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Summary 

Ribosomes are responsible for translating genetic information into proteins that 

fulfill most of the biological functions of the cell. They are large macromolecular 

assemblies comprising a small and a large subunit consisting of multiple RNA 

molecules and proteins. Translation is a cyclical process involving the steps 

initiation, elongation, termination and recycling. In essence, the ribosomal 

subunits join and the full ribosome scans an RNA transcript of a gene to find the 

starting point for protein synthesis. With the help of transfer RNA molecules, the 

ribosome then decodes the RNA and sequentially adds the correct amino acids into 

a nascent polypeptide. At the end of the coding sequence of the RNA transcript, 

the peptide chain is released and the ribosome is recycled to be available for 

another round of translation.  

Structural biology and in particular cryo-electron microscopy have drastically 

advanced the knowledge in the ribosomal field. High resolution structure 

determination of ribosomes and associated complexes allow us to visualize und 

understand the molecular mechanisms at the heart of the central dogma of cell 

biology. This cumulative dissertation presents two publications that both feature 

cryo-electron microscopy structures that show different aspects of ribosome 

regulation. 

The ribosome has evolved into a binding hub for various factors that influence 

translation, or monitor the translational status in order to adapt other pathways. 

This dissertation presents two publications featuring one example for each of these 

cases. The first one describes how the speed of the ribosome during translation is 

monitored by the Not5 subunit of the Ccr4-Not complex in order to couple 

messenger RNA degradation to translation efficiency. This is a nuanced 

mechanism of cellular homeostasis. The second example is quite different, as it is 

a viral mechanism of suppressing translation of the infected cell. The protein Nsp1 

of SARS-CoV-2 blocks the messenger RNA channel on the ribosome in order to 

inhibit the production of host cell proteins including factors of the innate immune 

system. This way, the virus can hijack the translation machinery of the infected 

cell.  
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1. Introduction 

The ribosome is the central cellular machine that translates genetic information 

into biological function by orchestrating protein biosynthesis. It functions as a 

dynamic scaffold that coordinates the decoding of the messenger RNA (mRNA) 

sequence of a gene transcript through the correct transfer RNA (tRNA) molecules, 

while simultaneously catalyzing the incorporation of the corresponding amino 

acids into the newly emerging polypeptide. With its role at the heart of the central 

dogma of molecular biology, the ribosome evolved into a pivotal binding hub for 

numerous proteins and complexes within various regulatory pathways in both 

health and disease. The ribosome itself is a large but rather compact assembly of 

multiple ribosomal RNA (rRNA) molecules and, depending on the organism, 

between ~50 and ~80 proteins. The size and composition of the ribosome make 

it an ideal target for structural biology and cryo-electron microscopy (cryo-EM) in 

particular. Cryo-EM nowadays routinely allows structure determination of 

ribosomal samples at near-atomic resolutions, making it possible to truly 

understand the molecular mechanisms that underly ribosome function and 

regulation by visualizing them in 3D. 

This dissertation focuses on two very different molecular mechanisms of ribosomal 

regulation, both visualized by cryo-EM. The first mechanism is the basis of how 

mRNA turnover is coupled to translation efficiency in yeast. The second 

mechanism explains how the coronavirus SARS-CoV-2 blocks translation on the 

human ribosome to suppress an innate immune response during viral infection. 

 

1.1 Ribosome structure and function 

Ribosomes are responsible for protein synthesis in all organisms. Although 

ribosomes share the same basic features and functions, their structures vary 

significantly between different organisms. From a conserved rRNA core, the 

ribosome evolved additional rRNA expansions and ribosomal proteins, leading to 

an overall increase in size from bacteria to mammalia (Figure 1A) (Fox 2010, 

Korobeinikova, Garber et al. 2012). This is reflected in the eponymous 

sedimentation coefficients, that are 70S for a full bacterial ribosome and 80S for 

a eukaryotic ribosome. A full ribosome consists of a large 60S subunit (50S in 
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bacteria) and a small 40S subunit (30S in bacteria). Each subunit is a complex of 

rRNA and ribosomal proteins. The human large ribosomal subunit consists of 28S 

rRNA, 5S rRNA and 5.8S rRNA and 47 ribosomal proteins (Wilson and Doudna 

Cate 2012). The human small ribosomal subunit consists of 18S rRNA and 33 

ribosomal proteins. In comparison, the bacterial ribosome has 23S, 5S rRNA and 

33 ribosomal proteins in its large subunit and 16S rRNA and 21 ribosomal proteins 

in its small subunit (Kaczanowska and Ryden-Aulin 2007).  

