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Editorial

Ribosomal Proteins in Ribosome Assembly
Brigitte Pertschy 1,2,* and Ingrid Zierler 1,2,*

1 Institute of Molecular Biosciences, University of Graz, Humboldtstrasse 50, 8010 Graz, Austria
2 BioTechMed-Graz, Mozartgasse 12/II, 8010 Graz, Austria
* Correspondence: brigitte.pertschy@uni-graz.at (B.P.); ingrid.zierler@uni-graz.at (I.Z.)

Ribosomes are the cellular machinery responsible for translating mRNA into proteins,
a process fundamental to all domains of life from bacteria to eukaryotes. The synthesis
of new ribosomes is a highly orchestrated process involving the assembly of ribosomal
proteins with ribosomal RNA (rRNA) into the complex three-dimensional structure of
mature ribosomes. This Special Issue focusses on the multifaceted roles of ribosomal
proteins in this intricate process, covering topics from their synthesis and transport to their
assembly with rRNA, the consequences of their absence, and extra-ribosomal functions.

The current understanding of the role of ribosomal proteins in ribosome assembly is
the result of decades of research and technological advances. The review by Gor and Duss
(Emerging Quantitative Biochemical, Structural, and Biophysical Methods for Studying
Ribosome and Protein–RNA Complex Assembly) provides an overview of the state-of-the-
art methods used to study ribosome assembly, focusing on bacteria, and covers some of the
methods applied in the research articles within this Special Issue.

But let us move to the beginning (of ribosome synthesis)—in particular, the produc-
tion of the components for new ribosomes. As well as rRNA, ribosomal protein mRNA
also has to be transcribed, and once translated, newly synthesized ribosomal proteins
have to be safely transported into the nucleus where the assembly with the rRNA takes
place. These early steps of ribosome synthesis are addressed by several articles in this
Special Issue.

The study by Di Vona et al. (Loss of the DYRK1A Protein Kinase Results in the
Reduction in Ribosomal Protein Gene Expression, Ribosome Mass and Reduced Translation)
provides insights into the regulation of ribosomal protein gene transcription in human
cells. This study uncovers a novel motif present in a subset of ribosomal protein gene
promoters that is bound by the DYRK1A kinase. The presence of DYRK1A enhances the
recruitment of the TATA-binding protein, promoting ribosomal protein gene expression.
The importance of this novel regulatory pathway is reflected by the observation that the
depletion of DYRK1A leads to a global reduction in ribosomal protein gene mRNA, with a
concomitant reduction of ribosomal proteins and, consequently, fewer ribosomes.

While translation of ribosomal protein mRNA occurs in the cytoplasm, most newly
synthesized ribosomal proteins in eukaryotes must be transported into the nucleus. The
research article by Steiner et al. (Dissecting the Nuclear Import of the Ribosomal Protein
Rps2 (uS5)) provides insights into how the efficient nuclear import of the ribosomal protein
uS5 is achieved in yeast cells. The findings of this study reveal that uS5 possesses at least
two nuclear localization sequences (NLSs): an internal NLS recognized by the importin-β
Pse1 and an N-terminal NLS. Interestingly, the N-terminal NLS overlaps with the binding
site for the uS5-specific chaperone Tsr4, raising the question how the chaperoning and
nuclear import of uS5 are coordinated.

Biomolecules 2025, 15, 13 https://doi.org/10.3390/biom15010013
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Beyond importins and Tsr4, uS5 interacts with multiple additional proteins outside
the ribosome. Landry-Voyer et al. (Ribosomal Protein uS5 and Friends: Protein–Protein
Interactions Involved in Ribosome Assembly and Beyond) provide an overview of the
interaction network of uS5, with a primary focus on the human protein. Human uS5
interacts with the Tsr4 ortholog PDCD2, a dedicated chaperone that protects uS5 from
aggregation. Its paralog, PDCD2L, appears to have acquired an independent function,
potentially acting as an export adaptor for pre-40S subunits. Furthermore, uS5 is bound
by an arginine methyltransferase and a zinc finger protein, although the precise func-
tions of these interactions remain unclear. While some of uS5’s binding partners are
involved in ribosome synthesis, others may direct uS5 toward as-yet-uncharacterized
extra-ribosomal functions.

An important extra-ribosomal function of many ribosomal proteins is the regulation of
p53 signaling in response to impaired ribosome synthesis, a topic studied by Eastham et al.
(RPS27a and RPL40, Which Are Produced as Ubiquitin Fusion Proteins, Are Not Essential
for p53 Signalling) in human cell lines. RPS27a (eS31) and RPL40 (eL40) are unique among
ribosomal proteins as they are synthesized as ubiquitin fusion proteins that require cleavage
to release the functional ribosomal protein and ubiquitin. This study investigates whether
these two ribosomal proteins, as well as serving as ubiquitin providers, also contribute to
p53 signaling. Using several different cell lines, the authors reveal that knockdown of eS31
and eL40 stabilizes p53 in only some of them, suggesting that the involvement of eS31 and
eL40 in p53 signaling is cell type specific.

