the ArfA-
RF2 complex (A) and ArfB (B). Bottom: focus on the interaction between the P-site 
tRNA and the GGQ motif in RF2 (A) and ArfB (B). tRNA is green, mRNA is yellow, ArfA 
is red, ArfB is purple, RF2 is cyan. PDB: 5MGP, 4V95. 
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preferentially recruited on stalled ribosomes, it mantains some rescue activity on 

ribosomes containing an mRNA that extends into A site (Handa et al., 2011).  

 

3.3.3 The Bacterial Ribosome-Associated Quality Control 

Recently, in bacteria, a new rescue system known as RQC has been described for 

the first time in B. subtilis (Lytvynenko et al., 2019). While this mechanism is well 

described in eukaryotes, many aspects remain obscure within bacterial cells. This 

process, to occur, needs the separation of ribosomal subunits by a recently 

described factor known as MutS2, bringing to a large ribosomal subunit in complex 

with the peptidyl-tRNA-nascent chain (Muller et al., 2021; Cerullo, Filbeck et al., 

2022). The main actor involved in this process is called RqcH, a NEMF-family protein 

that binds the large subunit and extend the nascent peptide with an alanine chain 

(Udagawa et al., 2021). For the tailing process, another factor called RqcP is needed 

(Crowe-McAuliffe et al., 2021; Filbeck et al., 2021). How the process in bacteria is 

terminated is still unknown. Based on recent cryo-EM studies, we can hypothesize 

the following mechanism: after MutS2 subunits separation, RqcP recognizes and 

binds the peptidyl-tRNA-nascent chain preparing the system for the first alanine 

adding. RqcH bound to an alanine-tRNAAla binds to the empty A site with the 

subsequent peptidyl transfer among the two tRNA. The P-site tRNA moves towards 

the E site bound to RqcP and is then released. At the same time, The A/P-site-tRNA 

bringing the nascent peptidic chain moves within the P site, freeing the A site for the 

next alanine-tRNAAla bound to RqcH. The tailing process continues until the 

dissociation of the chain with an unknown mechanism (Crowe-McAuliffe et al., 2021). 

However, several questions are still open about this elegant mechanism, also 

involved in ribosome rescue.  
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4 The cryo-transmission electron microscopy (cryo-TEM) 

 

4.1 Introduction 

Biological macromolecules rarely work alone and understanding their structural 

organization is one of the fundamental features required to understand the 

mechanistic details underlying their functioning. For that reason, structural biology 

was developed to study the architecture and the dynamical properties of molecular 

assemblies to provide fundamental insights into their functional framework and 

physiological roles. At the dawn of the structural study of biological molecules, one of 

the most widely used techniques was X-ray crystallography. This technique, which 

made possible for the first time the study of the spatial organization of the atoms of a 

molecule, is nevertheless strongly limited by the ability of proteins or other 

macromolecules to form crystals, as well as by the large amounts of high-purity 

samples to be used. In addition, the structures obtained from crystals correspond to a 

somehow “unnatural” conformation, i.e. an ensemble of biological molecules packed 

in a way that thermodynamically favors the formation of the crystal. While the X-ray 

crystallography allows obtaining very precise data (or high-resolution structures) 

even for large molecular systems (such as ribosomes, viral capsid or DNA origami) 

the expression, purification, and crystallization of membrane proteins and large and 

dynamical molecular complexes are often particularly difficult. A second technique 

used in structural analysis is the nuclear magnetic resonance (NMR). Although NMR 

does not require the inclusion of samples in crystals, the analysis requires a large 

quantity of samples and is only applicable to small biological systems (the current 

size limit of protein NMR is ~35kDa with an upper limit of ~100kDa). In addition, the 

samples need to be enriched with isotopes because it greatly enhances the 

spectrometer sensitivity and allows for site-specific interrogation of structures and 

intermolecular contacts. To overcome the limitations and restraints of these 

techniques, in particular, relative to their application on big complexes, membrane 

proteins, and dynamical assemblies for which different conformations and states 

exist, cryo-transmission electron microscopy, or simply cryo-electron microscopy 

(cryo-EM), has been developed, emerging as the technique that allows studying 

challenging systems not yet structurally characterized.  
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4.1.1 From optic to cryo-electron microscopy 

In 1878 Abbe proved that the resolution of an image acquired with a microscope (in 

which the light source is represented by photons) depends on the wavelength of the 

particle used to image a sample. In particular, in a classical optic microscope, 

photons have a wavelength between 400 nm and 700 nm. Since the smallest 

detectable distance separating two points cannot be less than half of the wavelenght 

used, in the case of photons they do not allow the detection of details below 200 nm. 

The interest in finding a light source with shorter wavelength came, therefore, from 

the need to observe smaller and smaller objects and describe them at the atomic 

level. Thanks to two main discoveries by de Broglie and Busch, who respectively 

described in 1924 the properties of the electron wave and in 1926 the effect of a 

magnetic coil on an electron beam, electrons (wavelength of ~0,004 nm) began to be 

considered as a potential light source for imaging extremely small objects. Starting 

from these assumptions Knoll and Ruska from the Techincal University of Berlin, 

successfully built in 1931 the first electron microscope. From this time onwards, 

different observation techniques using electron have been developed, first and 

foremost transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM). Unlike SEM in which images are produced by raster scanning the sample 

surface with a focused electron beam of high energy, for TEM a beam of electrons is 

produced and transmitted through an ultra-thin sample. Then, unscattered and 

scattered electrons passing through the sample are focused and hit the camera 

placed under the sample, at the bottom of the microscope, to produce the image. 

Three major bottlenecks, however, needed to be overcome to use this technique to 

image high-resolution features of biological samples. First of all, biological molecules 

are dependent on their aqueous environment and if we want to get truthfully images 

of these molecules, in their physiological state, we need to preserve this 

environment. Secondly, the sample needs to be preserved from radiation damage 

caused by high-energy electrons. Finally, the sample needs to be preserved from the 

ultra-high vacuum of the TEM microscope. To overcome these problems, a 

breakthrough came when samples started to be rapidly vitrified in their hydrated state 

by plunging into a temperature and humidity-controlled environment (Dubochet et al., 

1982a/b; Dubochet et al., 1981; Lepault et al., 1982, 1983; Adrian et al., 1984; Vogel 

et al., 1986; Bellare et al., 1988; Almgren et al; 1996; Nogales, 2016). The electron 

microscopy analysis of vitrified samples preserved in amorphous ice gave rise to the 
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emergence of cryo-electron microscopy (cryo-EM), which has now become one of 

the mainstream structural biology techniques. This technique also presents the 

advantage of instanteously “freezing” the molecule, limitating the vibration of the 

atoms and allowing for high-resolution observation. 

 

4.2 The origin of the image contrast 

4.2.1 The scattering 

Scattering is the physical phenomenon that occurs when an electron hits an object. 

In particular, it consists of the deviation of the trajectory followed by the moving 

particles as a result of the disuniformities present in the medium it passes through. 

Considering the corpuscular nature of the electrons, three different scenarios can 

occur when they interact with the sample within the microscope column: 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  21: Schematic representation of the different scenario that an electron can 
experience during the interaction with an atom within a microscope. 
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1 In the first possible scenario, the incident electron does not interact with any of 

the atoms in the sample, thus preserving its motion unchanged. In this case, we 

are talking about unscattered primary electrons (Figure 21, 1); 

2 In the second case, the incident electron interacts with an atom of the specimen, 

thus transferring part of its energy to it. As a result, the incident electron will 

emerge from the sample with a lowered energy value and at a different angle. 

Here we refer to these electrons as inelastically scattered primary electrons 

(Figure 21, 2); 

3 In the last possible case the incident electron interacts with an atom within the 

sample but no energy transfer takes place. Although the trajectory of the 

emerging electron deviates from the incident trajectory, the amount of energy 

remains identical to the initial one. We refer to these electrons as elastically 

scattered primary electrons (Figure 21, 3). 

All these three phenomena occur when observing a sample using TEM and, as a 

result, the three different types of electrons emerging from the sample will contribute 

to the final image formation.  

 

4.2.2 Amplitude and phase contrast 

Within a TEM we can distinguish between two types of contrast that, together 

contribute to the image formation: the amplitude contrast and the phase contrast.  

As we have already seen, as long as the path of the incident electron within the 

microscope column is not disturbed by any dense object, it will continue straight 

ahead until it reaches the detector. In this case, no information is transferred into the 

final image (Figure 21, 1). Imagine now that a dense object is placed between the 

incident electron beam and the detector. In this case, all the electrons scattered 

through the sample will be collected by the magnetic lenses and their trajectory will 

be bent to be focused on the detector plane. The electron scattered at very high 

angles will not be focused on the image plane and are usually removed by the 

aperture of the lens. However, because of their lower energy, the remaining 

scattered electrons will be more easily bent by the magnetic lens, and as a result, 

focused into a point placed higher than the real image plane. The formation of 

images on different planes, finally, leads to a blurred image as a whole. These 

electrons, therefore, need to be blocked in their path by specific elements present in 

the microscope column called energy filters, to prevent them from contributing to the 
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image formation (Figure 21, 2). The same fate awaits the backscattered electrons 

which, due to their nature, will not reach the detector (Figure 21, 3). Thus, the final 

image will be the combination of unscattered electrons  (in the less dense region of 

the sample) and those few scattered electrons not eliminated on their way to the 

detector (in the dense regions). Within the final image, this different electron 

combination will be visible as areas of different contrast. Darker areas with higher 

contrast are due to scattered electrons and lighter areas with lower contrast are due 

to unscattered electrons. This difference in chromatic intensity constitutes the 

amplitude contrast, which is nothing more than a phenomenon due to the removal of 

some electrons before they reach the image plane. 

To understand phase contrast, one must consider the incident electron as a plane 

wave, a kind of array in which each element within it is characterized by a specific 

value of amplitude (A) and phase (φ). The amplitude of the plane wave will always be 

the same, while the phase varies according to the position of the wave in space as it 

travels along the microscope column. When a plane wave interacts with the different 

scattering centers (atoms, residues, secondary structures, etc.) of the sample, it will 

physically produce a series of ripples which will induce a slowing down of the phase 

variation along the wave path. Each ripple along the plane wave will interfere with the 

other, generating constructive or destructive interference. The constructive 

interference of the phase ripples will form further plane waves emerging from the 

specimen which will continue to propagate along the column until they reach the 

detector, interfering with the other emerging plane wave at different scattering angles 

at the detector surface, carrying each one the information derived from the 

interactions with the different scattering centers within the specimen. As can be seen, 

the scattering phenomenon that gives rise to phase contrast involves a 

decomposition of the information present in the sample, which is then combined to 

form the 2D projection of the sample onto the detector. Since the scattering 

phenomenon results in a decomposition of the information present in the sample, it 

can be seen as the physical process underlying the Fourier transform. 

 

 

4.2.3 Plane wave propagation and phase shift 

The interaction between a plane wave and the different scattering centers within a 

sample generates a series of wavefronts, each of which represents the 
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decomposition of the complex information contained in the sample. The components 

scattered at different scattering angles, inside the microscope, will be focused by the 

lens on the back focal plane where the Fourier transform of the complex wave 

relative to the initial object is formed (Figure 22, A).  However, what is described 

corresponds to an ideal microscope. As explained before, not all waves will reach the 

detector and contribute to the formation of the final image. To better understand what 

happens during a plane wave propagation and, at the same time, to see what 

information is visible in the final image, we represent plane waves through the so-

called Argand diagram, where the waves are represented as vector quantities 

characterized by a module A and an angle given by the φ (Figure 22, B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The wave function ψt at time t = 1 on an Argan diagram is represented as a vector of 

module A = 1 and angle Θ = 45° (Figure 22, B top). Let’s suppose that, in the same 

space, is present a second plane wave (blue) this time characterized by an A = ¼ 

and a Θ = 275° (Figure 22, B bottom). To understand how these two plane waves, 

following the scattering with the sample, will encounter interference and thus 

contribute to the final image, we apply the sum between vectors within the Argand 

Figure  22: Representation of the plane wave propagation and thir interaction with the 
sample. A) Scattering of the plane wave and components propagation. B) 
Representation of the plane waves on an Argand diagram. 



 67 

diagram. The sum vector will then be represented by the wave function ψTOT (red), 

which, in practical terms, indicates the probability that the information carried by the 

plane wave will be transferred into the final image. From this example, we can easily 

deduce that what plays a fundamental role in the transmission of the information into 

the final image is the angle described between the two vectors, representing the two 

plane waves characterized by different phase values. This angle is called phase shift. 

Indeed, if the angle described by the two vectors is 0°, the phase shift will be 0°. The 

sum vector will have a modulus (amplitude) bigger than the modulus of the individual 

vectors. In this case, the two waves are “in phase“. For phase shifts different from 0°, 

the sum vector modulus will be always smaller than the modulus of one of the two 

vectors. As a consequence, the probability that the information is transferred into the 

image will be lower. In this case, the waves are “out of phase“. 

 

4.2.4 The contrast transfer function (CTF) 

Each of the Fourier components capable to reach the detector, whether unscattered 

or scattered, will contribute differently to the formation of the final image. Let’s now 

imagine that a plane wave is interacting with our sample. Part of the plane wave will 

be unscattered (ψ1), characterized by a certain value of amplitude and a phase of φ = 

45°. A second component, instead, will be scattered (ψ2), emerging from the sample 

with a phase value different from that of the unscattered component. To understand 

what the phase shift between the scattered and unscattered components amounts to, 

let’s consider what happens when an X-ray interacts with the electron cloud of an 

atom. The oscillating electric field of the X-ray beam (which represents the incident 

electron beam of the microscope and, by consequence, the unscattered component), 

when it interacts with an electron in the atom, will transfer part of its energy to the 

latter, thereby inducing its oscillation. An oscillating electric charge, in turn, generates 

an electric field that spreads outwards. The direction in which the electric field 

generated by the electron (scattered component) emerges will be characterised by a 

particular angle respect to the direction of the incident electric field. This angle will 

be, therefore, the phase shift. In general, the oscillation of the incident electric field is 

equal to the resonance frequency of the electron. In this case, the two electric fields 

are exactly 90° out of phase with each other. In other words, the second electric field 

will emerge with a 90° phase shift. In addition, another difference that contributes to 

the phase shift depends from the fact that compared to the unscattered component, 
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the scattered component follows a longer path before reaching the detector. Because 

of this, the scattered component presents an additional phase shift defined by Δl. 

Coming back to our example, let’s assume that the difference in the path for the 

scattered component is a quarter of the wavelength at which these components 

propagate, so Δl = λ/4. Then, the total phase shift between the two components will 

be equal to φShift = 90° + λ/4 = 180° (Figure 23, A, B top). In addition, due to the 

interaction with the sample, the amplitude of the scattered component is smaller than 

the unscattered component.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representing what we said in an Argand diagram, we see that the two vectors 

representing the two components point in opposite directions. The sum vector ψTOT 

will have a lower modulus (and, therefore, amplitude) than that of the unscattered 

component. We can say that, at the detector level, the scattered component will 

contribute the most to decreasing the amplitude value (amount of signal transmitted 

in the image) of the unscattered component. To better understand, for practical 

purposes, the amount of information transmitted into the final image, it is possible to 

represent this situation in another diagram called the frequency-contrast plot, on the 

Figure  23: The phase shift during the scattering. A) Representation of the different 
components at different phase shifts. B) Sums of the scattered components vectors on 
the Argand diagram. C) CTF curve. 
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x-axis of which we have the spatial frequencies (κ) and on the y-axis the contrast 

values oscillating between +1 and -1. The scattered component, by maximally 

decreasing the amount of information transferred within the final image, contributes 

to its formation in a negatively. Within this plot, this contribution is represented with a 

point of ordinate -1. As for the abscissa, it will not be very high because, the 

scattering angle is relatively low, which means that the scattering centers are placed 

at a great distance between each other (Figure 23, C). The greater the distance 

between the centers, the less detailed the information transmitted within the final 

image. This information is at a low spatial frequency (κ) or at low resolution. We now 

consider two other scattered components whose different length in path will be, 

respectively, Δl = λ/2 for ψ3 and Δl = 3λ/4 for ψ4. By consequence, the total phase 

shifts are ψ3 φShift = 90° + λ/2 = 270° and ψ4 φShift = 90° + 3λ/4 = 360° (Figure 23, B 

middle and bottom). In the first case, the sum vector (ψTOT) presents a modulus 

(amplitude) almost equal to that of the unscattered vector. Since the unscattered 

vector has a zero contribution to the formation of the image, being of modulus almost 

identical to ψ1, the component ψ3 will give a negligible contribution to the formation of 

the final image. This, on the frequency-contrast plot results in a point of ordinate 0 

but with a high abscissa κ, since the component scatters at higher angles. The 

opposite situation to that of ψ2 is observed for ψ4. In this case, the vector has a 

greater modulus than that of the unscattered component, thus contributing positively 

to the transfer of information within the final image. In the frequency-contrast plot, this 

component is represented with a point of maximum contrast (ordinate of +1) and 

higher spatial frequency (Figure 23, C). Proceeding in this way for each of the 

scattered components at different angles, we create a characteristic pattern of points 

that give rise to the so-called contrast transfer function (CTF). The CTF tells us how 

much phase contrast is transferred within the final image as a function of the angle 

(spatial frequencies) at which the different components emerge from the sample.  

 

 

4.2.5 The defocalization and CTF correction 

The points where the CTF crosses the x-axis correspond to areas in which the 

information related to those particular scattering centers is lost since the contrast 

value associated with them is equal to 0. To recover the information lost in such a 

way as to obtain images that, when added together, give the most realistic and 
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detailed representation of the starting sample, it is necessary to vary their 

contribution within the CTF. One way to do this is to play on the phase shift between 

scattered and unscattered components. The element of the total phase shift that can 

be varied is given by the difference in the path length of the components before 

reaching the detector, i.e. the Δl. The length of the distance traveled by a component 

can be made to vary by playing on the strength of the magnetic lenses of the 

microscope necessary to focus (bend) these waves on the image plane. In this case, 

the more current flows through the lens, the greater its ability to bend the trajectory of 

the electron which, as a result, will be focused into a point higher than the image 

plane. On the contrary, by decreasing the amount of current flowing through the lens, 

its focusing power will decrease and, consequently, the components will be focused 

on a point lower than the real image plane. In the first case, the image that is formed 

will be over-focused and the path of the scattered components will be shorter than 

the one followed to reach the real image plane. In the second case, the components 

will travel a greater distance, forming a defocused image. Both over-focused and 

defocused images present information coming from different components than those 

present within the “focused“ image. 

By Varying the defocus value  (ie the  Δl), one modifies the phase shift modifying  the 

CTF which will now present values other than 0 where previously the wave functions 

intersected the x-axis.  