 

Figure 1: Ribosome structure. (A) Evolution of the ribosome from bacteria (e. coli PDB-
7K00) through yeast (s. cerevisiae PDB-6T4Q) to humans (h. sapiens PDB-4V6X). (B) 
Characteristic features of the 60S and 40S ribosomal subunits (h. sapiens PDB-6ZMI). (C) 
Active bacterial 70S ribosome (e. coli PDB-7K00) bound to A-, P-, E- site tRNAs and a 
small stretch of mRNA (E-site tRNA from t. thermophilus PDB-6XHV). 
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The subunits have characteristic structural and functional features that are 

commonly referred to for orientation on the ribosome (Figure 1B) (Ban, Nissen et 

al. 2000, Schluenzen, Tocilj et al. 2000, Wimberly, Brodersen et al. 2000, Jobe, 

Liu et al. 2019). The small subunit can be divided into the head and body with the 

neck forming a groove in between, that serves as the mRNA channel and allows 

flexibility of the head with respect to the body. Another characteristic structural 

feature of the head is the beak. The body comprises the platform and shoulder, 

as well as a left and right foot. The main features of the large subunit are the 

central protuberance (CP), the L1 stalk and the P-stalk, as well as the peptide exit 

tunnel.  

For translation, the subunits are joined together to form a functional ribosome 

with a cavity between the subunits, the inter subunit space, and several well-

defined bridges between the subunits. At the inter subunit space, amino acetylated 

tRNAs enter the ribosome through the A-site, move over to the P-site and exit the 

ribosome as de-acetylated tRNAs through the E-site (Figure 1C) (Ramakrishnan 

2002, Schmeing and Ramakrishnan 2009, Frank and Gonzalez 2010). During their 

passage through the inter-subunit space, the tRNAs interact with both small and 

large subunits of the ribosome. On the small subunit, the anticodon of the tRNA 

base pairs with a nucleotide triplet codon of the mRNA (Crick, Barnett et al. 1961, 

Valle, Zavialov et al. 2003); on the large subunit, the amino acid that the tRNA 

carries is added to the nascent polypeptide at the peptidyl transferase center (PTC) 

(Polacek and Mankin 2005). The nascent chain is extended into the ribosomal exit 

tunnel, to ultimately emerge at the solvent side of the 60S. Interestingly, the 

important sites for translation are constituted by rRNA rather than protein, making 

the ribosome a ribozyme, a RNA enzyme (Nissen, Hansen et al. 2000).  

 

1.2 The translation cycle 

Translation is divided into the steps initiation, elongation, termination and 

ribosome recycling (Ramakrishnan 2002, Schmeing and Ramakrishnan 2009). The 

principles of these processes are the same for prokaryotes and eukaryotes and 

involve various translation factors. During initiation, the translation machinery is 

assembled and positioned on the start codon of the mRNA. Elongation describes 

the actual translation process of triplet decoding of the open reading frame (ORF) 
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and incorporation of the corresponding amino acids into the nascent polypeptide 

chain. When the ribosome encounters a stop codon, termination of translation 

occurs and the nascent chain is released through hydrolysis. During the recycling 

phase, the ribosome is split into subunits, the mRNA is released and all 

components are made available for another round of translation. Despite the 

conservation of the basic principles, the complexity of the individual steps 

increased substantially from prokaryotes to eukaryotes.  

Canonical cap-dependent eukaryotic initiation starts with the 40S subunit and the 

factors eIF1, eIF1A, eIF3 and eIF5 (Jackson, Hellen et al. 2010, Hinnebusch and 

Lorsch 2012, Hinnebusch 2017) (Figure 2). Together with a ternary complex 

consisting of eIF2, acetylated initiator tRNA (Met-tRNAi
Met) and GTP, these 

components form the 43S pre-initiation complex. The 43S complex is recruited to 

the 5ô cap of the mRNA by interaction with another multi-component initiation 

factor that is already bound to the 5ô cap, the eIF4F complex, which consists of 

eIF4A, eIF4E and eIF4G. The 43S together with eIF4F and the mRNA forms the 

48S initiation complex, which is ready to scan the mRNA in the 5ô-to-3ô direction 

in search for the start of the ORF. Once the 48S complex has reached the first 

start codon (AUG) on the message, eIF5 and eIF2-GDP are released and the 60S 

subunit joins and is positioned by eIF1A and eIF5B. Correct subunit joining leads 

to dissociation of eIF5B and eIF1A, leaving an elongation competent 80S ribosome 

with an initiator tRNA in the P-site.  

Elongation occurs in a repetitive cycle of three major steps. In the decoding step, 

a new aminoacyl-tRNA is delivered to the A-site by the GTPase eEF1A-GTP, such 

that the anticodon of the tRNA can interact with the A-site codon of the mRNA at 

the decoding center of the 40S (Voorhees and Ramakrishnan 2013, Rodnina and 

Wintermeyer 2016). If the tRNA matches the codon and Watson-crick base pairs 

are formed, the aminoacyl tRNA is fully accommodated into the A-site, GTP is 

hydrolyzed and eEF1A-GDP is released (Thompson 1988). In the peptidyl transfer 

step, which occurs in the peptidyl transferase center at the heart of the 60S, the 

polypeptide chain (or the initial Methionine ï in case of the first decoding event of 

the cycle) is transferred from the P-site tRNA onto the amino acid bound to the A-

site tRNA, forming a new peptide bond and elongating the chain by one amino 

acid (Barta, Dorner et al. 2001). Now that the peptidyl transfer has occurred, the 

deacetylated tRNA has to move from the P-site to the E-site and the nascent chain 
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carrying tRNA has to move from the A-site to the P-site (Agirrezabala, Lei et al. 

2008). While the acceptor arms of the tRNAs at the 60S subunit transition from 

A- to P- and P- to E-site upon peptidyl transfer, the anticodon arms stay attached 

to the mRNA in their initial positions in A- and P-site at the 40S. These hybrid 

tRNA states are accompanied by a ribosomal conformation in which the subunits 

are rotated with respect to each other in a counterclockwise ratchet-like fashion. 

The GTPase eEF2 binds to the A-site of the ribosome in this conformation and 

resolves the hybrid state upon GTP hydrolysis by pushing the anticodon arms of 

the tRNAs together with the bound mRNA three nucleotides further towards the 

E-site with respect to the 40S (Frank and Agrawal 2000, Frank, Gao et al. 2007, 

Horan and Noller 2007). This is accompanied by a swiveling motion of the 40S 

head with respect to the body (Ratje, Loerke et al. 2010). In this way, the codon-

anticodon interactions stay intact and a new, free codon is available in the A-site. 

eEF2-GDP dissociates and the cycle continues with a new aminoacyl tRNA being 

delivered to the A-site, followed by ejection of the deacetylated tRNA from the E-

site.  

This cycle continues until there is a stop codon in the A-site (UAA, UAG, or UGA) 

and translation gets terminated (Jackson, Hellen et al. 2012). Unlike for all other 

codons, there are no matching anti-codons for the stop codons. Instead, stop 

codons are recognized by the termination factor eRF1 (Song, Mugnier et al. 2000, 

Kisselev, Ehrenberg et al. 2003). eRF1 is delivered to the A-site by the GTPase 

eRF3-GTP (des Georges, Hashem et al. 2014). Similarly to accommodation of an 

aminoacyl-tRNA upon GTP hydrolysis by eEF1A, eRF3 positions eRF1 into the A-

site and dissociates as eRF3-GDP (Kong, Ito et al. 2004). eRF1 is positioned in a 

way that brings the functional glycin-glycin-glutamine (GGQ) motif of eRF1 in 

position to catalyze hydrolysis of the ester bond between the nascent polypeptide 

chain and the P-site tRNA (Frolova, Tsivkovskii et al. 1999, Ivanova, Kolosov et 

al. 2007). Upon hydrolysis, the newly synthesized protein is released from the exit 

tunnel, leaving an 80S ribosome with a deacetylated tRNA in the P-site, mRNA on 

the 40S and eRF1 in the A-site.  
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Figure 2: The eukaryotic translation cycle. This scheme shows the major steps during 
initiation (blue), elongation (green) and termination & recycling (red). The major steps 
are further segmented into events (bold). Factors that have numbers are the 
corresponding eukaryotic initiation, elongation, or recycling factors (e.g. 1a corresponds 
to eIF1a). The nucleotide cycles of GTPases and ATPases are indicated, but nucleotide 
exchange factors are omitted from the scheme. The 5ô-cap and the poly-A-binding proteins 
(PABP) on the mRNA are indicated in the initiation section. For the other steps, 5ô- and 3ô- 
ends of the mRNA are abridged. The overall scheme is inspired by the bacterial translation 
cycle scheme from Daniel Wilson. 

 

The post peptide release complex has to be actively dissociated in the recycling 

step in order to make the components available for another round of translation 

(Jackson, Hellen et al. 2012). Responsible for splitting is the ATP-binding cassette 

protein ABCE1 (Pisarev, Skabkin et al. 2010). It binds to the inter subunit space 

near the A-site and splits the ribosome into 60S and 40S subunits. The free 60S 

dissociates, while ABCE1, as well as the tRNA and mRNA remain bound to the 40S, 

until they are displaced by eIF1A, eIF1 and eIF3 during the transition into the 

initiation phase of the next translation cycle (Kratzat, Mackens-Kiani et al. 2021). 
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1.3 Messenger RNA degradation 

There are two basic types of mRNA degradation. On the one hand, there is the 

targeted removal of aberrant mRNAs whose translation products potentially have 

hazardous properties. This type of mRNA degradation is organized through 

different mRNA surveillance or quality control pathways. On the other hand, there 

is the regular constant turnover of bulk mRNA, that together with the rates of 

transcription sets the cellular steady-state pool of different mRNAs that are 

available for translation (Houseley and Tollervey 2009, Parker 2012, Schoenberg 

and Maquat 2012).  