 

 

 

 

 

 

 

 

 

As we can see from Figure 24, a defocus of 0 µm (focused image) is characterized 

by a CTF (dotted line) with an important loss of information at low spatial frequencies, 

i.e. information coming from scattering centers placed at a great distance from each 

other that give information related to elements with a lack of details (shape of the 

sample). Increasing instead the defocus value (blue and red lines), the CTF 

Figure  24: Different CTF curves based on different defocus value adapted from 
Bauerlein, 2018.  
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undergoes a shift and presents a higher oscillation. Here the information at low 

spatial frequencies is recovered but, as we move towards high spatial frequencies 

(high-resolution information) the information is increasingly fragmented due to the 

high oscillation. For each component that contributes positively to the image 

formation, there will be one immediately next to it that contributes negatively, 

canceling each other out. In addition, there is a flattening of the components at higher 

spatial frequencies, a phenomenon due to the partial spatial and temporal coherence 

of the electron beam. Since the high-resolution information is fragmented and 

confused, it will be difficult to capture details of the sample from an image with high 

defocus values. By combining images taken at different defocus values it is possible 

to obtain a more homogeneous range of information for a complete and realistic 

description of the specimen. However, a problem remains as the components that 

contribute positively and negatively to the formation of the image cancel each other. 

To compensate for this loss of information one can either exclude the negative 

component or, more efficiently, flip the phases of these components by multiplying 

their amplitude by -1. By acquiring images at different defocus values and by 

correcting the CTF with phase flipping, most of the components scattered by the 

different scattering centers of the sample can be contained within the final images 

and the loss of information is minimized.  

 

4.3 The cryo-EM for single particles analysis 

The cryo-EM technique makes possible the study and the observation of hydrated 

and frozen biological molecules, in a state close to their native state, to preserve the 

conformation assumed during the physiological processes in which they are involved. 

This goal is pursued through three major stages: sample preparation, image 

acquisition, and image processing. In the following chapter, we describe step-by-step 

the basic principles of the main image analysis approach used for our research 

purposes, known as single particle analysis (SPA) (Figure 26). In SPA the 3D 

information of the sample is trapped as 2D projections of the single particles within 

images. With this approach, the specimen is embedded in a thin film of vitreous ice 

near liquid nitrogen temperature and imaged under a limited electron beam exposure 

to minimize the radiation damage. In these conditions, images have a low signal-to-

noise ratio (SNR), sufficient however to determine the orientation of particles’ 2D 

projections. Once orientations are known, images belonging to the same particle 
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view are averaged together and used to retrieve a 3D map. As a result, the SPA 

requires the acquisition of hundred of thousands or even millions of 2D projections 

representing the different orientations of the particles to allow for the reconstruction 

of an electron density map with a high enough resolution for model building. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.1 Sample preparation 

One of the major advantages of SPA is that it only requires small quantities of 

sample (hundreds of pmols/µl) and small volumes per grid (2-4 µl). In addition, purity 

is not the most important requirement because the presence of some contaminants 

can be ignored during the image analysis. In this case, to obtain a reasonable 

amount of particles of interest it may be necessary to acquire more images. 

However, because of the low signal-to-noise ratio, SPA needs that thousands of 

identical images (corresponding to the same view of a particle) images to be 

averaged together, so the ideal specimen should be as homogenous as possible. 

Eventually, for samples with high heterogeneity, the structural or compositional 

variation can be fixed by using, respectively, mild chemical cross-linking to reduce 

Figure  25: Scheme representing the cryo-EM single particles analysis from sample 
preparation to final model building.  
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intrinsic flexibility or the appropriate purification method (Kastner et al., 2008; 

Thompson et al., 2016). Apart from the biological issues, one of the most important 

steps in the sample preparation is the choice of the right grid and support. Grids in 

cryo-EM (and in EM in general) are commonly made of copper or gold. The mesh 

lattice (commonly 200 or 300 mesh) is coated with a carbon film that can be 

continuous (especially for negative staining) or “holey“. In cryo-EM analysis, holey 

carbon films are preferred because they ensure a reduced noise from the 

background as the sample is imaged suspended in vitreous ice holes. To facilitate 

the automatic image acquisition, the commercially available grids present a regular 

pattern of holes with different sizes and spacing. The grid surface is hydrophobic and 

it is often necessary to make this surface hydrophilic, so that the sample can spread 

along the whole surface. In this case, the grid hydrophilization is carried out through 

the so-called “glow discharge“ during which a plasma, generated through the 

ionization of a gas (air, argon, oxygen, or combinations), hit the grid surface 

rendering it hydrophilic (Gan et al., 2008).  

 

Before the vitrification procedure, the quality of the sample is traditionally assessed 

using negative staining EM, to check the concentration, the purity and the integrity of 

the sample at room temperature. To do so, the specimen is adsorbed on a grid 

covered with a thin carbon film. The sample is then stained with a heavy metal salt 

solution (typically uranyl acetate at 1%) and blotted to ensure that only a thin layer of 

the stained sample remains. This process rapidly dehydrates particles on the grids 

and envelops them in a shell of heavy metal atoms that generates a high amplitude 

contrast. This technique can generate images for 3D reconstruction however, the 

dehydration of the sample, the use of a continuous carbon film that generates 

preferred orientation, and the grain size of the stain limitate the resolution and the 

quality of the images (Ohi et al., 2004; Booth et al., 2011).  

To be observed in their “native” conformation, the biological samples, indeed, must 

be preserved in their aqueous environment before they can be placed in the electron 

microscope. However in the aqueous or cellular environment, biological 

macromolecules are highly dynamic, In addition, because the electrons must not 

interact with anything but the sample a high vacuum needs to be maintained within 

the microscope column. As a result, aqueous biological samples must be stabilized 

and protected before they can be imaged. For years, researchers wondered if 
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freezing the sample could preserve it in its native state, protected from vacuum and 

radiation damage. However, when water freezes, it gradually forms crystals that 

expand causing molecular damage and denaturation. To solve this problem, one 

approach was to cool the sample rapidly, before ice crystals have the time to form. In 

1981, the Dubouchet group showed that pure water could be frozen in a “vitreous“ 

non-crystalline state by plunging it into liquid ethane once it was spread on an EM 

grid (Dubouchet et McDowall, 1981). A few years later, macromolecules were added 

to a water solution showing that they could be preserved in a frozen hydratated state 

(Adrina et al., 1984). Plunge freezing has become the standard technique to observe 

samples in a hydrated state with an electron microscope. The temperature for water 

vitrification needs to drop faster than 105 K/s. For that reason, the cryogen used for 

vitrification has to have a freezing point below the temperature needed for 

vitrification, a high thermal conductivity to rapidly cool the sample, and also a high 

boiling point to prevent vapor formation between the sample and the cryogen (Bellare 

et al, 1999). Nitrogen cannot be used for this purpose because it has a low thermal 

conductivity that allows for the formation of crystalline ice. The most commonly used 

cryogens are propane and ethane, whose transition from the gaseous to the liquid 

state is ensured by cooling it with liquid nitrogen. Because of the flammable nature of 

those gas, liquefaction is performed with many precautions, by gently releasing the 

compressed gas inside a special container cooled and surrounded by liquid nitrogen 

(Figure 25, B). These containers are part of a system, called plunge freezer that, 

together, allows performing the entire freezing process (Figure 25, A). The plunge 

freezing follows three consecutive steps: first of all, 2/4 µl of sample are applied on a 

hydrophilic cryo-EM grid; then the excess of liquid is blotted until only a thin layer of 

sample remains, and finally the grid is rapidly plunged into the cryogen (Dobro et al., 

2010). The grid is stored in a grid box surrounded by liquid nitrogen before it is 

loaded into the cryo-holder. 
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During this process, it is important to get the best ice thickness for the image 

acquisition. Here, several factors play a crucial role, such as the size of the particles 

and their shape, the nature of the particles-solvent interactions, and the duration and 

type of blotting used. Thicker ice provides more stability to the sample under the 

electron beam. However, particles could not be easy to see because of the reduced 

SNR. On the other hand, if too much sample is blotted away, the ice can be too much 

thin and it coluld break during the interaction with the beam. In addition, a thin ice 

layer can induce preferential particle orientations, denaturation (due to the exposure 

of particles to an extended air/water interface), and the displacement of the specimen 

toward the grid edges (Lepper et al, 2010). In practice, temperature, humidity, and 

blotting conditions must be optimized for each sample.  

Once the grid is ready to be observed, it is loaded within the electron microscope 

using a cryo-holder. The cryo-holder is a critical element for the image acquisition 

because it ensures the transfer of hydrated frozen grids within the microscope 

column by keeping the temperature stable and avoiding any external contamination. 

Ethane
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Figure  26: Plunge freezer systems used for sample vitrification. A) Left: Vitrobot Mark 
IV. Right: EM GP2 Leica. B) Left: Focus on the blotting chamber of the Vitrobot Mark IV. 
Right: Focus on the cryogenic chamber of the EM GP2.  
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The grid is loaded inside a pre-cooled cryo-station that allows the transfer from the 

grid box to the cryo-holder.  

 

4.3.2 Image acquisition 

As we have already explained in previous sections, during a cryo-EM session images 

must be taken at different defocus to produce sufficient phase contrast based on the 

interference of scattered and unscattered components. Two elements within the 

electron microscope are essential for a good cryo-EM data collection session: the 

electron source and the electron detector.  

The electron source (or electron gun) of an electron microscope accelerates 

electrons through the microscope column. There are two kinds of electron guns: the 

thermionic source and the field-emission gun (FEG). The thermionic source produces 

electrons when heated. At high temperatures, electrons have sufficient energy to 

leave the surface of the source and be accelerated all along the microscope column. 

The material of the source must have a high melting point, for that reason, the 

materials used for a thermoionic source are either tungsten, cerium hexaboride 

(CeB6) or lanthanum hexaboride (LaB6). CeB6 and LaB6 filaments are often 

preferred since they have a much longer lifespan, are brighter, and with a smaller 

energy width, meaning that the electrons emitted from these filaments are more 

monochromatic, have higher resolution, and produces better SNR pictures. As for the 

FEG source, it produces electrons when a large electric potential is applied between 

the source and the anode. In practice, for all applications that require a bright and 

coherent electron source, FEG is the best (William and Carter, 2009). 

When we image a specimen, the dose of electrons used to acquire an image must 

not be very high to avoid radiation damage to the sample and thus preserve the most 

important details at higher resolution. For this reason, due to the low electron dose 

used, the images obtained are rather noisy (Low SNR). Therefore one needs a good 

detector that can record most of the electrons arriving on its surface without inducing 

an additional degradation of the image, i.e. without adding more noise. For a 

detector, the rate of signal degradation during the acquisition is expressed with the 

detective quantum efficiency (DQE). Mathematically, this parameter is given by the 

ratio between the square of the SNR of the output image and the square of the SNR 

of the input image (DQE = SNR2
O/SNR2

I) (McMullan et al., 2014). Among the 

different recording devices, we mention photographic films, charged coupled devices 
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(CCD) and direct electron detectors (DED). The first devices used in cryo-EM were 

photographic films, characterized by a large field of view and very small pixels set by 

the silver halide grain size. However their use introduces contamination of the 

microscope column caused by the presence of water in the emulsion and, in addition, 

they need to be developed and digitized resulting in a very large time-consuming 

acquisition (Thompson et al., 2016). CCD cameras present a scintillator that emits 

photons when an electron hits it. The photons are then converted into a digital signal. 

In practice, a CCD presents an array of photosensitive elements where the charge 

accumulates (Sander et al., 2005; Booth et al., 2006). This charge is then transferred 

and digitized in an image after being amplified. The CCD cameras allowed the 

development of automated image acquisition, even if some inconveniences make 

their DQE inferior to that of films (Thompson et al., 2016). Nowadays the detectors of 

choice for high-resolution acquisition are the DEDs (Faruqi and Henderson, 2007; 

Bai et al., 2015). DEDs detectors (such as CMOS) detect incident electrons passing 

through a semiconductor layer where they deposit energy. To reduce the 

backscattering of some electrons when they pass through the support matrix (that 

produces noise), the thickness of this support became thinner and thinner. One of the 

most important benefits of DEDs is the ability to acquire multiple frames, where the 

electron dose hitting the sample is spread and used to create a movie. An additional 

advantage is that DEDs, in particular CMOS, have significantly improved the DQE, 

similar to photographic films. In this way, each frame acquired during a single 

exposure can be aligned to the others to correct the mechanical drift of the particles 

induced by the electron beam (Li et al., 2013; Scheres, 2014; Rubinstein et al., 

2015).  

 

4.3.3 Image processing 

Based on the advantages coming from the technologies developed over the years, 

data collection for SPA is more straightforward nowadays. Although most of the 

success of a cryo-EM session depends on the quality of the sample and the grid, 

once a suitable region of the specimen has been identified, one tries to get as many 

good-quality images as possible. The information present within the images needs to 

be oversampled to avoid loss of resolution, in particular at high spatial frequencies. In 

this way the image data set coming from a cryo-EM session will present as much 

information as possible about the orientations, structural details and dynamism of the 
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sample, as these elements are needed for a complete description at the atomic level. 

In SPA we try to determine the atomic model of a monodisperse macromolecular 

assembly through 2D projections of a 3D density. The processing of the recorded 

images represents a significant part of the entire workflow in SPA. Several software 

packages have been developed over the years, for a successful interpretation of the 

images and reconstruction of the final 3D density map, such as EMAN2, FREALIGN, 

RELION, cryoSPARC, etc (Tang et al., 2007; Grigorieff, 2007; Scheres, 2012; 

Punjani, 2017). However, the image analysis workflow is roughly the same, 

whichever software is preferred.   

First of all the movies coming from the detector are aligned together to correct the 

drift induced by the physical interaction between the sample and the electron beam, 

as well as some vibrations caused by the cryo-holder. Each frame doesn’t contain 

enough signal to be used for SPA and they need to be summed before being 

processed. However, if not corrected, the motions between the frames will blur the 

images and limit the resolution. The relative rotations and translations of the particles 

are calculated and then corrected by aligning each frame against a common 

reference. From small particles, where the SNR is very low, the movement is 

calculated by taking into account all neighboring particles on the same field of view 

(Li et al., 2013; Scheres, 2014). The recorded movies are affected also by optical 

configuration inaccuracies of the electron microscope that, adding up with the noise, 

result in distorted 2D projection of particles and an unreliable representation of the 

specimen. These aberrations present within the images determine and alter the 

pattern and shape of the CTF. The CTF is modeled not only on the phenomena that 

occur between the scattered and unscattered electrons, but it also depends on the 

acceleration voltage, spherical aberration, defocus, astigmatism and amplitude 

contrast (Frank, 1996; Cheng et al., 2015). Defocus and astigmatism are 

approximate or totally unknown and must be calculated from the data. This is 

accomplished by calculating a theoretical CTF that can approximate the Thon rings 

of the power spectra of the micrographs (Thon, 1966; Mindell and Grigorieff, 2003). 

Once the theoretical and the experimental CTFs fit together, the parameters of the 

latter are approximated as those of the experimental curve derived from the images. 

In this way, all the parameters that characterize the final image (i.e. the experimental 

CTF) are known and can be used for the following steps. 
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Once that pre-treatment is done, particles in different orientations can be identified 

within images. In the early stages of picking, when we still don’t know a lot about the 

particle shape, a manual approach is preferred. The picked particles can then be fed 

to an algorithm (either template or deep-learning based), which predicts the particle 

coordinates in the whole micrograph’s dataset. The auto-picked particles are then 

extracted, keeping only a small box around the particle of interest.  After which ones 

need to identify the most suitable particles for high-resolution reconstruction. Indeed 

the algorithms often select false positives as a result of the presence of high contrast 

artifacts (Figure 27). To only select suitable particles for the next rounds of analysis 

and to assign the angular distribution to the different particles views in the sample, 

the dataset is aligned and grouped in a homogenous subset via a 2D classification 

step. The goal of this clustering is to assign to each of the different classes K, 

established by the operator, all the 2D projections representing the different particle 

orientations. In practice, all images are aligned and compared to K templates and 

assigned to the one they most resemble in an iteratively (Figure 27).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At this point, once the 2D projections of the different particle views have been 

clustered in homogenous classes, a first ab initio 3D volume must be calculated if no 

reasonable templates are available. The reconstruction of a 3D ab initio density map 

requires the determination of the orientation (three Euler angles) and the origin (two 

translations) parameters for each 2D particle projection. Unfortunately, at this stage, 

Particle Picking Particle Extraction 2D Classi cation

Figure  27: Picking, extraction and classification of particles from a micrographs. 
Automated picking algorithms pick both good (green) and bad (red) particles (left). All 
the particles are then extracted within a box (middle) and classified (right). From 
classification we can select good classes from the entire dataset. 
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no prior knowledge is present about these parameters. A method for assigning 

orientation to 2D projections is based on the central slice theorem or Fourier slice 

theorem which considers the Fourier transform of every single projection (Crowther 

et al., 1970; van Heel, 1987; Bracewell, 2000). Since the 2D Fourier transform of a 

3D object represents an intermediate section of the 3D transform of the object, two 

2D Fourier transforms of the same 3D volume must intersect along a common line of 

amplitude and phase values according to a particular angle (Figure 28). The common 

line of amplitude and phase values of the 2D projections Fourier transforms is 

nothing but the 1D Fourier transform along a particular direction given by the angle 

Θ.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Given that we have access to the power spectrum of two 2D projections for which we 

need to find the relative orientation of one with respect to the other, we calculate the 

1D Fourier transforms along all possible directions that branch off from the center, 

and we use these values to build a sinogram (van Heel, 1987; Bracewell, 2000). 
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Figure  28: Central slice theorem or Fourier slice theorem. Schematic representation of the 
method used for the ab-initio model reconstruction starting from 2D projection classes. 
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Within the sinogram the maxima, given by common values between the two power 

spectra of the 2D projections, will represent the line along which the two projections 

intersect, thus establishing their relative orientation (Figure 28, top). This procedure 

is repeated for each of the selected 2D classes (ie the particle view) generated 

during the previous classification (Figure 28, bottom). At the end, the ab initio 3D 

volume is nothing else than the 3D inverse Fourier transform of the power spectra 

relative to each particle orientation in space. However, the success of the 3D angular 

search strongly depends on the quality of the data. So it is important that the classes 

generated during 2D classification represent homogeneous particle views. After we 

obtained an initial volume, the model has to be refined before getting the final 3D 

density map. During refinement the back projections are calculated, i.e. the 2D 

projections of particle views derived from the ab initio volume. The back projections 

are then used to modify the orientation parameters of the experimental 2D 

projections to find the best match between the experimental data and the claculated 

structure. Recursively, the different experimental views are re-classified with respect 

to the back projections and then re-oriented in a more precise way with new 

orientation parameters. This iterative procedure allows for the optimization of the 

orientation assignment and results in a more accurate model characterized by the 

presence of more structural details. The final resolution of the refined volume is given 

by the Fourier shell correlation curve (FSC). The FSC is obtained by calculating the 

correlation coefficient, in the resolution shell, extracted from the Fourier transform of 

two volumes generate from the two halves of the dataset. The spatial frequency 

value at which the FSC crosses the 0.143 value on the y-axis represents the 

resolution of the map (Harauz and van Heel, 1986). The resolution, however, tells us 

the average quality of the reconstruction along the entire volume obtained without 

taking into account the peculiarities present in a macromolecular assembly. Many 

biological molecules, for instance, are characterized by an intrinsic heterogeneity 

given by the presence of flexible and dynamic portions. The quality of the flexible 

regions is generally blurred and it is very hard to get information about their atomic 

organization. The interpretation of structural characteristics in these areas is very 

poor and not relevant on a biological point of view. To deal with the structure 

heterogeneity, particle projections are re-classified but in three dimensions. The user 

sets a number (K) of 3D templates and the 2D particle images are aligned to all the 

3D templates to find the best matching one. Once the best alignment for all 
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projections is found, several 3D volumes are generated each of them representing 

the conformational heterogeneity present in the sample. If any residual variability in 

the recostructions is still detectable, another 3D classification can be run with a 

higher number of classes until each final reconstruction reflect a homogeneous 

subset of particles. Each of the final 3D volumes will represent a final map reflecting 

the conformational variability of the particle within the sample. Finally, the EM map 

needs to be interpreted and validated before building an atomic model. The 

interpretation of the results, and by consequence the ability to reconstruct the atomic 

model, depends on the final resolution, the identification of different conformational 

states and the availability of a crystallographic or reasonably good homology model 

to fit inside the volume. A high-resolution 3D density EM map allows a de novo 

reconstruction of the proteins or nucleic acid, making also possible the detection of 

multiple conformational changes at atomic resolution with respect to a 

crystallographic structure. So, the availability of high-resolution maps of different 

functional states of our molecules renders the cryo-EM a unique technique to study 

the real dynamicity of biological complexes. 
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II - Section 1: 

 

Cryo-EM study of the 

trans-translation mechanism 
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1.1. Contex of study 

Protein synthesis is a complex and fascinating process. Given its importance for the 

survival of every living organism, cells possess several rescue systems to ensure 

their proper functioning. These processes are put in place when one or more 

ribosomes are unable to complete the translation process, as when they are faced 

with an mRNA that lacks a stop codon. When such an mRNA molecule is translated, 

no termination signal will be present in the ribosomal A site and consequently, 

because of the inability to terminate the process, the ribosome stuck on the mRNA. 

This situation is very costly for the cell and will, in the long run, inhibit the entire 

protein synthesis. Furthermore, the protein synthesized from these defective mRNAs 

can be toxic to the cell. To avoid this situation and allow the restoration of the 

canonical normal, bacterial cells have an ancestral mechanism called trans-

translation. As reported in Campos Da Silva et al., 2022 and D'Urso et al., 2022, the 

main players involved in this process are tmRNA and SmpB, as well as the RNase R 

ribonuclease. In a complex ballet, these actors allow the recycling of the ribosome, 

the tagging of the neosynthesised peptide for degradation, and the subsequent 

degradation of the aberrant messenger by RNase R. Although over the years several 

biochemical and structural studies have been carried out to understand how the 

different actors work and interact during this process, several aspects were yet to be 

characterized such as the atomic interactions at the base of this process, or how the 

RNase R participate to trans-translation and interacts with the other actors. During 

this doctorate, I applied myself to answer these questions and better characterize this 

molecular mechanism. In particular, using cryo-EM analysis, we have been able to 

describe three key steps that make up this process: pre-accommodation, 

accommodation and translocation. For each of these stages, we reconstructed high-

resolution atomic model, and even identified an additional conformational 

intermediate of the translocation step. Together, these structures shed light on the 

transit of the tmRNA-SmpB complex within a ribosome stalled on a non-stop mRNA, 

from their arrival with the elongation factor-thermo unstable (EF-Tu) until the 

positioning of the tmRNA transfer-like domain (TLD) within the P site. In addition, our 

near atomic description of the process allowed us to identify salient elements at the 

basis of its operation, describe the conformational changes of the ribosome and 

understand why trans-translation does not interfere with canonical translation. Since 

trans-translation is vital for many bacteria, required for the virulence of other species 
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and absent from eukaryotes, it is a promising new target to develop new antimicrobial 

compounds. As such, our results will also be instrumental in helping the structure-

based design of trans-translation inhibitors.  

However, this first description lacks information regarding the involvement of two 

secondary factors: RNase R, a 3’ exoribonuclease known to specifically degrade the 

non-stop mRNAs, and the ribosomal protein bS1 which helps the binding and 

unfolding of the mRNA during the initiation step of translation but also influences 

trans-translation in vivo and in vitro. The following chapter recounts our structural 

study of trans-translation (Section 1) as well as what we have done so far to 

characterize the roles of both RNase R and bS1 (Section 2 and 3 respectively). 
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       1.2 Articles: “Structures of tmRNA and SmpB as they transit through the 
ribosome“  
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         1.3 Conclusion and perspectives 
 
 
This work has given life to four high-resolution density maps of a ribosome during 

different stages of trans-translation. The results obtained have made possible to 

describe more precisely the intriguing ballet performed by the tmRNA – SmpB 

complex during the pre-accommodation, accommodation and two different states of 

translocation stages. Our unique structural knowledge of trans-translation (Rae et al., 

2019; Guyomar et al. 2021) allowed us to select, among the interactions susceptible 

to be targeted to alter the process, the most promising ones (Fig. 7). These are: i) the 

interfaces between tmRNA and SmpB; ii) the mechanism of stalled ribosome 

recognition by SmpB; iii) the tmRNA-SmpB ribosomal binding site which allows 

resume codon registration during translocation. With the help of Dr. O. Delalande, an 

expert in molecular simulation and drug design who recently join our group, in 

collaboration with Prof. P. Dallemagne (UR 4258 CERMN) and with the help of Dr. 

Stéphane Teletchea (UFIP, UMR 6286 CNRS Nantes), our team is now using HTS 

virtual screening to explore these molecular interfaces in ESKAPE bacteria. Our 

structural data will also be instrumental to establish the quantitative structure-activity 

relationship (QSAR) of the hit compounds discovered by wet biochemistry and to 

rationalize the chemical optimization of our molecules. 
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III - Section 2: 

 

Cryo-EM study of the 

association of the RNase R 

to the ribosome 
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2.1 Context of study 
 
Although the results reported in the previous section give us a detailed picture of 

what happens during the rescue of a stalled ribosome, much remains to be done to 

get a full description of the whole process and the different actors involved. More 

particularly, we know that a third key player involved in this mechanism is RNase R, 

the key ribonuclease that degrades the non-stop mRNA (see Introduction, paragraph 

3.2 - D’Urso et al., 2021 and Campos – Da silva et al., 2022). Several biochemical 

studies suggest that this ribonuclease associates with the tmRNA and SmpB during 

the growth of a bacterial cell, thus forming a tripartite complex, which is maintained 

during trans-translation as it reaches the ribosomal platform. However, no structure 

of RNase R during trans-translation or even alone is currently known.  

 

During this Ph.D. I investigated the interaction of RNase R, first on a stalled ribosome 

and then in the context of a trans-translating ribosome with tmRNA and SmpB. We 

have also worked to understand the role of the three key players in a more complex 

system represented by disomes. 

 

2.2 The RNase R 

The RNase R (ribonuclease R) is a 95kDa 3'-5' exoribonuclease encoded by the rnr 

gene, belonging to the RNB superfamily. It presents 60% sequence homology with 

RNase II, another member of the RNB family, as well as several structural 

similarities, although the latter is smaller in size than the former (Deutscher and Li, 

2000; Zuo and Deutscher, 2001a/b; Cheng and Deutscher, 2002; Li and Deutscher, 

2004; Condon, 2007). We can distinguish four conserved domains between RNase R 

and RNase II: moving from the N- to the C-terminal end we find two cold shock 

domains (CSD1 and CSD2), the central catalytic RNB domain and the S1 domain. In 

addition, RNase R has two other domains: the “Helix-Turn-Helix“ (HTH) domain at 

the N-terminal extremity and the K-rich domain at the C-terminal end (Figure 29, 

Figure 30) (Ge et al., 2010). The only atomic structure available was obtained in 

2017 by X-ray crystallography and lacks the two highly flexible HTH and K-rich 

domains (Figure 30 A) (Chu et al., 2017). 
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In contrast to other ribonucleases, RNase R has a ribonuclease and an additional 

helicase activity. The two activities are apparently independent of each other, but 

they occur in a region close to the same catalytic channel (Awano et al., 2010; 

Hossain et al., 2015). In particular, the helicase activity is accomplished by the two 

CSD domains which include “Walker A” and a “Walker B” motifs. These motifs allow 

ATP binding in the presence of RNA. While ATP hydrolysis is not required, the 

presence of ATP is essential for the helicase activity to take place (Awano et al., 

2010; Hossain et al., 2015).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure  30: RNase R structure. A) Side (above) and top (below) view of the RNase R 
crystal structure (PDB: 5XGU, Chu et al., 2017). B) Complete model of the RNase R 
modelled with Alphafold with the HTH domain in purple and the K-rich doamin in 
orange. 

Figure  29: The schematic comparison between the RNase II (top) and RNase R 
(bottom). N-terminal domain is in blue, CSD1/2 are in green, RNB is purple, S1 is 
orange, HTH is light green and K-rich is red (Adapted from Giudice et al., 2014) 
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The most important feature of RNase R is its ability to degrade double-stranded 

RNA. For this to be possible, the target RNA molecule must have a 3' single-stranded 

extension of at least seven nucleotides (Cheng and Deutscher, 2005). Based on the 

structure shown in Figure 30A and on the ability to degrade double-stranded RNA 

molecules, two different mechanisms have been proposed: in the first case the 3' 

extension of the substrate enters through the channel formed by the CSDs and S1 

domains (Figure 30 A, bottom); in the second case the 3' extension enters through 

the channel formed between the CSD domains and the RNB catalytic domain (Chu et 

al., 2017). From a functional point of view, thanks to its particular activity, RNase R is 

involved in several physiological mechanisms within bacterial cells, acting on a wide 

range of substrates such as rRNA, tRNA, tmRNA and sncRNA (Arraiano et al., 2010; 

Saramago et al., 2014; Domingues et al., 2015; Wellner et al., 2018). In the case of 

trans-translation, in addition to digesting non-stop mRNAs, it is also involved in the 

maturation of tmRNA under cold stress (Cairrao et al., 2003). Similarly, it is involved 

in the metabolism of 16S and 23S rRNAs and, in association with YbeY, it is also 

capable of eliminating non-translating ribosomes associated into polysomes chains 

by binding to the 30S subunit (Jacob et al., 2013). The expression and half-life of 

RNase R depend strongly on the different growth phases of the bacterial cell, as well 

as on environmental conditions or the presence of trans-translation players. At 10°C, 

the expression is about eight times higher than that of RNase II, whereas, under 

normal growth conditions, the protein is very unstable during the exponential phase 

and loses its catalytic activity. However, in the stationary phase, RNase R is highly 

stable and functional (Andrade et al., 2006; Chen and Deutscher, 2010). These 

differences have been linked to the acetylation of the residue K544. In the 

exponential phase, the acetylation of K544 allows the tmRNA-SmpB complex to 

interact with the C-terminal portion of RNase R, allowing it to attract the Lon and 

HslUV proteases that, degrade the protease by attacking its N-terminal end. In the 

stationary phase, the absence of acetylation due to the non-production of the YfiQ 

enzyme prevents the mechanism described above (Figure 31) (Liang and Deustcher, 

2012; Domingues et al., 2015). 
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However, as reported before, the degradation of non-stop mRNAs during trans-

translation depends on the presence of the tmRNA-SmpB complex. In addition, the 

specificity of degradation during this mechanism also depends on the segment 726 - 

744 of the K-rich domain, as well as the Q278 residue whose mutation renders the 

ribonuclease inactive (Richards et al., 2006; Ge et al., 2010; Liang and Deutscher, 

2013).  

 

Understanding the mechanism of action of the RNase R and describing the 

molecular interactions that occur during trans-translation is of paramount importance 

for several reasons. Firstly, among the different known exoribonucleases, RNase R is 

the only one present in mycoplasmas. In addition, Salmonella thyphymurium strains 

with a deletion for RNase R are more sensitive to antibiotics that target canonical 

translation (Saramago et al., 2014). For these reasons, these studies show that this 

enzyme may be a potential target for the development of new antibacterial agents. 

 

 

 

Cold shock or 

Stationary phase

Exponential phase

Figure  31: Schematic representation of RNase R expression, adapted from Domingues 
et al., 2015. RNase R is green, tmRNA is cyan, SmpB is red, YfiQ is orange, Lon is pink 
and HslUV is violet. The acetylation is represented with a star. 
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2.3 Materials and methods 

All the factors necessary to conduct this study, as well as the in vitro complex 

formation, were obtained as explained in "Materials and methods" of the manuscript 

Guyomar, D’Urso et al., 2021 in Section 1. The only difference is due to the use, for 

part of the experiments, of E. coli ribosomes carrying a streptavidin tag purified with 

the same protocol, from the Rpst5998 strain, for which the culture was supplemented 

with 1% kanamycin. The purification process for RNase R is explained in the next 

paragraph. 

 

2.3.1 RNase R purification 

The E. coli strain BL21(DE3) was transformed with the plasmid pET15b-RNR_D280R 

containing the gene encoding the RNase R protein mutated within the RNB domain 

(D280N) and tagged at the C-ter extremity with a six-histidine sequence. An 

overnight preculture was launched using LB culture medium supplemented with 

ampicillin (100 µg/mL) at 37°C under agitation. 2L of LB medium were inoculated 

with a starting OD600nm of 0.05. Cells were grown at 37°C until the exponential phase 

was reached at OD600nm = 0.6. From this point, 4h of induction were performed by 

addition of IPTG with a final concentration of 1 mM. Subsequently, cells were 

centrifuged, washed with 0.9% NaCl saline, pelleted, and stored at -80°C overnight. 

The pellet was thawed and resuspended in a lysis buffer (HEPES-KOH 20mM, KCl 

300 mM, MgCl2 2mM, PMSF 0,5 mM, Imidazole 10mM, DTT 1mM, pH 8). Cells were 

then lysed with French press, incubated on ice under stirring for 30 minutes in 

presence of 50 U/mL of Benzonase ® (Merck millipore), and then centrifuged. The 

supernatant was filtered and applied to a HisTrap HPTM column (1 mL, Cytiva) 

(Figure 32, 1) previously equilibrated with an equilibration buffer (HEPES-KOH 

20mM, KCl 300 mM, MgCl2 2mM, Imidazole 10mM, DTT 1mM, pH 8).  The sample 

was washed with 10 mL of washing buffer (HEPES-KOH 20mM, KCl 1M, MgCl2 

2mM, Imidazole 10mM, DTT 1mM, pH 8) and then eluted with a 0%-100% imidazole 

gradient in elution buffer (HEPES-KOH 20mM, KCl 300mM, MgCl2 2mM, Imidazole 

500mM, DTT 1mM, pH 8). The fractions corresponding to the elution peak were 

deposited on a 12% SDS-PAGE gel and those of interest pooled together and 

passed on a series of 3 HiTrap® desalting columns with Sephadex G-25 resin (5 mL, 

Cytiva) (Figure 32, 2), previously equilibrated with Concentration buffer (HEPES-

KOH 10mM, KCl 100mM, MgCl2 1mM, EDTA 0,5mM, DTT 1mM, pH 7,5) to eliminate 



 136 

the imidazole. The fractions of interest were then concentrated on Amicon® 50kDa 

(Merck millipore), previously equilibrated with the concentration buffer added with 

0.01% Tween 20. 10% glycerol was then added for conservation and the final sample 

was then dosed, aliquoted and stored at -80°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.2 PCR product for disome formation 

For disomes stalling, we designed a DNA sequence using the first 60 nucleotides 

coming from the E. coli gene encoding for EF-Tu (tufA). The length of the transcript 

was chosen according to what has been reported in previous studies (Ingolia et al., 

2019, Olson et al., 2020). We also added a Shine-Dalgarno sequence appropriately 

spaced from the start codon using of a 7 nucleotides spacer. The plasmid pUC19 

was used for amplification and production and the insertion was performed between 

the restriction sites BamH I and Hind III. The entire construct was subsequently 

fabricated by GenScript Biotech. The plasmid carrying the sequence of interest was 

1 2 

Figure  32: RNase R purification. 1) HisTrap chromatogram. 2) Desalting chromatogram. 
3) and 4) SDS-PAGE gel of the fractions after buffer exchange through desalting 
columns. 

3

 

4
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subjected to PCR to amplify the insert. The PCR product was then purified and used 

for the formation of our complex, after being transcribed into the corresponding non-

stop mRNA (non-stop mRNA_60) within the PURExpress® In Vitro Protein Synthesis 

Kit (NEB). 

 

2.3.3 Macromolecular complexes formation 

2.3.3.1 Stalled ribosome + RNase  R 

100 pmol of tRNA-Phe (See Guyomar, D’Urso et al., 2021 – Materials and Methods) 

were incubated 2 minutes at 80°C and then 30 minutes at room temperature to 

promote folding. Next, 50 pmol of Strep-Tagged ribosomes were stalled in the 

presence of 100 pmol of non-stop mRNA (See Guyomar, D’Urso et al., 2021 – 

Materials and Methodes) and 100 pmol of tRNA-Phe, previously folded, in Buffer III 

(HEPES-KOH 5mM, KCl 50mM, MgOAc 9mM, NH4Cl 10mM, DTT 1mM, pH 7,5) and 

incubated 15 min at 37°C. Finally, the complex was made by adding 1 nmol of 

RNase R to the stalled ribosomes, adjusting the concentrations of Mg2+ and KCL 

accordingly. The complex was then incubated 10 min at 37°C. To eliminate the 

excess of unbound RNase R, the complex was passed on a StrepTrap HP column 

(1mL, Cytiva) (Figure 33, 1) previously equilibrated with Buffer III. The elution was 

performed using the same buffer supplemented with 2.5 mM d-Desthiobiotin. The 

fractions corresponding to the elution peak were concentrated on Amicon® 100 kDa. 