While for quite some time it was assumed that mRNA degradation and translation 

are mutually exclusive events for a given mRNA molecule, it has become evident 

over the past years, that this is not the case (Hu, Sweet et al. 2009, Shoemaker 

and Green 2012, Roy and Jacobson 2013, Pelechano, Wei et al. 2015). On the 

contrary, not only can mRNA degradation occur co-translationally, but in many 

cases it is in fact the translating ribosome itself that provides the degradation 

signal and serves as a binding hub for mRNA degradation factors (D'Orazio and 

Green 2021). In the case of mRNA surveillance, where mRNAs are degraded, 

because they harbor mutations or other errors, it seems intuitive that the machine 

reading and translating the mRNA is also responsible for detecting these errors 

(Shoemaker and Green 2012). The three major pathways of co-translational 

mRNA surveillance are óno-goô mediated decay (NGD), ónon-stopô mediated decay 

(NSD) and ónon-senseô mediated decay (NMD).  

NGD is triggered, when there is a óroadblockô somewhere within the ORF of an 

mRNA, such as a stable mRNA secondary structure, specific codon combinations, 

or damaged RNA bases (Shoemaker and Green 2012). A translating ribosome will 

run into the roadblock, where it gets stuck and causes a ótraffic jamô, since 

following ribosomes that are translating the same mRNA will eventually run into 

the first one, they will get stuck as well and pile up along the message. It was 

shown that the ribosome collision event itself provides a universal signal for 

degradation of the mRNA by constituting a unique inter-ribosomal binding 

interface for specific factors (Simms, Yan et al. 2017, Ikeuchi, Tesina et al. 2019). 

The key downstream effectors to such an event belong to the ribosome quality 

control pathway (RQC) and include the E3 ligase Hel2 (ZNF-598 in humans), the 
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RQC trigger complex (RQT) and the Rqc2-Ltn1 system (Juszkiewicz, Speldewinde 

et al. 2020, Matsuo, Tesina et al. 2020). With additional endonucleolytic cleavages 

of the mRNA in between the ribosomes, the RQC pathway is responsible for 

resolving the collided (poly-)ribosome traffic jam and also for the degradation of 

the potentially hazardous nascent peptides (Doma and Parker 2006, Brandman, 

Stewart-Ornstein et al. 2012, D'Orazio, Wu et al. 2019, Joazeiro 2019, D'Orazio 

and Green 2021). 

NSD generally refers to the degradation of messages that lack a stop codon 

(Frischmeyer, van Hoof et al. 2002, van Hoof, Frischmeyer et al. 2002, Shoemaker 

and Green 2012). There are essentially two cases of mRNAs without a stop codon. 

The mRNA is either truncated within the ORF, barring a free 3ô-end, or the ORF 

transitions into the poly-A tail without a termination codon. In the first case, the 

translating ribosome runs into the truncated free 3ô-end. The following ribosome 

will run into the first one and cause a similar cellular response to that of NGD. 

Overall, the NGD and NSD pathways have a high degree of redundancy, since both 

are characterized by ribosome collisions following an initial stalling event (Guydosh 

and Green 2017). In the case of a lack of a stop codon in front of the poly-A tail, 

the ribosome continues to translate into the poly-A tail, leading to incorporation 

of multiple consecutive lysine residues into the nascent chain. This has been 

shown to stall the ribosome after ~6 lysine residues, due to interactions between 

the nascent poly-lysine peptide and the ribosomal exit tunnel (Ito-Harashima, 

Kuroha et al. 2007). This type of stall close to the 3ô-end of the mRNA is typically 

resolved through the SKI-exosome machinery (van Hoof, Frischmeyer et al. 

2002). Here, the SKI complex binds to the ribosome and extracts the mRNA using 

its helicase activity. The SKI complex then feeds the mRNA directly to the 

cytoplasmic exosome leading to exonucleolytic degradation in the 3ô-to-5ô 

direction. (Mitchell, Petfalski et al. 1997, Halbach, Reichelt et al. 2013, Kowalinski, 

Kogel et al. 2016, Schmidt, Kowalinski et al. 2016, Zinoviev, Ayupov et al. 2020, 

Kogel, Keidel et al. 2022).  