The concentrated sample was deposited on 12% SDS-PAGE gel to check for the 

presence of the ribosome-bound protein (Figure 33, 2). Having verified the formation 

of the complex, the same sample was used at a concentration of 120 nM to prepare 

cryo-EM grids. 
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2.3.3.2 Stalled ribosome + RNaseR + tmRNA-SmpB 

After folding of 60 pmol of tRNA-Phe, 300 pmol of tmRNA were aminoacylated and 

incubated for 30 minutes at 37°C in the presence of 300 pmol of SmpB, 600 pmol of 

AlaRS, 30µM of alanine, and 2mM of ATP in buffer II (HEPES-KOH 62,5 mM, MgCl2 

9mM, NH4Cl 75 mM, pH 7,5). 60 pmol of ribosomes were then stalled as described 

above. At this point, the solution containing the blocked ribosomes was divided into 

two sets of 30 pmol each. 150 pmol of aminoacylated tmRNA-SmpB were added to 

1

 

RNase R 70
S 

70S + RNR 
2 

Figure  33: Stalled ribosome + RNase R purification. 1) StrepTrap Chromatogram. 2) 
SDS-PAGE gel used to control the presence of the RNase R on the ribosome after the 
purification of the complex. The first four tracks correspond to different RNase R 
concentrations; the fifth track corresponds to a ribosome; the sixth is for the complex. 
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one set (Cplx I), while 300 pmol of RNase R were added to the other (Cplx II), to 

assess whether the order in which the elements are added affected the final 

complex. Both sets were incubated for 10 minutes at 37°C and, after, Cplx II was 

purified as previously described. At this point, the final complexes were formed. Cplx 

I was placed in the presence of 300 pmol of RNase R, while Cplx II was mixed with 

150 pmol of tmRNA-SmpB. Once again the complexes were incubated for 10 

minutes at 37°C. The complexes were then diluted at 120 nM for cryo-EM analysis. 

 

2.3.3.3 Stalled disomes + tmRNA-SmpB 

For the reconstitution of the stalled disomes we used the PURExpress® In Vitro 

Protein Synthesis Kit (NEB). We used a volume equal to 10 reactions, as reported by 

the manufacturer. Each reaction was supplemented with 2µL of PCR product and 

2µL of mini anti-ssrA, the latter to block the activity of the tmRNA present within the 

reaction mixture. At this point, the reactions were incubated for 20 minutes at 37° C. 

The reactions were then deposited on a sucrose gradient 10%-40% prepared in 

Ribo_A Buffer (Tris-HCl 10mM, MgCl2 10mM, NH4Cl 50mM, EDTA 0.5mM , DTT 

1mM, pH 7,5), to purify the disomes from the rest of the elements present in the 

reaction. The reactions were centrifuged with the SW28 rotor at 22000 rpm for 16 

hours at 4°C. The gradient was aliquoted in fractions of 500 µL and those 

corresponding to the disome peak were combined and concentrated on a sucrose 

cushion in Ribo_B Buffer (Tris-HCl 10mM, MgOAc 10mM, NH4Cl 500mM, EDTA 

0,5mM, Sucrose 1,1 M, DTT 1mM, pH 7,5). The disomes were centrifuged with the 

70-Ti rotor at 30000 rpm 20 hours at 4°C. The supernatant was gently discarded and 

the pellet was resuspended for at least 6 hours in 30 µL of Buffer II. The disomes 

were dose and aliquoted. 100 pmol of tmRNA were aminoacylated in the presence of 

100 pmol of SmpB, 200 pmol of AlaRS, 30µM of alanine, 2mM of ATP in buffer II 

(HEPES-KOH 62,5 mM, MgCl2 9mM, NH4Cl 75 mM, pH 7,5) and incubated for 30 

minutes at 37°C. The so-formed complex was then added to 10 pmol of disomes and 

incubated for 10 minutes at 37°C. In the end, disomes were diluted to 50 mM for 

cryo-EM analysis. 
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2.3.4 Cryo-EM grids preparation 

After the preparation of the complexes from the various purified elements, these were 

directly deposited on grids and immediately frozen. For the monosome complexes, 

we used Quantifoil® R3.5/1 grids (Cu 200m), ionized for 30 seconds at 10mA with 

glow-discharge (Leica, EM ACE 600), while for disomes we used C-Flat® R4/2 grids 

(Cu 200m). The monosome samples were then frozen with the Vitrobot™ 

(Thermofisher Scientific), while disomes were vitrified with the automatic plunge 

freezer EM GP (Leica). In both cases, 2,5 µL of sample are deposited on the grid. 

After 20 seconds of contact, the excess of volume was blotted for 3.5 seconds, using 

two paper discs (Vitrobot™), in the case of monosomes and for 2 seconds using one 

paper disc, in the case of disomes. The temperature of the ethane (around -180°C) 

and the cooling speed (-3000°C/second) prevent the formation of crystalline ice so 

that the sample is trapped in a thin amorphous ice layer. The temperature of the 

plunge freezer systems chamber was maintained at 22°C in the presence of a 

saturated atmosphere with 100% humidity, in order to avoid any evaporation of the 

sample, which could induce changes in the concentration of particles and salts in the 

suspension medium. 

 

2.3.5 Image acquisition with Tecnai G2 Sphera 

The screening of the samples was done with our in-house Tecnai G2 Sphera 

microscope (MRic-TEM platform, Rennes) with a LaB6 electron source accelerated 

to 200 kV. The Grids were placed on a Simple Origin Model 205 Grid Cryo Transfer 

holder and images were acquired with a TVIPS TemCam-XF416(ES) camera 

characterized by a pixel size of 1,72 Å and an image size of 4096x4096 pixels. Four 

images were taken for each hole with a defocus range from -2.6 µm to -3.4 µm. 

Disomes images were binned 2x to speed up the calculations during the treatment. 

 

2.3.6 Image acquisition with Titan Krios 

Only the complex formed by the stalled ribosome + RNase R underwent high-

resolution acquisition at the EMBL Imagin Center in Heidelberg. Images were 

acquired with a Titan Krios G3 300 kV equipped with a X-FEG electron source, a 

SelectriX energy filter, a Gatan Quantum K3 direct electron detector camera, Volta 

phase plate and the SerialEM software for automated data acquisition. The image 

pixel size was 0.822 Å with a defocus range between -0.75 µm and -1.5 µm and a 
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total dose of 33.48 e/Å.  The movies acquired on the Tecnai G2 Sphera and on the 

Titan Krios were then treated in the same way as explained in the following section 

2.4.3. 

 

 

2.4 Results and discussion 

2.4.1 Low-resolution analysis of “Stalled ribosome + RNase R“ 

complex 

To characterize the third major player involved in trans-translation, i.e., RNase R, we 

first sought to investigate its ability to recognize and bind ribosomes stalled on non-

stop mRNAs. After the in vitro complex formation, (see section 2.3 Materials and 

methods) and before observing the sample with cryo-EM, we first sought to 

biochemically verify that the RNase R binds to the ribosomes. The complex was 

purified through chromatography by taking advantage of the presence of the 

streptavidin tag on ribosomes. The fractions corresponding to the elution peak were 

then pooled and deposited on gel where it was possible to ascertain the presence of 

both the ribosomes and RNase R (Fig 33). Having ascertained the ability of RNase R 

to recognize and bind a stalled ribosome, we then moved on to low-resolution 

characterization of this complex by cryo-EM.  

494 movies were acquired with our local microscope (see section 2.3.5) and were 

imported into cryoSPARC and immediately subjected to motion correction and CTF 

estimation. 62.269 particles were extracted from the movies and then organized into 

250 classes through 2D Classification. About 10.000 particles corresponding to the 

best classes were selected and used to obtain a first ab initio density map. To slightly 

improve the resolution, the ab initio density map was finally subjected to a round of 

refinement, resulting in a final map with a 12.59 Å resolution.  
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The comparison of this preliminary map with the density map of an E. coli ribosome, 

obtained in the same condition, brought out the presence of a protuberance 

straddling the head and the body of the small subunit near the uS3, uS4 and uS5 

proteins, where the mRNA entry channel is localized, as reported in previous studies 

(Malecki et al., 2014; Venaktaraman et al., 2014). As the presence of RNase R 

anchored to the stalled ribosomes was confirmed by SD PAGE, we concluded that 

the observed protuberance was the RNAse R. Although the result was at a rather low 

resolution, it was sufficient to note that the RNase R binds the ribosome on the same 

region as the tmRNA’s helix H5 and PK2 pseudoknot during the trans-translation 

process (see Guyomar, D’Urso et al., 2021).  

 

 

 

 

 

A
B

C

Experimental map E. coli atomic model derived map

Figure  34: cryoSPARC image analysis of the “Stalled ribosome + RNase R“ complex 
after low-resolution acquisition. A) 2D classification after particles extraction. B) 
Comparison between the model coming from 2D classes and a classical E. coli 70S. C) 
GSFSC resolution plot of the map generated in cryoSPARC 
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That result suggests that a sharp competition could exist between RNase R and the 

tmRNA-SmpB complex to bind a stalled ribosome in the course of trans-translation, 

in contrast to what was shown by Richards et al. and Venkaktraman et al. in which 

they showed, in a different way, that the recruitment of the RNase R depends on the 

activity of tmRNA-SmpB complex or SmpB alone (Richards et al., 2006; 

Venaktaraman et al., 2014). Since the two main players bind the small subunit on the 

same zone, straddling the mRNA entry channel, the fact that they could arrive 

together and coexist on a stalled ribosome (Karzai and Sauer, 2001; Liang and 

Deutscher, 2010), is quite questionable and needs to be proven. 

Given the absence of tmRNA-SmpB complex on this map, it is important to 

remember that RNase R has many other activities within the cells. For example, it is 

involved in 16S rRNA maturation (Deutscher, 2009; Purusharth et al., 2007) as well 

as in the removal of defective and unmatured 70S ribosomes. By associating with the 

A B

RNase R

RNase R
tmRNA

uS2

uS3

uS5

uS4

Figure  35: Analysis of the “Stalled ribosome + RNase R“ low-resolution density map. 
A) Focus on the proteins flanking the binding area of the RNase R. The RNase R is 
salmon, uS2 is orange, uS3 is gold, uS4 is khaki, uS5 is gold. B) Comparison between 
our density map with the RNase R and the tmRNA density. The Rnase R and the H5 and 
PK2 domain of the tmRNA bind to the same area of the ribosome. 
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endonuclease YbeY, RNase R degrades these ribosomes, alone or within a 

polysome (Jacob et al., 2013). Therefore, at this stage, we cannot exclude that what 

we observed was related to these activities and not to trans-translation. 

To answer these questions and to see if indeed what previous studies have 

suggested can be confirmed, we continued our investigation by trying to understand 

the behavior of RNase R in the presence of the tmRNA-SmpB complex on a stalled 

ribosome. 

 

2.4.2 Low-resolution analysis of “Stalled ribosome + RNase R + 

tmRNA-SmpB” complex 

Taking into account the preliminary results obtained from the observation of the first 

complex, the next step was to investigate the behavior of the protein simultaneously 

with tmRNA and SmpB. Since we hypothesize a spatial competition between the 

tmRNA-SmpB complex and RNase R, we first investigated the possibility of temporal 

regulation for the whole system. To do so, two complexes were made in which the 

addition of RNase R and tmRNA-SmpB occurred alternatively (see 2.3.3.2 Stalled 

ribosome + RNase R + tmRNA-SmpB). Starting with a stalled ribosome, the reaction 

was split into two. On one side we added RNase R (Cplx I), while on the other side 

we added tmRNA-SmpB suitably aminoacylated (Cplx II). At this point, part of both 

samples was observed in cryo-EM to make sure that the complex was formed. 

 

We then added tmRNA-SmpB to the first complex (Cplx I) and RNAse R to the 

second complex (Cplx II). As before, the two complexes were analyzed by cryo-EM. 

For Cplx I, from the 592 movies acquired, 53.746 particles were used to reconstruct 

the final map while, for Cplx II, from the 690 movies acquired, 62.231 particles were 

used for the final reconstruction. From the comparison of the two final complexes, it 

can be observed that in both cases the mass corresponding to RNase R is absent, 

while the density corresponding to the tmRNA-SmpB complex can be easily 

recognized (Figure 36). Based on what we have seen, in Cplx I the addition of 

tmRNA and SmpB induced a displacement of the previously bound RNase R that 

was well anchored to the ribosome, whereas, in the second case (Cplx II), the 

presence of tmRNA prevent the interaction of the RNase R with the ribosome. This 

clearly shows that both actors bind the 30S surface near the mRNA entry channel but 
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tmRNA-SmpB affinity is much stronger to the point that it can eject the RNase R from 

its binding site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stalled 70S

RNase R

RNase R

tmRNA-SmpB

tmRNA-SmpB

Figure  36: Schematic representation of the low-resolution study of RNase R and 
tmRNA-SmpB binding to a stalled ribosome. Each density map present the the GSFSC 
resolution plot. 
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In particular, in presence of the tmRNA-SmpB complex, the position normally 

occupied by the RNase R is now occupied by helix H5 and PK2. As suggested by 

Venkataraman and colleagues (2014), the H5 helix of the tmRNA would cause 

conformational changes in the small 30S subunit required for RNase R recruitment. 

Thus, it is reasonable to assume that RNase R occupies a different position on the 

ribosome surface when it interacts in the context of trans-translation. Furthermore, it 

was also described that the length and position of the ORF of the tmRNA plays a 

crucial role in the recruitment of the RNase R during trans-translation (Venkataraman 

et al., 2014), suggesting that it would bind nearby. In particular, mutation of the last 

two adenine codons (which are in the H5 helix) of the tmRNA tagging sequence into 

two aspartic acids is sufficient to disrupt the recruitment of RNase R on the trans-

translating ribosome. We first hypothesized that a binding site could be slightly above 

EF-Tu, directly in contact with the MLD, close to the A-Site uS12 protein. This protein 

has been described to interact with the RNase R via the highly conserved Asp88 

(Strader et al., 2013). The RNase R would then be located near the 3' end of the 

mRNA, which is consistent with its 3' - 5' exoribonuclease activity. However, no other 

extra density appears to be present in our map. In addition, the access to the 3' end 

of mRNA from this area would be highly complex (if not impossible) given the 

presence of tmRNA and the subsequent expulsion of the same mRNA by SmpB. On 

this basis, the only hypothesis that we could formulate is that both RNase R and 

tmRNA-SmpB arrive simultaneously during trans-translation, carrying out their 

activity on two separate but consecutive ribosomes, stalled on the same non-stop 

mRNA. To test this hypothesis, the next step was to study RNase R, tmRNA, and 

SmpB on a more complex system, formed by two ribosomes stalled on the same 

non-stop mRNA. On the other hand, we also decided to conduct a high-resolution 

study of the "Stalled ribosome + RNase R" complex to describe for the first time the 

molecular interactions that take place between these two partners.  
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2.4.3 High-resolution analysis of the “Stalled ribosome + RNase R“ 

complex 

The high-resolution study was conducted on a Titan Krios G3 microscope at the 

EMBL Imaging Center in Heidelberg. The 48-hour acquisition time allowed us to 

obtain 22.810 movies with a pixel size of 0.822 Å. The image analysis was conducted 

with cryoSPARC (v2.15.0) and RELION (3.1-beta-commit). Movies were imported 

into cryoSPARC where they were first subjected to Motion correction and CTF 

estimation. After the pretreatment, 881.222 particles were extracted and subjected to 

two rounds of 2D classification. At this point, 802.832 particles were selected and 

used to obtain a first preliminary 3D density map with a resolution of 2.67 Å. 

 

From this point on, all subsequent steps were carried out in RELION. The preliminary 

ab initio model was used to generate a first density map immediately subjected to 3D 

classification to separate the dataset into different conformations assumed by the 

ribosome and eliminate those junk particles still present. From the 10 classes 

generated, 529.307 particles were selected, representing a somewhat stable 

ribosome with albeit some mobility at the level of the small subunit head. At this 

point, a mask around the small subunit was created in such a way as to focus our 

attention increasingly on the density relative to RNase R, which turns out to be highly 

dynamic and not very well defined as a result of its high flexibility. Thanks to the 

mask, we subtracted much of the ribosome-related signal, and the remaining signal 

was organized into 10 classes once again. 4 classes containing 376.655 particles 

were selected on the basis of the presence of the tRNA within the P site, which is 

essential for the stabilization of the entire complex. However, the signal related to 

RNase R was still highly blurred and not well defined. Similarly, a smaller mask was 

created only around the protein of interest, subtracting the remaining part of the small 

subunit. From the 5 classes obtained, none of them turned out to be defined to such 

an extent that elements of secondary structure can be observed.  
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Figure  37: Schematic representation of the high-resolution study of the “Stalled 
ribosome + RNase R“ complex in cryoSPARC including the particle picking, the 2D 
classification and the final map with its GSFSC resolution plot.  
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Since we thought that the problem could be due to the relatively small contribution of 

the RNase R to the signal (with respect to the ribosome) even when performing 3D 

classification with signal substraction, we tried to focus only on the protein, but using 

a 2D classification. Starting from the electron density map obtained after the second 

round of 3D classification, we created a spherical mask with a diameter of 100 Å 

centered on the RNase, to only consider the signal inside it. After properly centering 

all the images on the newly created mask, we performed a 2D classification with 

alignment on the remaining RNase R signal both in RELION and in cryoSPARC. In 

both cases, the classification was performed two times keeping 273.860 particles in 

RELION and 123.130 particles in cryoSPARC. The selected particles were then used 

to generate an electron density map. In both cases, unfortunately, we were unable to 

obtain enough information (15.37 Å RELION, 5.12 Å cryoSPARC) to reconstruct a 

model for the RNase R and produce a molecular description of the contacts occurring 

during the interaction with the ribosome. The protein appears to be highly dynamic 

although well anchored to the ribosome. This dynamism may be an intrinsic property 

of the RNase R since the N- (Helix-Turn-Helix) and C-terminal (K-rich) domains 

(Figure 30 A) were not resolved into crystallographic structure (Chu et al., 2017). 