NMD is arguably one of the most complex degradation pathways. It occurs, when 

a ribosome encounters a premature stop codon within the ORF, caused by e.g. a 

point mutation (Chang and Kan 1979, Losson and Lacroute 1979). By now it has 

become evident that in addition to removal of aberrant mRNAs, NMD also targets 

~10% of functional mammalian mRNAs as a regulatory mechanism for adaptation 
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of the mRNA pool to altered cellular requirements (Kurosaki, Popp et al. 2019). 

Key players of NMD are the proteins Upf1, Upf2, Upf3  and the proteins SMG1, 

SMG4, SMG5, SMG6, SMG8, SMG9. In canonical NMD the challenge for the system 

is to discriminate between a premature termination codon, that calls for mRNA 

degradation and a regular termination codon that does not. In case of a premature 

stop codon, Upf1 interacts with the translation termination complex and recruits 

the SMG1-SMG8-SMG9 complex and further components of the NMD machinery 

that ultimately degrade the mRNA (Leeds, Peltz et al. 1991, Hentze and Kulozik 

1999, Gonzalez, Bhattacharya et al. 2001, Kashima, Yamashita et al. 2006, 

Chang, Imam et al. 2007, Yamashita, Izumi et al. 2009, Chakrabarti, 

Jayachandran et al. 2011, Chakrabarti, Bonneau et al. 2014). In case of a regular 

stop codon at the end of the ORF, Upf1 binding to the termination complex is in 

simplification prevented by two occurrences, the absence of an exon junction 

complex and the presence of polyadenylate binding proteins due to the proximity 

to the poly-A tails.  

Besides the pathways of mRNA surveillance for the removal of aberrant mRNAs 

the cell has to organize the constant turnover of regular bulk mRNA (Parker 2012). 

Once an mRNA is targeted to be degraded, this predominantly occurs through the 

sequential events of shortening of the 3ô-poly-A tail through the Ccr4-Not complex 

and/or PARN (Muhlrad and Parker 1992, Decker and Parker 1993, Brown and 

Sachs 1998, Tucker, Valencia-Sanchez et al. 2001), subsequent removal of the 

5ô-7-methylguanylate cap through Dcp2 and ultimately processive and swift 

exonucleolytic degradation of the mRNA in the 5ô-to-3ô direction by Xrn1 (Hsu and 

Stevens 1993, Muhlrad, Decker et al. 1994, Dunckley and Parker 1999, van Dijk, 

Cougot et al. 2002, Steiger, Carr-Schmid et al. 2003).  

It was the common assumption that this could only occur after removal of the 

translation machinery from the mRNA followed by shuttling of the mRNA to 

processing bodies, local phase separated foci of high mRNA decay activity (Sheth 

and Parker 2003). However, over the past years it has become evident, that mRNA 

degradation can also occur co-translationally (Hu, Sweet et al. 2009, Pelechano, 

Wei et al. 2015). Recently, it was even visualized how Xrn1, while co-

translationally degrading an mRNA, ran into and specifically interacted with a 

ribosome on the message (Tesina, Heckel et al. 2019). As mentioned above, in 

the case of aberrant mRNAs, it is somewhat intuitive that the ribosome itself is 
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involved in detecting errors in the message and initiating mRNA decay, because it 

is the machinery that reads and translates the mRNA, encountering these errors. 

In the case of regular mRNA turnover, the relationship is more complex. In order 

to understand it, one has to first understand how mRNA half-life is determined.  

As the genetic code is degenerate, meaning that there are 61 codons that specify 

only 20 amino acids, there are in principle multiple possible ways to code for one 

and the same polypeptide. Different codons that code for the same amino acid 

vary in how fast they are decoded on the ribosome, because the corresponding 

tRNAs have varying abundance and are accommodated in the A-site with different 

efficiency. This has led to the definition of codon optimality, with rapidly decoded 

codons classified as optimal and slowly decoded ones as non-optimal. This concept 

can be conveyed to mRNAs when accounting for the amount of optimal and non-

optimal codons within the ORF. Although the concept of codon usage as a means 

to control mRNA turnover is not new, it was recently established mainly by the 

group of Prof. Jeff Coller, that it is in fact the degree of codon optimality that is 

the major determinant of mRNA half-life (Hoekema, Kastelein et al. 1987, 

Caponigro, Muhlrad et al. 1993, Presnyak, Alhusaini et al. 2015). Since the cellular 

impact of codon optimality manifests as translation efficiency, this suggests that 

mRNA stability is coupled to the speed of the ribosome, implying a direct role of 

the ribosome in initiating bulk mRNA turnover.  