However, other studies suggest instead that this dynamism derives essentially from 

the weakness of the interactions with the ribosome (Malecki et al., 2014), in particular 

if we consider that the protein could be stabilized by binding an RNA strand.  
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3D Classes Selection (529.307 particles) and 3D Re nement (3,12 Å)

Mask creation and Signal subtraction

Ab Initio model from cryoSPARC

3D Classi cation (10 classes)

3D Classi cation (10 classes)

3D Classes Selection (376.655) and 3D Re nement (3,53 Å)

Mask creation and Signal subtraction

3D Classi cation (5 classes)

2D Classi cation with centering on mask an image alignment (150 classes)

cryoSPARC RELION

2D Classes Selection (273.860 particles) and 3D Re nement (15,37 Å)2D Classes Selection (123.130 particles) and 3D Re nement (7127 Å)

Figure  38: Schematic representation of the high-resolution study of the “Stalled 
ribosome + RNase R“ complex in RELION. Here we report the several 3D classifications 
with signal subraction and, in the end, the maps of the RNase R obtained after 2D 
reclassification in cryoSPARC and RELION.  
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In our study, the presence of the stalled ribosome-bound RNase R was confirmed 

both biochemically and structurally. If the protein had presented a very weak 

interaction, much of it would have disappeared during the passage of the complex on 

a chromatographic column, thus making it impossible to ascertain its presence on 

either SDS-PAGE gel or cryo-EM grid. The very poorly defined signal and the 

difficulties found during the electron density map reconstruction can thus be 

explained by the dinamicity of the protein at the surface of the ribosome and by its 

intrinsic flexibility, especially for the domains located at the extremity of the sequence 

(Figure 30 B). Indeed, if one of these two domains were the element in interaction 

with the ribosome, the central body of the protein could assume different 

conformations, by hovering just above the 30S surface. This will give rise to a lot of 

heterogeneity that will be very hard to account in structural studies. However, we do 

not want to say that this protein cannot be studied from a structural point of view, as 

atomic models have been reconstructed of many other highly dynamic factors. In this 

case, we are only at the beginning of the characterization of the RNase R in cryo-EM, 

and many other tests are in the pipeline. A possible solution to this problem might be 

to use an mRNA that is sufficiently long to protrude from the entry channel. In this 

case, the binding of the mRNA may help to anchor the protein and limit its 

conformational space at the surface of the SSU. Another solution might be 

implemented during sample preparation, before grid preparation, by increasing the 

concentration of cross-linking agents such as glutaraldehyde. The risk, in this case, 

would be to induce the formation of non-specific interactions between the RNase R 

and the ribosome. In any case, the team currently tests various strategies in order to 

obtain soon a first description of RNase R during its interaction with a stalled 

ribosome. 

 

 

2.4.4 Low-resolution study of the “Stalled disomes + tmRNA-SmpB“ 

complex 

During protein synthesis, a single mRNA molecule can be translated by several 

ribosomes at the same time, each producing a single copy of the protein encoded by 

that transcript. In this way, several ribosomes are attached to a single mRNA 

molecule, forming a characteristic "pearl necklace" called polyribosomes or 

polysomes. As for canonical translation, we can imagine that a similar situation arises 
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during trans-translation when several ribosomes are translating the same non-stop 

mRNA molecule. When the first ribosome stalled at the 3' end of the messenger it 

jams all the others, which finish by colliding into each other (at least in the absence of 

rescue machinery). In this scenario, the first ribosome would present an empty A-site 

and a P-site tRNA carrying the nascent polypeptide chain, while the following 

translating ribosomes (with occupied A, P and E site) will collide on it. Considering 

that RNase R and the tmRNA are competing for the same binding site, and that no 

additional interactions were observed between tmRNA and other elements of the 

trans-translating ribosome (ie bS1), one can wonder if the RNase R could be present 

the second stalled (collided) ribosome. To get a more exhaustive description of the 

trans-translation process on one hand, and try to answer this question on the other 

hand, we decided to study trans-translation on a more complex system based on two 

ribosomes stalled on the same non-stop mRNA molecule, commonly called disomes. 

 

The first step of this study was to design a non-stop mRNA molecule long enough to 

accommodate two ribosomes at the same time. While on one hand this transcript had 

to be longer than the one needed for a single ribosome, on the other hand the length 

had to be such that three or more ribosomes could be bound, in order to promote the 

formation of disome (by forbidding the formation of more complex structures such as 

trisomes or polysomes) and make the image analysis easier by limiting the diversity 

of the sample. We thought that this would probably help for the study of trans-

translation partners by making the system as simple as possible and reducing the 

number of potential targets for the protein. 

Based on ribosome profiling studies, focused on sequencing of short mRNA 

fragments physically enclosed by the ribosome and shielded from nuclease 

digestion, we determined that the ideal length of our transcript had to be around 60 

nucleotides (Guydosh and Green, 2014; Lareau et al., 2014; Matsuo et al., 2017; 

Ingolia et al., 2019, Olson et al., 2020). In particular, we chose the first 60 nucleotides 

of the tufA gene that encodes for E. coli EF-Tu, one of the proteins most commonly 

found within the bacterial cell. The sequence was then appropriately complemented 

at the 5' end with the promoter sequence for the T7 polymerase, followed by a Shine-

Dalgarno sequence and a 7-base spacer upstream the start codon.  
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Next, the sequence was inserted within the pUC19 vector for the storage and the 

subsequent PCR product production. The stalled disomes were then produced using 

the PURExpress kit containing all the factors needed for the transcription of the PCR 

product and the subsequent stalling. In addition, the reaction mixture was 

supplemented with a RNA molecule (mini-anti ssrA) complementary to the MLD 

portion of the tmRNA, to block the tmRNA present in the kit. 

Using a 10-40% sucrose gradient, the disomes were separated from the remaining 

ribosome species present within the reaction, as well as from smaller molecules. In 

particular, we observed that two types of disomes came out: the first type where two 

ribosomes lay on the same mRNA strand spaced from each other, the second type 

where the two ribosomes were collided with each other (Fig. 40, 2). These two 

species were quite distinct within the gradient, with the first migrating less than the 

latter. This may be due to the fact that, given the distance between the two 

ribosomes for the first type, they might move independently, resulting in their density 

>ref|NC_000913.3|:c3471506-3469966 Escherichia coli str. K-12 substr. MG1655,complete genome

GTGTCTAAAGAAAAATTTGAACGTACAAAACCGCACGTTAACGTTGGTACTATCGGCCA   (60 bases)

1kb

0,1kb

A

B

C

Figure  39: Production of the non-stop mRNA for disomes. A) The first 60 nucleotides 
used for the mRNA production coming from the EF-Tu gene. In red the starting codon 
B) The vector in which we inserted our sequence. C) The PCR product purified used for 
the mRNA production. 
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to be intermediate between that of a single ribosome and that of two collided 

ribosomes.  

 

 

 

 

 

 

 

 

Figure  40: The sucrose gradient profile used for disomes purification. For the three 
identified peacks the characterization of the sample using negative staining EM is also 
shown. 
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As a consequence, the first type disomes are positioned on the 10-40% sucrose 

gradient exactly between free ribosomes and collided disomes. As the non-collided 

disomes were not useful to our study, we used the collided one in the following steps 

of our experiment. After the fractions of interest were picked and concentrated on 

sucrose cushion, the sample was re-suspended to the volume suitable for complex 

formation. At this stage we added tmRNA-SmpB (see 2.3 Materials and Methods). 

The reaction was finally diluted to the proper concentration for grids preparation. 

 

 

2.4.4.1 Data processing and results of E. coli disomes during 

trans-translation 

2.5µL of the sample at 100 µM were applied on C-flat 4/2 200 mesh holy carbon 

grids and immediately vitrified in liquid ethane using a Vitrobot Mark III with a blotting 

time of 2 s. 1881 movies were collected using our in-house microscope by binning 

the pixel size at 3.444 Å (Figure 41). In this case movies were binned to speed up the 

calculation during the image analysis. Indeed, such astuteness allows us to use a 

box size of less than 520 pixels without impacting the quality of the reconstruction, as 

we are only interested, at this stage, in observing whether the theorized complex was 

successfully assembled. Particles were at first manually picked by centering the box 

in between the two ribosomal particles. Then, the extracted particles were used as a 

template for the automated picking in cryoSPARC. Several rounds of 2D 

classification allowed us to only select classes belonging to disomes, leaving behind 

anything that corresponds to isolated ribosomes (which may result from the 

separation of a ribosome from the non-stop mRNA during the purification process) 

(Figure 41).  
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20836 particles were used for an ab-initio reconstruction, generating 3 different 

models to split the dataset in different classes corresponding to trash particles, 

collided empty disomes and trans-translating collided disomes. At the end, we 

selected the reconstruction for the trans-translating collided disomes, which 

corresponded to 7072 particles. Next, we refined the map. The selected refined 

volume, representing our final model, had a final resolution of 17.22 Å (Figure 42). 

 

 

 

 

 

 

 

A B

Figure  41: Example of the disomes observed A) Movie acquired with our in-house cryo 
microscope. B) 2D classes selected for the reconstruction. 
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From the resulting 3D reconstruction we can see the presence of the tmRNA-SmpB 

complex within the A site of the stalled ribosome. To perform its function on a stalled 

ribosome, the tmRNA-SmpB complex needs an empty A-site, free from any potential 

A B

C

tmRNA

Stalled 70S

Collided 70S

Stalled 70S

Collided 70S

Figure  42: 3D density map of our trans-translating disome in complex with tmRNA and 
SmpB. A) Side view of the density map. B) Top view of the density map. C) Atomic 
model of the trans-translated ribosome (Guyomar, D’Urso et al., 2021; PDB: 7AC7) fitted 
within the trans-translating 70S and A -, P- site tRNA and mRNA fitted within the 
collided 70S coming (Saito et al., 2022; PDB: 7QG8). The stalled ribosome is white, the 
tmRNA is red, the SmpB is purple, the A-site tRNA is orange, the P-site tRNA is blue, 
and the mRNA is green. 
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mRNA portion. This confirms that, during disome formation, the stalled ribosome has 

effectively reached the end of the non-stop mRNA. The collided ribosome is rotated 

with respect to the stalled one, and the two SSU are making extensive contact with 

each other (Figure 42 A, B). By comparing our map with the structures of isolated 

ribosomes undergoing trans-translation (Guyomar, D’Urso et al., 2021; PDB: 7AC7), 

we conclude saying that the conformation assumed by the tmRNA corresponds to 

the accommodation state, with the TLD portion fully inserted into the A site, the 

peptidyl-tRNA in the P site and the MLD portion still folded within the ring of 

pseudoknots (Figure 42 C). On the other hand, the collided ribosome shows two 

tRNAs, one in the A site and the other in the P site, confirming that both ribosomes 

were translating the information contained into the non-stop mRNA. The 

conformation of the disomes we are looking at does not correspond to any form of 

hibernation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The experimental data we obtained were likewise compared with those derived from 

a recent work by Saito and co-workers (Saito et al., 2022) in which they shed light on 

the activity of the SmrB factor, implicated in the detection and rescue of ribosome 

A B C

D

Front view Top view Back view

SmrB

Potential RNase R Binding Sit e

Figure  43: Comparison between our data and other stalled ribosomes. A) Front view, B) 
top view and C) back views of the superposition between our map (grey) and the map 
of an E Coli Disome stalled on the arrest peptide VemPl of stalled (pink) and collided 
(purple) ribosomes from Saito et al. fitted in our density map (grey). In yellow the 
atomic model of the SmrB rescue factor that cleaves mRNA upstream of the stalled 
ribosome (Saito et al., 2022; PDB: 7QGN, 7QG8). 
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collision following the stalling on arrest peptide. As clearly visible on the 

superposition of our and their map (Figure 43 A, B and C), the two structures appear 

to be nearly identical. This shows that there are no structural differences between 

collided disomes obtained from non-stop mRNA or arrest-peptide encoding mRNA. 

Based on what we have observed from our previous study of RNase R, it appears 

that, if the protein binds the collided ribosome, it will be placed exactly at the interface 

between the two SSU (Figure 43 D). This position may not be very accessible but, 

interestingly, it corresponds roughly to the binding site of SmrB, whose activity is to 

cleave the defective mRNA strand at the interface between the two stalled ribosomes 

in order to free them and to promote trans-translation.  

Looking at these evidences, one possible hypothesis would be that, in such a 

situation (in which SmrB interposes itself at the interface between the two stalled 

ribosomes), the RNase R could in any case reach and bind the stalled ribosome in a 

“wait-and-see” situation, on the collided one, for the non-stop mRNA once it will be 

ejected by tmRNA-SmpB complex. In this way, the ribonuclease is able to degrade 

the defective mRNA, abruptly preventing other ribosome stalling within the bacterial 

cell. The second possibility is that, in this context, the RNase R interacts with other 

areas on the ribosomal surface. These hypotheses are now being tested in the 

laboratory, through several ongoing experiments in which we try to produce disomes 

in presence of both tmRNA-SmpB and the RNase R. 

 

At the same time, we decided to observe at high-resolution the complex formed by 

the disomes in presence of tmRNA and SmpB in order to get more information 

regarding the trans-transaltional process, describe more completely the entire 

mechanisms and try to characterize new molecular interaction essential to its 

successful completion. The images have been acquired in Heidelberg at the end of 

August 2022 and they are now being processed and analyzed in the laboratory. 
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2.5 Conclusion and perspectives 

The key mechanism of trans-translation has been well characterized by our previous 

study in which we shed light on the molecular basis of the process. However, not all 

the components involved have been characterized and described. For that reason we 

focused our attention on the characterization of the RNase R, the protein responsible 

for the non-stop mRNA degradation.  

First of all, we asked whether the protein was able to recognize and bind a stalled 

ribosome. As previously suggested, the RNase R efficiently binds the 30S subunit, 

even in the 70S context. The binding site, localized at the base of the beak, near the 

proteins uS2, uS3, uS4 and uS5, differs from the one used by the RNase R to 

degrade the non-processive ribosomes. Indeed, a recent study by Wilson lab was 

able to solve the structure of the RNase R degrading a 30S rRNA in B. subtilis 

(unpublished results). In that case, the RNase R binds between the head and the 

body of the 30S, at the upstream end of the mRNA exit channel, and interacts with 

uS7, uS11 and bS18. The binding site clearly differs from what we observed, 

suggesting that the RNase R can bind different sites at the surface of the ribosome 

depending of the task at hand. Then, we simultaneously tried to observe the tmRNA-

SmpB complex and the RNase R on stalled ribosome. However, what we 

demonstrate is that the trans-translation tmRNA-SmpB complex and RNase R 

compete for the same binding site at the mRNA entry channel. We also acquired 

high-resolution images of the RNase R on a stalled ribosome. However, the complex 

appears to be extremely dynamical and we could not obtain sufficient resolution to 

shed light on the molecular interactions underlying the binding of the protein. The 

observed competition led us to inquire if the RNase R plays its role in concert with 

tmRNA-SmpB but on a system made of multiple ribosomes. To answer this question 

we purified collided disomes and demonstrate that the tmRNA-SmpB complex can 

take charge of the ribosome stalled at the end of the non-stop mRNA. These 

encouraging results have lead us to acquire high-resolution images of this complex 

and the data are being processed. Our preliminary reconstruction also reveals that 

the collided disomes obtained from non-stop mRNA are similar to the one obtained 

using arresting peptides. Although the RNase R wasn’t present in this complex, its 

putative binding site, at surface of the mRNA entry channel of the collided ribosome, 

is not easily accessible but corresponds to the one occupied by the SmrB splitting 

factor (Saito et al., 2022). 
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Altogether these results suggest the RNase R could interact elsewhere on the stalled 

ribosomes, awaiting to degrade the defective mRNA. Further studies are ongoing to 

challenge these hypotheses. 
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Section 3: 

 

Structural insights into the 

binding of bS1 protein to the 

ribosome. 

 

 

 
 

 



 164 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 165 

3.1 Context of study 

 

The two main actors of trans-translation are tmRNA and SmpB but several other 

“secondary” actors are also needed for this rescue mechanism to take place. As 

mentioned previously, alanyl-tRNA synthetase is required for tmRNA activation, EF-

Tu is necessary for ribosome binding, RNase R is needed for degradation of non-

stop RNAs, and the degradation of proteins tagged by tmRNAs is accomplished by 

three energy-dependent proteases, ClpXP, ClpAP, FtsH as well as Tsp, a 

periplasmic energy-independent protease. The number of tmRNA molecules per E. 

coli cell is roughly 5% of the total number of ribosomes, and tmRNA rescues 1 

ribosome every 250 translation events (Moore et al., 2005). To ensure the efficiency 

of this process, the tmRNA-SmpB complex needs to quickly recognize and bind the 

stalled ribosome. Among the many factors involved in trans-translation, the bS1 

protein has been shown to be needed for the binding of tmRNA to ribosomes (Wower 

et al., 2000; Karzai and Sauer, 2001; Bordeau and Felden, 2002; Saguy et al., 2007). 

Although the exact role and mode of action of the bS1 protein during trans-translation 

is not entirely clear, several studies have reported that this protein plays a key role in 

protecting tmRNA from an eventual cytoplasmic degradation, as well as promoting 

the resumption of translation at the tmRNA’s ORF, in particular through the 

interaction via the domain 4 (McGinnes and Sauer, 2004). In addition, changes in the 

expression level of bS1 strongly reduce the rate of binding to tmRNA, normally 

characterized by an apparent binding constant ranging from 10 to 100 mM (Wower et 

al., 2000; Bordeau and Felden, 2002; McGinness and Sauer, 2004; Okada et al., 

2004).  

Despite its importance, not only in trans-translation but also and especially during 

canonical translation initiation, bS1 lacks a high-resolution structure, either by 

crystallography or cryo-EM. In addition, the only available structural characterizations 

of the protein have been done on hibernating ribosomes or through chimeric protein 

formation necessary for its stabilization (Byrgazov et al., 2014; Beckert et al., 2018).  

In the course of this Ph.D., we tried to structurally characterize the role of the bS1 

protein during trans-translation. From the analysis of density maps derived from the 

study of Guyomar, D'Urso, and coworkers, a number of classes were identified in 

which both the tmRNA-SmpB complex and the bS1 protein were present on the 

ribosome.  
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The bS1 protein was observed during the pre-accommodation and accommodation 

of the tmRNA, but not during the translocation step, and no direct interaction between 

the tmRNA-SmpB and bS1 could be observed. Moreover, although the amount of 

signal related to the bS1 protein was rather low, the bS1 protein was clearly bound to 

the uS2 protein above the E-site but in a somehow different conformation than the 

one previously described. We concluded that the observed conformation of bS1 was 

related to the presence of the SD – anti-SD base pairing and not to the tmRNA-

SmpB complex (the ejection of the mRNA from the ribosome during the translocation 

of tmRNA-SmpB, explaining why the density corresponding to bS1 could not be 

observed during this and the following trans-translation steps). 