Given that the first and rate limiting step of mRNA turnover involves shortening 

of the 3ô-poly-A tail through the Ccr4-Not complex, we set out to find a potential 

connection between the Ccr4-Not complex and the ribosome in order to shed light 

on the molecular mechanism underlying the coupling of mRNA turnover and 

translation efficiency. The results of our study are shown in publication 1 

(Buschauer, Matsuo et al. 2020). 

 

1.4 Immune evasion by SARS-CoV-2 

The central cellular role of the ribosome makes it a key signaling and binding hub 

in different regulatory pathways. At the same time, this means that the ribosome 

is also a prime target for various pathogens. In fact, most if not all viruses have 

evolved ways to interfere with ribosome function of the host cell during infection. 



нр 
 

For one, viruses rely on the host translation machinery for expression of their own 

genome (Stern-Ginossar, Thompson et al. 2019). For hijacking host translation 

they often circumvent regular cellular translation initiation through structured 

regions in the 5ô-UTRs of their viral mRNAs. These regions, so called internal 

ribosome entry sites (IRESs), structurally substitute different initiation factors and 

allow the viruses to avoid jump-start the translation of their own mRNAs at 

different stages of initiation while circumventing cellular regulation steps (Jang, 

Krausslich et al. 1988, Pelletier and Sonenberg 1988, Kieft 2008). 

Using the ribosome to express their own proteins is however not the only way 

viruses manipulate ribosome function. The second way is of an inhibitory nature. 

One of the major initial cellular responses to viral infections is activation of the 

innate immune system, in particular the retinoic acid inducible gene I (RIG-I) 

dependent type I interferon (IFN) response (Yoneyama, Kikuchi et al. 2004, 

Sumpter, Loo et al. 2005, Kato, Takeuchi et al. 2006, Sparrer and Gack 2015, Hu, 

Li et al. 2017). This defense mechanism of the host cell strictly requires the 

synthesis of new proteins. Therefore, viruses have evolved mechanisms to 

suppress protein production of the host cell to evade the innate immune response.  

The COVID-19 pandemic causing pathogen, the severe respiratory syndrome 

coronavirus 2 (SARS-CoV-2), deploys such a mechanism of host translation 

inhibition. It is a member of the coronavirus family, which are enveloped, single-

stranded, positive-sense RNA viruses. There are two genera of coronaviruses, 

alpha and beta, which comprise in total seven known human pathogens. Members 

of the ȁ-coronaviruses, the middle east respiratory syndrome coronavirus (MERS-

CoV) and severe respiratory syndrome coronavirus 1 (SARS-CoV-1) were 

responsible for epidemic outbreaks and a third member, SARS-CoV-2 is the 

causative agent of the ongoing COVID-19 pandemic as of the time of this thesis 

(de Wit, van Doremalen et al. 2016, Wang, Hu et al. 2020). In addition to the 

epidemic/pandemic causing coronaviruses, there are that are two known endemic 

ȁ-coronaviruses, the human coronavirus HKU1 (hCoV-HKU1) and the human 

coronavirus OC43 (hCoV-OC43) (Cui, Li et al. 2019). Their infections cause less 

severe symptoms and together with two more coronaviruses of the alpha genus 

they are referred to as common cold coronaviruses (van der Hoek 2007, Cui, Li et 

al. 2019). The large pool of coronaviruses endemic to bats with more than 4000 

identified sequences is considered to be the origin of the human coronaviruses. 
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The SARS-CoV-2 virus is believed to have spilled over from bats either directly to 

humans or via other animals such as rodents and cattle (Forni, Cagliani et al. 

2017, Ruiz-Aravena, McKee et al. 2022). 

The coronavirus genome consists of a single RNA of about 30 kilobases with a 5ô-

cap and 3ô-poly-A tail. It comprises two overlapping open reading frames (ORF1a 

and ORF1b). Translation of the RNA yields the two precursor proteins ORF1a and 

ORF1ab, which are proteolytically cleaved into the final viral proteins. Besides the 

structural proteins S, E, M and N that are part of the final virion, the genome 

encodes for multiple non-structural proteins (Masters 2006, Lim, Ng et al. 2016, 

Zhou, Yang et al. 2020). Among them is the non-structural protein Nsp1, which is 

referred to as the host translation inhibitor. It was shown for SARS-CoV-1, that 

Nsp1 associates with 40S ribosomes and suppresses host translation initiation and 

thereby effectively the cellular IFN response (Narayanan, Huang et al. 2008, 

Tohya, Narayanan et al. 2009, Huang, Lokugamage et al. 2011, Lokugamage, 

Narayanan et al. 2012, Lei, Ying et al. 2013). In addition to translational 

shutdown, Nsp1 seems to be responsible for degradation of host mRNAs 

(Kamitani, Narayanan et al. 2006, Huang, Lokugamage et al. 2011). This was 

initially only shown for SARS-CoV-1, but has very recently also been reported for 

SARS-CoV-2 (Fisher, Gluck et al. 2022).  

Given the high sequence identity between Nsp1 of SARS-CoV-1 and SARS-CoV-2 

of 84%, we set out to clarify, whether Nsp1 of SARS-CoV-2 also inhibits translation 

on the 40S subunit. Furthermore, we wanted to elucidate the molecular 

mechanism underlying shutdown of translation by Nsp1 through structure 

determination and find the specific ribosomal targets of Nsp1. The results of our 

study are shown in publication 2 (Thoms, Buschauer et al. 2020). 
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2. Discussion 

The two publications presented in this thesis focus on very different aspects of 

translation biology. Yet, they demonstrate how the ribosome is a central hub for 

regulation in health and disease. In both cases, a small helical protein domain is 

deployed to interfere with the ribosome through specific binding at a key active 

site.  

 

2.1 The Ccr4-Not complex monitors the translating 

ribosome for codon optimality  

In the first publication, the yeast protein Not5 binds through its N-terminal domain 

in the ribosomal E-site, leading to mRNA degradation further downstream. This is 

part of the general turnover of mRNAs, which is crucial for maintaining and 

adapting the composition of the cellular mRNA pool. Unsurprisingly, this process 

has to be very tightly regulated to ensure homeostasis. Binding of Not5 to the 

ribosome depends not only on vacancy of the E-site, but also on the absence of a 

tRNA in the A-site. This mechanism effectively couples Not5 binding and ultimately 

mRNA turnover to the translation efficiency of the ribosome. There are different 

ways the cell can use this for regulation of gene expression. The obvious less 

dynamic way is simply the codon usage that has evolved for different types of 

mRNAs. The degeneracy of the genetic code allows for information about mRNA 

stability to be stored in a second layer of code within the message. Although this 

type of information is rather static, there is still some degree of adaptiveness to 

it, when considering alternative splicing. It allows the cell to adapt to specific 

situations by changing the degree of codon optimality of a message through 

splicing. Since the translation efficiency not only depends on the mRNA itself, but 

also on the pool of available charged tRNAs, one can imagine a plethora of dynamic 

mechanisms of influencing mRNA stability through adaptation of the pool of 

charged tRNAs to external and internal cellular conditions.  

Recently, the CNOT3-ribosome structure, the human equivalent to the yeast Not5-

ribosome structure, has been published as a preprint from the lab of Prof. Lori 

Passmore (Absmeier, Chandrasekaran et al. 2022). The study confirmed the 
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conservation of the optimality sensing mechanism between yeast and human that 

we postulated in our publication. The hazardous effect of several cancer related 

mutations that cluster within the N-terminus of CNOT3 could potentially be based 

on dysregulation of optimality sensing as discussed in our study and the recent 

preprint.  

The authors from the Passmore lab claim that the E3 ligase Not4 (CNOT4 in 

humans), which is a constitutive component of the Ccr4-Not complex in yeast, but 

only transiently interacts with the complex in humans, has a different role in 

optimality sensing in humans than what we observed in yeast. However, we did 

not claim in our publication that the ubiquitination of eS7 is a specific event during 

codon optimality sensing. We consider eS7 monoubiquitination by Not4 in yeast 

as a general marker for translating ribosomes that occurs independent of codon 

optimality sensing. Our data simply show that in the cellular context, the eS7 

monoubiquitin marker is an upstream prerequisite for differential degradation of 

optimal and non-optimal messages in yeast and that Not5 comigration with 

polysomes during sucrose density gradient centrifugation of yeast lysate is 

significantly reduced when eS7 ubiquitination is abolished.  

The authors from the Passmore lab generated a Ccr4-Not substrate by in vitro 

translation of an mRNA comprising a stalling site in rabbit reticulocyte lysate 

(RRL). To reconstitute the CNOT3-80S complex, they added purified human Ccr4-

Not complex alone or Ccr4-Not complex together with purified human CNOT4 to 

the reaction. Then, they performed sucrose density gradient centrifugation 

followed by detection of eS7 and CNOT3 by western blotting. They argue that eS7 

ubiquitination is not necessary for CNOT3 interaction with the ribosome, because 

they observed CNOT3 in the 80S fractions independent of the addition of CNOT4. 