We, therefore, started from a simpler system with which we tried to characterize for 

the first time the bS1 protein on an elongation competent ribosome (70S with a SD-

containing mRNA and fMet-tRNA), just before the beginning of translation. This study 

led to some very interesting results that on the one hand confirmed what had already 

been said in previous works while, on the other hand, revealed new interesting 

details that allowed us to expand the knowledge related to this protein. This work 

represents the content of the next paragraph and is currently under review in Nucleic 

Acid Research the journal. 
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3.2 Article: “Structural insights into the binding of bS1 to the ribosome“               

(under review) 

 

 

Structural insights into the binding of bS1 to the ribosome 

Gaetano D’Urso1, Sophie Chat1, Reynald Gillet1*, and Emmanuel Giudice1* 

1Univ. Rennes, CNRS, Institut de Génétique et Développement de Rennes (IGDR) UMR 

6290, 35000 Rennes, France. 

 

*Correspondance to: reynald.gillet@univ-rennes1.fr and emmanuel.giudice@univ-rennes1.fr 

 

 

ABSTRACT 

The multidomain ribosomal protein bS1 is the biggest and the most flexible and dynamic 

protein in the 30S small subunit. Despite being essential for mRNA recruitment and its 

primary role in the accommodation of the start codon within the decoding centre, there has 

not yet been a high-resolution description of its structure. Here, we present a 3D atomic 

model of OB1 and OB2, bS1’s first two N-terminal domains, bound to an elongation-

competent 70S ribosome. Our structure reveals that, as previously reported, bS1 is anchored 

both by a π-stacking to the 30S subunit and via a salt bridge with the Zn2+ pocket of uS1. 

These contacts are further stabilized by other interactions with additional residues on OB1. 

Our model also shows a new conformation of OB2, interacting with the Shine-Dalgarno 

portion of the mRNA. This study confirms that OB1 plays an anchoring role, but also 

highlights a novel function for OB2, which is directly involved in the modulation and support 

of mRNA binding and accommodation on the ribosome. 

 

Keywords: bS1, cryo-EM, Ribosome, translation 
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INTRODUCTION 

The flow of genetic information from DNA to functional proteins is achieved through the 

translation of mRNA molecules by ribosomes. The initiation of this translation process is the 

rate-limiting step for protein synthesis (1). In prokaryotes, the recognition of the first codon 

by P-site fMet-tRNAfMet relies on mRNA binding to the small ribosomal subunit, 30S (2). 

This process is driven by the interaction between the AG-rich ribosome-binding site of the 

mRNA’s 5′ untranslated region (5′ UTR) known as the Shine–Dalgarno (SD) sequence (3), 

and its counterpart, the CU-rich anti-SD sequence (aSD) at the 3′ end of 16S rRNA (4). The 

duplex formed by the two RNA molecules proceeds through various base-pairing interactions, 

ensuring that the 30S initiation complex (30S IC) is formed in such a way that the “start” 

codon of the open reading frame (usually an AUG) is correctly placed at the P site (5, 6). This 

interaction between the SD and the aSD is sufficient for most mRNAs to initiate translation. 

However, some natural mRNAs have weak SD sequences, none at all, or structural motifs in 

the 5′ UTR upstream from the coding portion, and these will all impede interactions with the 

16S rRNA (7, 8, 9). In such cases, other factors are required to form the translation initiation 

complex.  

The ribosomal protein bS1 is a single-stranded RNA-binding protein which is conserved in 

all Gram-negative bacteria. More distant “S1 proteins”, generally formed of fewer domains, 

have also been identified in Gram-positive bacteria (10). With a length in solution of 

approximately 230 Å (11), it is the largest and most acidic protein that interacts, although in a 

weak and reversible way, with the small subunits of bacterial ribosomes (12). It is 

instrumental not just during the late steps of canonical translation initiation, but also in 

facilitating the binding of the small subunit to the mRNA SD portion (13, 14). The structure 

of bS1 contains six consecutive domains connected by loops of 10–15 residues which provide 

the flexibility essential for accomplishing its principal function, that of recruiting mRNA 
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transcripts on the ribosome (15, 16). Each bS1 domain, or oligonucleotide/oligosaccharide—

binding (OB)-fold domain, consists of approximately 70 amino acids folded into a β-barrel. 

The barrel is composed of five antiparallel β-strands arranged into a Greek key topology, and 

one α-helix, which closes the bottom (15). From a functional point of view, the first two N-

terminal domains (OB1 and OB2) do not have detectable RNA–binding activity, and they 

seem to be mostly involved in binding ribosomes (10, 15, 16, 17, 18, 19, 20). More 

specifically, the protein’s first 106 amino acids are sufficient to ensure the contact with the 

30S subunit by means of an interaction with the protein uS2 (10, 15, 16, 17, 18, 19, 20, 21). 

However, because OB2 is located near the 16S helix h26 and the 5′-end of mRNA, it has also 

been suggested that it is involved in mRNA interaction on the ribosome (20). In contrast, the 

uS1 C-terminal portion (formed by domains OB3 to OB6) is essential for RNA binding (13, 

16, 22, 23, 24).  

Besides its primary role in translation initiation, the bS1 protein is also involved in 

many other important cellular mechanisms. For instance, bS1, EF-Tu, EF-Ts are the essential 

host-derived subunits of Q-Beta-replicase (QBR), an enzyme that directly replicates RNA 

from the genomic RNA positive–strand in Escherichia coli (25, 26, 27). The OB1 and OB2 

domains are essential for establishing interactions between these three protein partners during 

formation of the QBR, while OB3 is required for the efficient recognition and synthesis of the 

negative-strand RNA (25, 26, 27). In addition, bS1 is a potent activator of transcriptional 

cycling, affecting the transcriptional activity of the RNA polymerase (28). The protein is also 

involved in trans-translation, where it binds tmRNA (29, 30, 31, 32, 33), as well as 

intervening to protect single-stranded RNAs from degradation by RNase E (34).  

Although the bS1 protein is obviously of primary importance, there has been no high-

resolution structure, a description that is essential to better understand its participation in 

various molecular mechanisms. To address this, we present here a cryo-EM structure at an 
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overall resolution of 3.42 Å, showing the N-terminal portion of bS1 interacting with a 70S 

elongation-competent (70S EC) complex. This new atomic model reveals a previously unseen 

conformation of the protein, with the OB2 domain interacting with the SD portion of the 

mRNA. This highlights the fact that OB2 has an RNA-binding role when bS1 is already 

bound to the 30S subunit (Figure 1). Our study provides new insights into the role of bS1’s N-

terminal domains during the initial steps of translation, improving our knowledge of the 

mechanisms underlying the protein’s functions. 

 

 

MATERIAL AND METHODS  

Ribosome purification 

Ribosomes were purified from E. coli MG1655. When the culture reached an OD600 of 0.8, cells were 

pelleted, resuspended in FP buffer (20 mM Tris-HCl pH 7.5, 50 mM MgOAc, 100 mM NH4Cl, 0.5 

mM EDTA and 1 mM DTT) and lysed in a French press. The lysate was then clarified by 

centrifugation at 20,000 × g for 45 min at 4 °C. Next, the supernatant was layered 1:1 (v:v) over a 

high-salt sucrose cushion buffer (10 mM Tris- HCl pH 7.5, 10 mM MgOAc, 500 mM NH4Cl, 0.5 mM 

EDTA, 1.1 M sucrose and 1 mM DTT). After ultracentrifugation at 92,000 × g for 20 h at 4 °C, the 

resulting ribosome pellets were resuspended in 1 mL of ‘Ribo_A’ buffer (10 mM Tris-HCl pH 7.5, 10 

mM MgCl2, 50 mM NH4Cl, 0.5 mM EDTA and 1 mM DTT). To isolate the 70S ribosomes from 30S 

and 50S ribosomal subunits, the ribosomes were centrifuged at 95,000 × g for 18 h at 4 °C through a 

10–45% (w/w) linear sucrose gradient in Ribo_A buffer. Gradients were fractionated before 

determining the A260 absorbance profiles. Fractions corresponding to the 70S peak were mixed and 

diluted in Ribo_A buffer for a final ultracentrifugation at 92,000 × g for 20 h at 4 °C. The ribosomal 

pellets were resuspended in Ribo_A buffer, and flash frozen and stored at −80 °C.  
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Sample preparation and cryo-EM data collection  

To prepare the 70S EC complex, 25 pmol of fMet-tRNAfMet (ICNA0219915410; VWR) was 

first refolded for 2 min at 80 °C in “Buffer I” (10 mM HEPES-KOH pH 7.5, 25 mM MgCl2, 

25 mM, and 20 mM NH4Cl). This was followed by a second incubation at room temperature 

for 30 min. Purified 70S ribosomes (12.5 pmol) were incubated for 20 min at 37 °C in 

“Buffer-III” (10 mM MgOAc, 10 mM NH4Cl, 50 mM KCl, 5 mM HEPES-KOH pH 7.5, and 

1 mM DTT) with 25 pmol of cspA mRNA and 25 pmol of the folded fMet-tRNAfMet. The 

cspA mRNAs contained the Shine-Dalgarno sequence and a linker to place the AUG codon 

into the P site: GG GCU UAA GUA UAA GGA GGA AAA AAU AUG CCA CAG GGA. 

After adjusting concentrations to 160 nM in Buffer-III, samples were directly applied to 

glow-discharged holey carbon films (Quantifoil 3.5/1). These grids were flash-frozen in liquid 

ethane using an FEI Vitrobot Mark III. They were then imaged at the IECB Structural 

Biophysical Chemistry Platform using a 200 kV Talos Arctica cryo-TEM (Thermo Fisher 

Scientific) equipped with a field emission gun. SerialEM software was used to automatically 

record 6,381 movies under low-dose conditions with a Gatan K2 direct electron detector with 

a defocus range of 0.4-2.0 µm and a pixel size of 0.9291 Å. 

 

Image processing  

The initial steps of single particle analysis were done using cryoSPARC (version 2.15.0) (35). 

Movies were motion-corrected using Patch Motion, and Patch CTF was used for contrast 

transfer function (CTF) estimation. Particles were manually picked from 18 micrographs 

using cryoSPARC. To generate an initial model for template picking, the resulting 476 

particles were subjected to a first run of 2D classification into eight distinct classes. Of these, 

six classes (a total of 401 particles) were selected and used as templates to pick particles in 

the entire dataset of 6381 micrographs. The selected particles were inspected, extracted from 
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the micrographs, and then underwent two rounds of 2D classification (200 classes each). We 

retained 294820 particles that were used to generate an initial ab initio model, and then 

refined with the legacy version of homogeneous refinement in cryoSparc. The micrographs 

and particle coordinates were transferred to RELION (version 3.1 beta) (36). Movies were 

once again corrected for the effects of drift and beam-induced motion using MotionCor2 

software (37). CTF parameters were re-estimated using Gctf software (38). A first 3D auto-

refinement was performed to reconstruct a density map of the ribosome using the cryoSparc 

homogeneous refinement map as an initial model. The heterogeneity of the dataset was then 

assessed using a 3D classification into 12 classes, which separates the 50S subunit (Classes 

10, 12), junk particles (Class 8), ribosomes in ratcheted conformations (Classes 7, 11), and 

canonical ribosomes with feeble and noisy densities attributed to the bS1 protein (Classes 1, 

2, 3, 4, 5, 6, 9; 175859 particles). Overall, this unbiased and unfocused classification process 

did not uncover a well-resolved conformation for bS1, but it did allow us to minimize 

ribosomal heterogeneity resulting from different subunit conformations as well as filtering out 

“junk particles” from the entire dataset. To further focus in on bS1 and limit the classification 

to the ribosomal portions known to interact with that protein, we used UCSF Chimera (39) to 

create a spherical mask with a radius of 50 Å. We then subtracted the ribosomal signal and 

performed a 3D classification with six classes, without alignment on the region of interest. 

The particles corresponding to bS1 were selected (Classes 1, 3, 4, 6; 141003 particles), 

reverted to the original one and subjected to a second round of 3D classification with signal 

subtraction and using a tighter spherical mask of 40 Å. The dataset was split into six classes, 

and class number 5 (containing 33,572 particles) was selected and reverted to the original 

images. After refinement, the resulting map still displayed heterogeneity. To further limit this, 

a final 3D classification (3 classes) was done with the 70S signals removed using a mask 

created with the Segger volume data partition extension (40) of Chimera. From the resulting 
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classification, we selected 16,381 particles (Class 3). The dataset was reverted to the original 

and 3D-refined. The particles were then CTF refined and polished. Finally, we reconstructed 

the map, which was then post-processed with a solvent mask to produce an overall resolution 

of 3.42 Å (Supp. Fig. 2A). 

 

Model reconstruction 

To build and refine an atomic model of bS1, the high-resolution cryo-EM map was further 

processed using the CCP-EM software suite (version 1.5.0) (41). First, the small bS1 density 

was isolated from the entire map using the Segger tool of Chimera. The protein coordinates 

were extracted from the 6BU8 PDB file (20) and rigid-body fitted into the bS1 volume. The 

map was converted into the MTZ format, and the model underwent two consecutive 

RIBFIND runs (42) to identify rigid body elements after calculating the spatial proximities 

between the protein’s secondary structures. To optimize the fit to the experimental volume, 

the previously-calculated rigid-body domain information was entered into Flex-EM (43). The 

model was then refined against the electron density with REFMAC5 software (44) using its 

jelly-body restraints option. The resulting density map showed regions at different resolutions 

– mostly because the images are centred on the ribosome so peripheral zones are blurry, but 

also because of the higher flexibility of certain molecular components. These factors lead to a 

falloff in amplitude, resulting in the poor density contrast which is typical of the most 

dynamic portions of molecular complexes. We used LocScale (45) to compensate for the loss 

of information on the protein, enhance the interpretability of the bS1 volume, and to facilitate 

the fitting of the atomic model. This program uses prior information from the refined bS1 

coordinates to improve the contrast of cryo-EM maps, and we down-weighted the ribosomal 

signal in order to focus in on the zone corresponding to bS1. The entire map was then used to 

rigid-body fit the atomic model of the complex in Chimera, and the atomic model was 
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manually adjusted in Coot (46). A final round of PHENIX (version 1.18.2) (47) real-space 

refinement (48) allowed us to improve the fitting of the coordinates against the sharpened 

volume. Once the model was refined, atomic model geometry, density fit, and FSC curves 

were calculated using the PHENIX cryo-EM comprehensive validation tool. All figures 

shown here were created with Chimera. 

 

 

 

RESULTS 

 
bS1 forms a highly dynamic complex with the ribosome 

The protein bS1 is the ‘mRNA-catching arm of the ribosome. Formed by six highly flexible 

OB-fold domains, and attached to the ribosomal small subunit through its N-terminal domain, 

bS1 acts as a highly flexible lasso to capture mRNA molecules. While the protein’s activity is 

crucial for translation initiation, its high flexibility make it a challenging subject for structural 

biology. For our investigations, we therefore used image analysis protocols to focus in on a 

particular region of a big complex, such as the ribosome (see Material and Methods). This 

targeted approach has proven to be quite successful for separating different ribosomal 

conformations and for improving model resolution, especially when it comes to highly 

dynamic regions (49). Our structure consists of a 70S ribosome in complex with a short 

mRNA, a P-site tRNA, an E-site tRNA, and the first two domains of bS1, OB1 and OB2 

(Figure 1). 
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Figure 1: Structure of the elongation competent ribosome in complex with bS1. 

 A - Atomic model of the translating E. coli ribosome in complex with the first two N-terminal domains 

of bS1, OB1 and OB2. The 50S subunit is aquamarine, 30S is khaki, P-site tRNA is orange, E-site 

tRNA is light green, the mRNA Shine-Dalgarno (SD) sequence is purple, and bS1 is red. B - Focus on 

the bS1 binding site, with uS2 orange, 16S anti-SD khaki, bS21 aquamarine, bS18 grey, SD purple, 

and bS1 red. C – Secondary structure and atomic model of OB1 and OB2. In the secondary structure, 

the domains present in our model are highlighted in red.  

 
 
Consistent with previous reports, bS1 binds at the mRNA exit channel, in the narrow cleft 

between the 30S head and platform (Figures 1A, B). The mRNA exit channel is formed by 

uS2, bS18, bS21, and the 3′ end of the 16S rRNA needed for the stabilization of the mRNA 

through the SD–aSD base pairing (Figure 1B). The mRNA contains the SD portion at its 5′-

end, and is properly paired with the 16S aSD sequence. The tRNA in the P site is paired with 

the AUG starting codon, and this interaction is essential for the correct formation of the 
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complex. Our complex looks therefore like an elongation-competent 70S (70S EC) (49), 

although a second tRNA is observed in the E-site, presumably due to the excess of tRNA used 

during the in vitro complex formation. Translation initiation is driven and controlled by the 

three initiation factors IF1, IF2, and IF3. These ensure that the 70S initiation complex (70S 

IC) matures into a 70S EC complex whose P site contains an fMetRNAfMet properly paired 

with the mRNA start codon (49). During translation initiation, bS1 facilitates the recruitment 

and correct positioning of the mRNA, giving life to a ribosome which is ready to translate 

(19). This description fits well with the present structure, which contains bS1 still bound to 

the small subunit of a 70S EC. Only the first two bS1 N-terminal domains, the most stable 

portions of the protein, were sufficiently resolved to allow reconstruction (Figure 1C), as the 

rest of the protein elements are extremely flexible and dynamic. However, this new model 

still allows us to understand how these two bS1 domains interact with the 70S EC and help 

bring and stabilize the mRNAs waiting to be translated. 

 

 
bS1 requires unique interactions to anchor the small subunit of the 70S EC 

In agreement with previous studies (19, 20), we found that the bS1 N-terminal domain 

binds to the cleft between the head and the platform, in a zone consisting of uS2, uS18, and 

bS21 residues as well as helix h26 and the 3′-end of the 16S rRNA. The volume obtained 

from single particle analysis shows not only the bS21 OB1 and OB2 domains, but also the 

mRNA SD portion paired to the 16S aSD (Figure 1B). Unfortunately, no other densities are 

present for the 5′ UTR sequence upstream from these six nucleotides, nor for the other bS21 

domains (OB3 through OB6). The major anchoring point for bS1 on the E. coli ribosome is 

the uS2 protein (50, 51). The OB1 N-terminal helix is the most well-resolved element, 

confirming its conformational stability and its role in binding the entire protein to the 

ribosomal platform. As already seen in other bS1 structural studies (19, 20), the OB1 N-
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terminal helix binds the uS2 protein via a classical π-stacking between the Phe5 and Phe9 

residues of bS1 and the Phe32 of uS2 (Figure 2A). In addition to these previously described 

interactions, however, we saw other electrostatic interactions: bS1, Gln7, and Glu10 interact 

with uS2, Met6, and Arg7, respectively, and this is probably important for the global stability 

of OB1 on the ribosome (Figure 2A). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2: bS1 interaction with uS2.  
A - Interactions between uS2 (orange) and the OB1 N-terminal helix of bS1 (red). B – Interaction 

between loop 2 in bS1 (red) and the Zn2+-binding pocket of uS2 (orange). C – Close-up of the novel 

stacking between bS1 Phe79 and uS2 His18 residues. 