They do not show polysome fractions. The fact that it is possible to reconstitute a 

CNOT3-80S complex in absence of eS7 ubiquitination in vitro is not surprising and 

does not contradict any of the results from our yeast study. Moreover, their results 

derived from their western blots are not very conclusive. The quality of the 

western blots makes it difficult to assess the absence or presence of an eS7 

ubiquitination band, but it seems that none of the western blots show significant 

eS7 ubiquitination, independent of whether they added CNOT4 or not, raising the 

question to what extent the addition of purified CNOT4 to RRL represents a proper 

reconstitution of the eS7 ubiquitination capabilities of CNOT4. In any case, their 
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results do not allow conclusions about whether monoubiquitination of eS7 is a 

prerequisite for differential degradation of optimal and non-optimal messages in 

human cells, or even whether the amount of CNOT3 bound to polysomes is 

affected by presence or absence of monoubiquitin on eS7. In fact, one might even 

argue that insufficient eS7 ubiquitination in their experiments could be the reason 

why they only observe CNOT3 bound to 0.6% of the ribosomes, as evident from 

their cryo-EM analysis. 

Independent of the role of Not4/CNOT4, the study by the Passmore lab confirms 

our results and is an important step towards deciphering codon optimality 

dependent mRNA turnover in humans. 

 

2.2 Structural basis for translational shutdown and 

immune evasion by the Nsp1 protein of SARS-CoV-2 

The second publication presented in this thesis explains how SARS-CoV-2 evades 

the innate immune response of the host cell during viral infection. Our structure 

shows how the virulence factor Nsp1 inserts its C-terminal, Ŭ-helical hairpin into 

the mRNA entry channel of the ribosome, thereby effectively blocking translation 

initiation and inhibiting the synthesis of innate immune response factors. Shortly 

after publication of our study, numerous other research groups published similar 

structures, confirming our results (Schubert, Karousis et al. 2020, Shi, Wang et 

al. 2020).  

One of the obvious questions that we did not address in our study is how the virus 

circumvents the blockage of the mRNA channel in order to ensure production of 

its own proteins. We speculated that it would involve the structured 5ô-UTR that 

the SARS-CoV-2 viral mRNAs have in common and the N-terminal domain of Nsp1 

(Nsp1-NTD). The globular Nsp1-NTD is connected to the C-terminal domain 

(Nsp1-CTD) through a flexible linker. Although we observed additional density in 

the vicinity of the mRNA entry that most likely corresponded to the Nsp1-NTD, we 

were not able to resolve it. The lab of Prof. Hao Wu shed some light on the 

mechanism behind the circumvention of the mRNA blockage. They observed that 

indeed, mRNA reporters that were not translated in presence of Nsp1, were 

translated despite Nsp1 when they exchanged the 5ô-UTR of the mRNA to the 5ô-
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UTR of SARS-CoV-2 (Shi, Wang et al. 2020). This circumvention required the linker 

between the Nsp1-NTD and the Nsp1-CTD and changing the length of the linker 

affected the circumvention efficacy. Furthermore, they observed a direct 

interaction between the Nsp1-NTD and the structured 5ô-UTR of SARS-CoV-2 in 

vitro. They later narrowed down the interaction to stem loop 1 of the 5ô-UTR and 

successfully inhibited the circumvention of Nsp1 mediated mRNA blockage through 

antisense oligos that hybridize with the 5ô-UTR and prevent interaction with the 

Nsp1-NTD (Vora, Fontana et al. 2022). 

A different approach to targeting Nsp1 with a potential therapeutic molecule was 

recently published (Afsar, Narayan et al. 2022). The authors looked for already 

approved drugs that could potentially bind to the Nsp1-CTD and thereby disrupt 

the Nsp1-ribosome interaction. Their top candidate was montelukast, an asthma 

therapeutic. They were able to show that montelukast binds to the Nsp1 C-

terminus with an affinity (KD) of 10.8 ÕM and suppresses viral replication in HEK 

and Vero-E6 cells. Their study presents an interesting starting point for targeting 

the Nsp1-ribosome interaction. However, the most elegant approach would be to 

target the ribosomal binding site of Nsp1. A suitable small molecule could disrupt 

the interface while still allowing the mRNA to pass. In this way, one would not be 

restricted by the specific Nsp1 sequence of SARS-CoV-2, but have a single drug 

that could effectively be used against all viruses that use the Nsp1 mechanism for 

host translation inhibition.  

In general, the human ribosome is very likely to be explored as a drug target for 

various diseases in the future. Thanks to the advances in cryo-electron 

microscopy, we will have a plethora of structures of the ribosome at a resolution 

that allows unambiguous identification of small molecular modifications, metal 

ions and even water molecules. In combination with the ever-increasing 

understanding of the ribosome as a central hub for regulation in various cellular 

pathways, there is an enormous potential for specifically targeting sites on the 

ribosome for drug development. 
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