 
 
The extreme tip of bS1’s loop 2 packs on two uS2 α-helices, and this allows the insertion of 

Lys43 into a zinc-binding pocket formed by Asp188, Asn203, Asp204, and Asp205 (Figure 

2B) (19, 20). The uS2 Arg208 points in the opposite direction as the bS1 Asp39 residue, and 

the salt bridges described by Byrgazov et al. (2015) were not observed in our structure. 

However, in a previously unseen interaction, the aromatic rings of bS1 Phe79 and uS2 His18 
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were involved in a classical π-stacking in our structure (Figure 2C), another novel interaction 

contributing to the overall stability of OB1 on the ribosome. This confirms the roles of both 

uS2 and bS1’s OB1 domain for ensuring the temporary stable interaction essential for bS1 to 

correctly position the mRNA. Taken together, these observations prove that it is not only 

Phe5, Phe9, and Lys43 residues, but also Gln7, Glu10, and Phe79 who participate in binding 

bS1 to uS2. Therefore, during the early steps of protein synthesis, it is the entire OB1 that 

stabilizes bS1 at the 30S surface, while the other domains remain inherently free and flexible. 

 
The bS21 protein is involved in bS1 stabilization on the ribosome 

The protein bS21 is the smallest (70 amino-acids) and most basic protein in the small 

ribosomal (30S) subunit of bacteria (52, 53). It assumes a particular conformation in the cleft 

between the head and the platform of 30S, thus participating in the formation of the mRNA 

exit channel (53). Together with bS1, bS21 is required for the initial steps of protein 

synthesis, favouring the base-pairing between 16S rRNA and the SD portion of mRNA (53, 

54). In agreement with the studies cited here, we saw that bS21 participates in the base-

pairing between 16S and mRNA by directly interacting with the SD sequence via two 

arginines (Arg17 and Arg21) positioned at the protein’s N-terminal region (Figure 3B). The 

C-terminal end of bS21 protrudes towards the 30S platform in a previously unseen hinge 

function between bS1 OB1 and the 16S rRNA (Figure 3A). Indeed, our structure reveals that 

the Arg67 and Arg69 residues in bS21 point in two opposite directions, with Arg67 

interacting with bS1 Gly78, and Arg69 contacting nucleotide G1099 of the 16S rRNA (Figure 

3A). This conformation allows bS21 to act as a second anchoring point for bS1, certainly 

strengthening its binding with the ribosome. These observations confirm the role of bS21 in 

translation initiation not only via its promotion of base-pairing between the SD and aSD 

sequences, but also by acting as a bridge to reinforce the binding of the bS1 OB1 to 16S 

rRNA. 
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Figure 3: bS1 OB1 interactions with bS21. A – The ribosomal protein bS21 shows a novel hinge 

activity between the 16S rRNA (khaki) and OB1 (red), the first N-terminal domain of bS1. B – Close-

up showing the interaction between bS21 (aquamarine) and the Shine-Dalgarno (SD) portion of 

mRNA (purple).  

 
 
OB2 stabilizes the base-pairing between the SD and anti-SD sequences 

Our new data also allowed us to reconstruct the OB2 domain, yielding in fundamental 

insights into how bS1 interacts with its partners. The OB2 domain flanks the mRNA exit 

channel, in close vicinity to the SD-aSD helix (Figure 4). The α-helix connecting OB1 to OB2 

is mostly unfolded, which explains the partial rotation of OB2 as well as why the domain 

appears in a totally different conformation than in previously described structures (Supp. Fig. 

3) (16, 20, 55). Here, the aromatic rings of two phenylalanine residues, Phe120 and Phe130, 

form a binding pocket with Lys117, welcoming the first nucleotides of the mRNA SD 

segment (Figure 4). This triad of residues captures the mRNA in a pincer movement, 

suggesting that OB2 also plays a role in stabilizing the SD-aSD interaction. This particular 
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conformation corroborates previous observations that bS1 requires a particular orientation of 

its first three OB domains to bind RNA molecules and unfold structured messenger RNA, and 

that deletion of OB1 and OB2 not only decreases the binding rates of bS1 to the ribosome, but 

also damages its ability to interact with mRNA (19, 24). Indeed, the new positioning of OB2 

and the presence of the Lys117-Phe120-Phe130 binding pocket might provide an explanation 

for why the bS1 N-terminal domains are not only needed to anchor the protein to the 

ribosome, but also for stabilizing and correctly placing the mRNAs there, and thus for 

allowing the 30S initiation complex to be formed.  

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: bS1 OB2 interactions with the mRNA exit channel. – Close-up showing the interactions 

between the bS1 OB2 pocket (red) and the Shine–Dalgarno (SD) portion of the mRNA (purple).  

 
 
On the OB2 domain, the conformation of the pocket suggests that it can work as a groove to 

stabilize mRNA while the base pairing with the SD is being formed. Unlike other structural 

studies of bS1 (16, 19, 20) stating that most of the interactions around the mRNA exit channel 

are with OB3, we actually found that during the formation of the 70S EC complex, bS1 places 

its OB2 domain into the cleft of the 30S subunit. This suggests that OB2 is involved in 
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correctly positioning the mRNA into the 30S late initiation complex as well as in stabilizing 

the SD-aSD base-pairing. With the exception of bS18 and uS2, no interactions between OB2 

and other ribosomal proteins were observed.  

  

 

DISCUSSION 

Translation initiation is the rate-limiting step in protein synthesis. It depends mostly on the 

presence of recruitment signals in the 5′ UTR leader region, as well as several protein factors, 

which assist in forming the 70S EC (49, 56). The ribosomal protein bS1 is one of these 

agents, helping mRNAs to reach the ribosome and then ensuring their proper accommodation 

into the decoding channel even in the absence of a 5′ UTR or proper SD sequence (24, 57). 

Two distinctive features of bS1 are its flexibility and dynamicity, but this means that we still 

lack a full-length atomic description of the protein. The detailed model we present here 

consists of the first two N-terminal domains of bS1 in complex with a 70S EC ribosome 

charged with an mRNA, and an fMet-tRNAfMet. The in-depth classification of the particles in 

our cryo-EM dataset uncovered a completely unique conformational rearrangement of bS1 

that had not been observed previously. Due to the presence of the SD-aSD pairing, our 

structure reveals a more detailed interaction between the two first domains of bS1 and the 70S 

EC. The other four domains of the protein are not stable enough to be modelled, and their 

description may require the presence of a longer and structured 5′ UTR region.  

The N-terminal segment of the OB1 domain is folded into an α-helix which mediates its 

interaction with uS2 via a well-conserved and well-described π-stacking involving bS1 Phe5 

to Phe9 and uS2 Phe32 residues (Figure 2A) (19, 20). The high stability of the N-terminal 

portion ensured by this hydrophobic interaction is also reinforced by electrostatic interactions 

described here for the first time as a result of improved resolution. In particular, bS1 Gln7 and 
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Glu10 interact with uS2 Met6 and Arg7, respectively (Figure 2A). In perfect agreement with 

previous findings, the bS1 Lys43 residue found on the extremity of loop 2 is inserted into the 

uS2 Zn2+-binding pocket (Figure 2B) (19, 20). Based on previous knowledge of the Zn2+-

binding function of uS2 and on crystallographic results from earlier structural studies, we are 

able here to confirm the positioning of Lys43 within this pocket formed by uS2 Asp188, 

Asn203, Asp204, and Asp205 (19, 58). The residues involved in forming the pocket are 

conserved among different species, underlining the importance of the Zn2+ ion for stabilizing 

the uS2 structure and correctly positioning bS1 (19). The most novel element that completes 

the ribosome interaction picture is the presence of a stacking between bS1 Phe79 and uS2 

His18 (Figure 2C). This interaction is certain to further stabilize bS1 at the surface of the 

ribosome. 

In addition, our study shows that an important role in the ribosome-bS1 interaction is also 

played by the protein bS21, whose ability to interact with bS1 itself was previously observed 

by NMR (16). Our high-resolution structure allows for a clearer description of these 

interactions, and clarifies the role of bS21 during translation initiation. Acting as a three-way 

bridge, the C-terminal portion of bS21 mediates the interaction between the bS1 OB1 domain 

and 16S rRNA via two arginines (Figure 3A). The N-terminal extremity of bS21 also makes 

contact with the 3′-end of the 16S rRNA, creating an elegant three–point contact system 

which further anchors bS1 to the ribosomal platform (Figure 3B). In the course of our 

analysis, we also uncovered a new binding pocket in the OB2 domain (Figure 4). This 

previously unseen binding site is formed by Lys117, Phe120, and Phe130, and it surrounds 

the first nucleotides of the Shine-Dalgarno sequence of the mRNA (Figure 4). In comparing 

our model with that of Loveland and Korostelev (2018; PDB 6BU8), we see that the residues 

involved in forming this pocket point in the opposite direction. We are therefore describing a 

different bS1 conformation in which the OB2 domain rotates thanks to a partial misfolding of 
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the helix connecting OB1 to OB2, thus further emphasizing the protein’s intrinsic dynamicity 

(Supp. Fig. 3). The partial loss of the α-helical conformation allows the protein to position the 

OB2 domain residues exactly upstream from the mRNA SD element. Interestingly, a ConSurf 

(59) analysis of bS1 (Supp. Fig. 3) using a sample of 150 sequences (the homologues) reveals 

that Phe120, Phe130, and Lys117 present high conservation scores. This analysis reinforces 

the idea that these residues have a specific function, as they recur systematically in different 

species.  

Until now, it was thought that the first two OB domains of bS1 were involved only in 

anchoring the protein to the ribosomal platform, with the other domains intervening in the 

capture, binding, and unfolding of leaderless or structured mRNAs. However, our data shows 

that OB2 also interacts with the 5′-end of the SD through the formation of a characteristic 

pocket in which the mRNA nucleotides are accommodated. This new role for OB2 is 

supported by 3D density maps published by Loveland and Korostelev showing some bS1 

conformations with OB-fold domains checking the mRNA exit channel, with the OB2 near 

the 5′-end of the mRNA. During translation initiation, this pocket could act as clamp to 

stabilize Watson-Crick SD-aSD interactions. Our atomic model presented features a 70S 

subunit in the elongation-competent state wherein the association of the two subunits around 

an fMet-tRNAfMet produces a ribosome that is ready to translate the mRNA. At this stage, bS1 

still binds both the ribosome and the initial region of the mRNA. This particular conformation 

of the second domain of bS1 can be explained by the topological rearrangement occuring after 

RNA molecules are bound, which in turn causes a global reorganization of the protein on the 

ribosome via other interactions involving OB1, OB2, uS2, and uS18, as described previously 

(18, 19). Collectively, these interactions facilitate the correct positioning of the mRNA, and 

might also facilitate the transition from the 30S initiation complex to the elongation-

competent 70S.  
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To conclude, the results presented here broaden the collective knowledge of the 

functionality of one of the most flexible ribosomal proteins. They emphasize the functional 

versatility of the OB2 domain, and highlight several new interactions essential for the stability 

of bS1 during translation initiation. Together with the contacts previously described in other 

studies (19, 20), our results emphasize the importance of new accessory interactions between 

bS1 and uS2. We also demonstrate that bS21 is essential in the binding between bS1 the 30S 

small ribosomal subunit, acting as a three-way clamp indirectly connecting OB1 to the 16S. 

In particular, we clarify the role of this protein’s OB2 domain by describing a previously 

unseen conformation allowing it to interact directly with the SD portion of mRNA. In this 

way, the OB2 domain actively participates in the formation of the SD-aSD pairing, giving life 

to the 30S initiation complex.  
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SUPPLEMENTARY INFORMATION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 1: cryo-EM map of the ribosome-bound bS1 protein. A – Local-resolution 

map of the translating ribosome in complex with bS1 N-terminal domains. B – Focus on the bS1 

binding site at the mRNA exit channel. C – Local-resolution map of bS1 N-terminal domains for the 

side that faces the external surface (left) and that which faces the ribosome (right). 
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Supplementary Figure 2: Image analysis protocol. Workflow adopted during the image analysis in 

order to obtain the final cryo-EM map 
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Supplementary Figure 3: Sequence analysis between bS1 and its homologues. Analysis of the 

conservation scores of the residues forming the first two N-terminal domains of bS1. The scores are 

calculated based on the sequence alignments of 150 bS1 homologues, and range from low (blue) to 

high (purple). 
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Supplementary Figure 4: Atomic model comparison between our model and a previous bS1 

structure. Comparison between the new conformation described in our bS1 model (red) and the 

conformation reported in previous structural studies (PDB file 6BU8, orange). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 194 

3.3 Conclusion and perspectives 

The work conducted has allowed us to expand the knowledge related to the bS1 

protein, one of the fundamental promoters of the initiation of canonical translation, as 

well as of the initial stages of trans-translation. 

The results derived from this study are necessary to amplify an increasingly complete 

scenario related to the role of this protein, which, given its importance in the course 

of protein synthesis and, apparentely, during trans-translation. On one hand, 

although we confirmed the role of OB1 domain in stabilizing the anchoring with the 

ribosomal platform, on the other hand, interesting new observations have been made 

for OB2. Contrary to what might have been thougth, this domain turns out to be 

involved in interacting with the mRNA by stabilizing and strengthening the SD – anti-

SD interaction. Based on that, further studies are needed to enable a better 

understanding of its functioning during not only canonical transaltion but also during 

trans-translation, to better understand the interaction between the protein and the 

tmRNA-SmpB complex. Any further findings, in our case especially during the 

process of trans-translation, may help us to enrich the knowledge related to this 

mechanism that represents one of the most important target against which to develop 

molecules with antibacterial activity. 
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V GENERAL CONCLUSION 

To address the growing and increasingly problem of antibiotic resistance, 

mechanisms rescuing stalled ribosomes during translation of defective mRNAs have 

been recently proposed as new targets to develop antimicrobial compounds. Indeed, 

they are often essential for bacterial cell viability and they are very different in 

eukaryotes. For this reason, in the course of this Ph.D., we focused on the study of 

the main rescue system present in bacteria, known as trans-translation, and we 

applied ourselves to understand its dynamics through the characterization of the 

different actors that are participating in this complex ballet. First, we studied the 

different conformations assumed by the tmRNA-SmpB complex during the different 

steps of the mechanism, trying to glimpse at new interesting molecular interactions 

underlying the whole process. Obtaining four high-resolution structures 

characterizing different steps of trans-translation allowed us to better understand how 

this bacterial life-saving machine functions. In particular, we shed light on how the 

complex formed by tmRNA-SmpB recognizes and enters a stalled ribosome, how it 

selects the correct resume codon present within the MLD, and how it moves within 

the ribosome, from the A site to the P site. Among the various contacts that occur 

between the two partners, it is worth noting the insertion of the tmRNA G19 base 

within a hydrophobic pocket formed by three leucines at positions 90, 91, 91 on the 

body of SmpB, the maintenance of which is essential for the smooth performance of 

trans-translation since it has been observed that the G19C mutation induces a loss of 

rescue activity (Hanawa-Suetsugu et al., 2002). This interaction may therefore 

represent a potential target against which to develop new molecules with anti - trans-

translational activity. However, it remains to be understood how the mechanism 

evolves once the tmRNA arrives within the E site, exits the ribosome, and canonical 

translation resumes on the ORF placed within the tmRNA MLD portion. In addition, 

the third major player involved in this mechanism, represented by RNase R, remains 

to be characterized. During this work we were able to visualize, both biochemically 

and structurally, for the first time RNase R bound to a stalled ribosome. Biochemical 

evidences assured us of strong binding between the protein and the ribosomal 

platform, while structural analysis confirmed that this interaction takes place exactly 

at the level of the mRNA entry channel, where the H5 helix and the second 

pseudoknot of tmRNA are usually located. In this regard, several tests have been 
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carried out to study the behavior of both RNase R and the tmRNA-SmpB complex 

simultaneously during trans-translation in presence of a stalled ribosome on a non-

stop messenger. These evidences have led to the conclusion that RNase R and 

parts of the tmRNA have the same binding site at the surface of the ribosome SSU. 

Moreover, the interaction between the ribosome and tmRNA-SmpB turns out to be 

much stronger than the one occurring between RNase R and the ribosome. The 

high-resolution study of RNase R did not allow us to describe the molecular 

interactions underlying its binding to the ribosome because of an intrinsic dynamicity 

and flexibility that was highly difficult to account for during image analysis. However, 

our preliminary results, which clearly suggest a competition between the tmRNA-

SmpB complex and RNase R for the same stalled ribosome, lead us to initiate a new 

step in the research work. In fact, relying on the literature from which we know that 

both players intervene simultaneously during trans-translation, and, at the same time, 

on the scientific evidence developed in our laboratory, we hypothesized that the two 

actors intervene simultaneously during the process, acting, however, on two different 

ribosomes stalled on the same defective messenger. To verify this hypothesis we 

obtained the first reconstructions of disomes undergoing trans-translation. Looking at 

the latest work on an additional rescue factor during the protein synthesis, called 

SmrB (Saito et al., 2022), the RNase R probably interacts differently from what we 

have observed previously on single-stalled ribosomes. In this case, the mRNA 

entrance channel at the interface between the two collided ribosomes is partially 

occupied by SmrB causing competition for the binding to this area. Thus, we can 

assume a new binding site for the RNase R involving a waiting phase during which is 

bound in a different zone of the ribosome before intervening in defective messenger 

degradation. This question is still open and we are still working on it. On the other 

hand, the disomes in complex with tmRNA-SmpB are going to be analyzed at high-

resolution in order to get a new and a more complete description of the entire 

process at the molecular level. 

In the course of our studies, we also got interested in an additional functional element 

essential during canonical translation, as well as of primary importance during trans-

translation: the bS1 protein. As shown in previous studies (Saguy et al., 2007), bS1 

turns out to be essential for the mRNA-like activity of tmRNA. In fact, it has been 

hypothesized that bS1 prevents degradation of tmRNA before it reaches the 

ribosome or helps tmRNA itself to correctly position its ORF within the decoding 
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center. (Saguy et al., 2007). To this end, we obtained the first cryo-EM structure of 

the first two domains of bS1 (OB1 and OB2) bound to an elongation competent (EC) 

ribosome, the three other domains being too flexible to be properly resolved. In 

addition, to confirming what was already known, we were able to observe a 

completely new function related to the OB2 domain, which appears to directly interact 

with the Shine-Dalgarno portion of the messenger end. These results complete and 

increase the knowledge regarding the mechanism of action of the protein during the 

early stages of translation, thereby opening the doors toward a clearer understanding 

of its function. The results obtained in this study will have to be followed by other 

efforts with the aim of clarifying the role of this protein during the canonical 

mechanism of translation, as well as during trans-translation. 

Many questions are left unanswered and new studies are needed along the lines of 

those addressed during this doctoral work. To conclude, as we have seen, trans-

translation is an appealing target for new antibiotics given its importance for the 

survival of numerous bacterial species and, at the same time, its absence in 

eukaryotic organisms. The molecular and structural studies of the different partners, 

which are contributing to this rescue mechanism, give a more complete description of 

how the process takes place, emphasizing especially the main differences with 

canonical translation. The thoroughness of this work has enabled us, thus, to find out 

regions that could serve as a specific target to inhibit trans-translation and develop a 

new class of antibiotics. Any study in this direction will lay the groundwork in fighting 

against antibiotic resistance. 
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1 Context of study 
 
In collaboration with the team of Pierre Genevaux (LMGM/CBI CNRS - Université de 

Toulouse), we studied the mechanism of action of the TAC tripartite complex and, in 

particular, its toxin known as HigB1, a Mycobacterium tubercolosis toxin. The 

increasing occurrence of multi-drug resistant Mycobacterium tubrcolosis strains has 

greatly heightened the need for the development of new antimicrobial molecules and 

new strategies of treatment. Such a study required the use of several cross-

disciplinary skills including that of our team, which was involved in the structural 

characterization (through cryo-EM) of the toxin within the Mycobacterium tuberculosis 

ribosome, in order to understand its catalytic mechanism since it may represent a 

new target for future antimicrobial molecules. 

 

 

2 HigB1 toxin and its tripartite TAC complex 

 

The Mycobacterium tubercolosis (Mtb) bacterium is the causative agent of 

tubercolosis and it represents one of the major health problems accounting for over 

1.5 million deaths per year. In addition to its lethality, a further peculiarity of Mtb is 

that about the 4% of its genome encodes for a particular system called toxin-antitoxin 

(TA) system (Sala et al., 2014). Although their cellular function remains largely 

unknown, many of these systems are involved in stress response including heat-

shock, DNA damage, drug exposure, etc., suggesting that some of these TA systems 

can contribute to Mtb physiology and virulence. (Betts et al., 2002; Stewart et al., 

2002; Ramage et al., 2009; Fivian-Huges and Davis, 2010; Sala et al., 2014). In 

particular, Mtb shows a particular TA system called toxin-antitoxin-chaperone (TAC) 

system (Figure 44), which is composed by the HigB1 toxin that belongs to the 

RelE/ParE toxin superfamily, which covers both ribosome-dependent mRNA 

endoribonuclease that inhibits translation and toxins targeting the DNA gyrase to 

block DNA replication, an HTH-Xre antitoxin and a SecB-like chaperone (Yamaguchi 

et al., 2011; Bordes et al., 2016; Guillet et al., 2019). Under normal growth condtions, 

the antitoxin-bound toxinis inactive and the bacteria grows normally. Under certain 

stress conditions, the antitoxin is less stable and is rapidly degraded by proteases, 

freeing in this way the toxin. The toxin is now capable of targeting essential cellular 
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process, leading to growth inhibition and ultimately cell death (Goeders and Van 

Melderen, 2014; Harms et al., 2018). The TA pair of TAC is tightly controlled by the 

Sec-like chaperone through direct interactions with the antitoxin (Bordes et al., 2011). 

In particular, SecB chaperone specifically binds the antitoxin to facilitate its folding, 

stabilize its structure and ensure the subsequent toxin inhibition (Bordes et al., 2011; 

Bordes et al., 2016; Sala et al., 2017). To date, there is no available structural and 

functional data confirming this works and nothing is known about the function, the 

targets specificty and the mechanism of action of the HigB1 toxin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this work, we have shown that the HigB1 TAC toxin cleaves a specific codon in 

mRNA targets on a wide range of transcriptomes in vivo. Thanks to the cryo-EM 

structure of the ribosome-bound TAC toxin in presence of native Mtb cspA mRNA, 

we have revealed the specific mechanism by which HigB1 interacts with the 

ribosome and the P-site tRNA to cleave the CCA codon present in the mRNA target. 

 

 

Figure  44: Inhibition of the TAC toxin (T) relies on the stabilization of the antitoxin (A) 
by its dedicated chaperone (C), which prevents its aggregation and degradation. 
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3 Cryo-EM structure of HigB1 toxin of Mycobacterium tuberculosis 
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Le présent travail effectué au cours de cette thèse se concentre sur le 
mécanisme le plus important impliqué dans le contrôle de la qualité de la 
synthèse des protéines bactériennes, appelé trans-traduction. La trans- 
traduction est essentielle pour la survie des cellules bactériennes car elle 
permet le sauvetage des ribosomes bloqués sur l'ARNm non-stop pendant la 
traduction, permettant leur recyclage avec la dégradation simultanée du 
messager défectueux et la dégradation de la chaîne polypeptidique naissante 
non fonctionnelle. L'importance biologique du sauvetage des complexes de 
traduction " non-stop " est soulignée par le fait que trois mécanismes différents 
ont évolué chez plusieurs espèces bactériennes pour assurer la survie 
cellulair. Parmi eux, le plus important est la trans-translation dont les 
composants centraux, essentiels pour orchestrer ce ballet sophistiqué, sont 
l'ARN messager de transfert (ARNtm) et son partenaire la petite protéine de 
base B (SmpB). Ce complexe, avec d'autres facteurs de traduction, assure 
l'éjection de l'ARNm aberrant, le marquage du polypeptide tronqué et le 
recyclage des ribosomes. Nous décrivons, les acteurs impliqués dans ce 
processus, le détail moléculaire du mécanisme tel que déduit de nos récentes 
études. L'ARN transfert-messager (ARNtm) est une molécule d'ARN 
chimérique capable de jouer à la fois le rôle d'un ARNt et d'un ARNm. Son 
partenaire es t  la petite protéine basique B (SmpB), qui est essentielle pour la 
liaison au ribosome, le positionnement correct du codon de reprise et 
l'expulsion de l'ARNm non-stop du ribosome. 
Dans a    première section  de  ce   manuscrit,  nous  expliquons  l'étude 
structurale, par cryo-EM, du processus de trans-traduction qui nous a permis 
de reconstruire quatre structures atomiques à haute résolution du ribosome 
dans quatre différentes étapes consécutives de ce mécanisme (pré- 
accommodation, accommodation, translocation et post-translocation). Pour 
chacune de ces étapes, nous avons reconstruit un modèle atomique à haute 
résolution, et même identifié un intermédiaire conformationnel supplémentaire 
de l'étape de translocation. Ensemble, ces structures éclairent le transit du 
complexe ARNt-SmpB au sein d'un ribosome bloqué sur un ARNm non-stop, 
depuis leur arrivée avec le facteur d'élongation-thermo instable (EF-Tu) 
jusqu'au positionnement du domaine analogue au transfert (TLD) de l'ARNt au 
sein du site P. En outre, notre description quasi atomique du processus nous a 
permis d'identifier les éléments saillants à la base de son fonctionnement, de 
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décrire les changements de conformation du ribosome et de comprendre 
pourquoi la trans-translation n'interfère pas avec la traduction canonique. Étant 
donné que la trans-translation est vitale pour de nombreuses bactéries, qu'elle 
est nécessaire à la virulence d'autres espèces et qu'elle est absente des 
eucaryotes, elle constitue une nouvelle cible prometteuse pour le 
développement de nouveaux composés antimicrobiens. À ce titre, nos résultats 
contribueront également à la conception d'inhibiteurs de trans-translation 
basée sur la structure.  
Dans la deuxième partie du travail, nous avons concentré notre attention sur 
la  caractérisation structurelle d'un  troisième  composant impliqué  dans  la 
trans-traduction, connu sous le nom de RNase R. La RNase R est une 
ribonucléase essentielle pour la dégradation de l'ARNm non-stop.  
Pour caractériser le troisième acteur majeur impliqué dans la trans-
translation, c'est-à-dire la RNase R, nous avons d'abord cherché à étudier sa 
capacité à reconnaître et à lier les ribosomes bloqués sur les ARNm non-
stop. Le complexe obtenu par cryo-EM a mis en évidence la présence d'une 
protubérance chevauchant la tête et le corps de la petite sous-unité près des 
protéines uS3, uS4 et uS5, où est localisé le canal d'entrée de l'ARNm. 
Comme la présence de la RNase R ancrée aux ribosomes bloqués a été 
confirmée par SDS PAGE, nous avons conclu que la protubérance observée 
était la RNAse R. Bien que le résultat soit à une résolution plutôt basse, il 
était suffisant pour noter que la RNase R se lie au ribosome sur la même 
région que l'hélice H5 de l'ARNtm et le pseudoknot PK2 pendant la trans-
translation. Ce résultat suggère qu'une forte compétition pourrait exister 
entre la RNase R et le complexe ARNtm-SmpB pour lier un ribosome bloqué 
au cours de la trans-translation, contrairement à ce qui a été montré par des 
études précédentes démontrant que le recrutement de la RNase R dépend 
de l'activité du complexe ARNt-SmpB ou de SmpB seul. En tenant compte 
des résultats préliminaires obtenus à partir de l'observation du premier 
complexe, l'étape suivante a consisté à étudier le comportement de la 
protéine simultanément avec l'ARNtm et la SmpB. Pour ce faire, nous avons 
ajouté le ARNtm-SmpB au complexe avec la RNAse R. De la comparaison 
des résultats, on peut observer que dans les deux cas, la masse 
correspondant à la RNAse R est absente, alors que la densité correspondant 
au complexe ARNtm-SmpB peut être facilement reconnue. D'après ce que 
nous avons vu, l'addition d'ARNtm et de SmpB a induit un déplacement de la 
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RNase R précédemment liée qui était bien ancrée au ribosome. Cela montre 
clairement que les deux acteurs se lient à la surface 30S près du canal 
d'entrée de l'ARNm mais l'affinité de l'ARNtm-SmpB est beaucoup plus forte 
au point qu'elle peut éjecter la RNase R de son site de liaison. Sur cette 
base, la seule hypothèse que nous avons pu formuler est que la RNase R et 
l'ARNtm-SmpB arrivent simultanément pendant la trans-translation, exerçant 
leur activité sur deux ribosomes distincts mais consécutifs, bloqués sur le 
même ARNm non-stop. Pour tester cette hypothèse, l'étape suivante a 
consisté à étudier la RNase R, l'ARNtm et la SmpB sur un système plus 
complexe, formé par deux ribosomes calés sur le même ARNm non-stop. 
Tout d'abord, nous avons vérifié la capacité du complexe ARNt-SmpB à 
reconnaître et à se lier aux disomes bloqués, sans RNase R. D'après la 
reconstruction 3D résultante, nous pouvons voir la présence du complexe 
ARNtm-SmpB dans le site A du ribosome bloqué. Le ribosome heurté est en 
rotation par rapport au ribosome bloqué, les deux SSU sont en contact l'un 
avec l'autre et la conformation des disomes que nous observons ne 
correspond à aucune forme d'hibernation. Les données expérimentales que 
nous avons obtenues ont également été comparées à celles issues d'un 
travail récent de Saito et ses collaborateurs (Saito et al., 2022) dans lequel 
ils ont mis en lumière l'activité du facteur SmrB, impliqué dans la détection et 
le sauvetage de la collision des ribosomes suite au décrochage. Sur la base 
de ce que nous avons observé lors de notre précédente étude de la RNase 
R, il apparaît que, si la protéine se lie au ribosome entré en collision, elle 
sera placée à peu près au niveau du site de liaison de SmrB, dont l'activité 
est de cliver le brin d'ARNm défectueux à l'interface entre les deux 
ribosomes décrochés afin de les libérer et de favoriser la trans-translation. 
L'ensemble de ces résultats suggère que la RNase R pourrait interagir 
ailleurs sur les ribosomes bloqués, en attendant de dégrader l'ARNm 
défectueux. D'autres études sont en cours pour remettre en question ces 
hypothèses. 
Pour assurer l'efficacité de ce processus, le complexe ARNtm-SmpB doit 
rapidement reconnaître et lier le ribosome bloqué. Parmi les nombreux 
facteurs impliqués dans la trans-translation, la protéine bS1 s'est avérée 
nécessaire pour la liaison de l'ARNtm aux ribosomes. Bien que le rôle exact 
et le mode d'action de la protéine bS1 pendant la trans-translation ne soient 
pas entièrement clairs, plusieurs études ont rapporté que cette protéine joue 
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un rôle clé dans la protection de l'ARNtm contre une éventuelle dégradation 
cytoplasmique, ainsi que dans la promotion de la reprise de la traduction au 
niveau de l'ORF de l'ARNtm. De plus, des changements dans le niveau 
d'expression de bS1 réduisent fortement le taux de liaison à l'ARNtm. Malgré 
son importance, non seulement dans la trans-translation mais aussi et 
surtout lors de l'initiation canonique de la traduction, bS1 manque d'une 
structure à haute résolution, que ce soit par cristallographie ou par cryo-EM.  
Au cours de ce doctorat, nous avons tenté de caractériser structurellement 
le rôle de la protéine bS1 lors de la trans-translation. À partir de l'analyse 
des cartes de densité issues de l'étude de Guyomar, D'Urso et de leurs 
collègues, un certain nombre de classes ont été identifiées dans lesquelles 
le complexe ARNtm-SmpB et la protéine bS1 étaient tous deux présents sur 
le ribosome. De plus, bien que la quantité de signal liée à la protéine bS1 
soit plutôt faible, la protéine bS1 était clairement liée à la protéine uS2 au-
dessus du site E mais dans une conformation différente de celle décrite 
précédemment. Nous avons conclu que la conformation observée de bS1 
était liée à la présence de l'appariement de bases SD - anti-SD et non au 
complexe ARNtm-SmpB. Nous sommes donc partis d'un système plus 
simple avec lequel nous avons essayé de caractériser pour la première fois 
la protéine bS1 sur un ribosome compétent pour l'élongation. Jusqu'à 
présent, on pensait que les deux premiers domaines OB de bS1 n'étaient 
impliqués que dans l'ancrage de la protéine à la plateforme ribosomique, les 
autres domaines intervenant dans la capture, la liaison et le dépliage des 
ARNm sans leader ou structurés. Cependant, nos données montrent que 
OB2 interagit également avec l'extrémité 5′ du SD par la formation d'une 
poche caractéristique dans laquelle sont logés les nucléotides de l'ARNm. 
Ce nouveau rôle pour OB2 est soutenu par les cartes de densité 3D publiées 
par Loveland et Korostelev montrant certaines conformations de bS1 avec 
des domaines de plis OB vérifiant le canal de sortie de l'ARNm, avec l'OB2 
près de l'extrémité 5′ de l'ARNm. Pendant l'initiation de la traduction, cette 
poche pourrait agir comme une pince pour stabiliser les interactions Watson-
Crick SD-aSD. En conclusion, les résultats présentés ici élargissent la 
connaissance collective de la fonctionnalité de l'une des protéines 
ribosomales les plus flexibles. Ils soulignent la polyvalence fonctionnelle du 
domaine OB2, et mettent en évidence plusieurs nouvelles interactions 
essentielles pour la stabilité de bS1 pendant l'initiation de la traduction.



Titre : Caractérisation structurale du mécanisme de sauvetage de la synthèse des protéines 
           chez les    bactéries
Mots clés :  Cryo-MET – trans-traduction – ARNtm – SmpB – RNase R – bS1 

Résumé : Le travail effectué se concentre sur un 
mécanisme biologique impliqué dans le contrôle de 
la qualité de la synthèse des protéines 
bactériennes, appelé trans-traduction. 
Ce processus est crucial dans le sauvetage des 
ribosomes bloqués sur l'ARNm non-stop, permettant 
leur libération avec la dégradation simultanée du 
peptide incomplet ainsi que de l'ARNm défectueux. 
Les deux principaux acteurs impliqués dans la 
trans-traduction sont l'ARN messager de transfert 
(ARNtm) et la petite protéine B (SmpB). Le premier 
chapitre du manuscrit se concentre sur l'étude 
structurale, par cryo-TEM, à la suite de quoi nous 
avons obtenu quatre structures atomiques du 
ribosome bloqué lors de la trans-traduction, 
chacune délimitant une étape spécifique: pré-
accommodation, accommodation, translocation et 
post-translocation. 

Dans le deuxième chapitre, nous avons tenté de 
caractériser un troisième facteur impliqué dans la 
trans-traduction, la RNase R. Cette ribonucléase est 
essentielle dans la dégradation de l'ARNm non-stop. 
Une sorte de compétition pour le site de liaison 
ribosomique avec l'ARNtm a été observée, et par 
conséquent cette étude a été étendue pour étudier le 
mécanisme de sauvetage sur les disomes. Dans le 
troisième chapitre, nous avons décrit une nouvelle 
particularité d’une des principales protéines 
ribosomales connue sous le nom de bS1. Cette 
protéine est cruciale dans les premières étapes de la 
traduction Nous avons observé un des domaines 
connus pour interagir avec le ribosome impliqué dans 
la stabilisation de l'interaction S.D - anti-S.D, 
essentielle pour le positionnement correct de l'ARNm 
au sein du ribosome. 
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Abstract : The work carried out in the course of this 
PhD and reported withi the manuscript is focused on 
a biological mechanism involved in the quality control 
fo the bacterial protein synthesis, called trans-
transaltion. 
This process is crucial in the rescue of stalled 
ribosomes on non-stop mRNA, allowing their release 
with simultaneous degradation of the incomplete 
peptide as well as the defective mRNA. The two main 
actors involved in trans-translation are the transfer-
messenger RNA (tmRNA) and the small protein B 
(SmpB). 
The first chapter of the manuscript is focused on the 
structural study, by cryo-EM, following which we 
obtained four atomic structures of the  stalled 
ribosome during trans-translation, each of which 
delineating a specific step that we can summarise 
as pre-accommodation,  accommodation, 
translocation and post-translocation.  

In the second chapter, we undertook a study 
focusing on the characterisation of a third factor 
involved in the trans-translation process, known as 
RNase R. This ribonuclease is essential in the 
degradation of non-stop mRNA. A kind of 
competition for the ribosome binding site of RNase 
R with tmRNA was observed, and consequently this 
study was extended to investigate the mechanism of 
rescue on disomes. 
In the third and final chapter, we described a new 
peculiarity concerning one of the main ribosomal 
proteins known as bS1. This protein is crucial in the 
early stages of translation due to its ability to interact 
with both the ribosome and the messenger. In this 
study, we observed one of the domains known to 
interact with the ribosome involved in stabilising the 
S.D - anti-S.D interaction,  essential for the correct 
positioning of mRNA within the ribosome. 