After synthesis of ribosomal proteins, the next critical step is their assembly with
the ribosomal RNA as it is transcribed and begins to fold. The article by Rodgers et al.
(Ribosomal Protein S12 Hastens Nucleation of Co-Transcriptional Ribosome Assembly)
addresses the intricate mechanisms by which one of the early binding ribosomal proteins,
S4 (uS4), associates with the ribosomal RNA during transcription. In particular, the authors
reveal that one of the later binding proteins, S12 (uS12), accelerates uS4 binding during
pre-16S rRNA transcription. This study suggests that uS12 functions as an rRNA chaper-
one, interacting transiently with a region near the uS4 binding site to facilitate rapid uS4
assembly. It is tempting to speculate that other late binding ribosomal proteins may also
play early roles as RNA chaperones.

Beyond RNA folding, the absence of a ribosomal protein can have various effects
on ribosome biogenesis, including the inhibition of pre-rRNA processing, or the delayed
assembly of other ribosomal proteins or ribosome assembly factors. The review article by
Ayers and Woolford (Putting It All Together: The Roles of Ribosomal Proteins in Nucleolar
Stages of 60S Ribosomal Assembly in the Yeast Saccharomyces cerevisiae) addresses the
roles of various ribosomal proteins during the nucleolar stages of 60S ribosomal subunit
assembly, focusing on studies of yeast. Taking cryo-EM structural data into consideration,
the authors propose several mechanisms for the assembly of ribosomal proteins into nascent
ribosomes. They highlight the interplay between neighboring ribosomal proteins and the
structural changes of rRNA upon ribosomal protein binding.

The role of ribosomal proteins in the assembly of ribosomal subunits in eukaryotes is
also addressed in the review article by Martín-Villanueva et al. (The Beak of Eukaryotic
Ribosomes: Life, Work and Miracles), this time focusing on the role of ribosomal proteins
that are part of the protrusion of the small subunit termed the “beak structure”. The authors
discuss how the composition and structure of the beak have evolved from an all-rRNA
structure in bacteria to a more complex arrangement involving multiple ribosomal proteins
in eukaryotes and how this structure is assembled.

Having covered the various steps of ribosome assembly in this Special Issue, the last
two articles examine how alterations in ribosomal protein composition can influence the

2
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structure and function of mature ribosomes. Yu et al. (Structural Insights into the Distortion
of the Ribosomal Small Subunit at Different Magnesium Concentrations) investigate the
structural dependence of bacterial ribosomes on magnesium ions. A reduction in Mg2+

concentration leads to distortions of the decoding center and the dissociation of ribosomal
protein S12 (uS12), and it eliminates the interactions of S16 (bS16) with h17, h10, and h15.
These findings underscore the critical role of magnesium in maintaining ribosomal integrity,
a role that is likely also relevant during ribosome assembly.

Last but not least, the article by Fakih et al. (Differential Participation of Plant Ribo-
somal Proteins from the Small Ribosomal Subunit in Translation under Stress) addresses
how different ribosomal protein isoforms affect translation in plants. This study reveals
that specific ribosomal protein isoforms are relevant for the efficient translation of a specific
set of mRNAs encoding proteins functioning in pathogen defense. These findings support
the hypothesis that plants may utilize functionally specialized ribosomes, incorporating
particular ribosomal protein variants to respond effectively to stress conditions.

The research and review articles compiled in this Special Issue offer insights into the
multifaceted roles of ribosomal proteins in ribosome biogenesis and beyond. From the
regulation of ribosomal protein synthesis and nuclear import to their assembly with rRNA
and participation in extra-ribosomal functions, this collection emphasizes the necessity of
ribosomal proteins in ribosome biogenesis and function. We hope that these contributions
will stimulate further research in the field, advancing our understanding of ribosome
biogenesis and its implications for human health and disease.

Conflicts of Interest: The authors declare no conflict of interest.
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Emerging Quantitative Biochemical, Structural, and
Biophysical Methods for Studying Ribosome and
Protein–RNA Complex Assembly
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69117 Heidelberg, Germany; kavan.gor@embl.de

2 Faculty of Biosciences, Collaboration for Joint PhD Degree between EMBL and Heidelberg University,
69117 Heidelberg, Germany

* Correspondence: olivier.duss@embl.de

Abstract: Ribosome assembly is one of the most fundamental processes of gene expression and has
served as a playground for investigating the molecular mechanisms of how protein–RNA complexes
(RNPs) assemble. A bacterial ribosome is composed of around 50 ribosomal proteins, several of which
are co-transcriptionally assembled on a ~4500-nucleotide-long pre-rRNA transcript that is further
processed and modified during transcription, the entire process taking around 2 min in vivo and
being assisted by dozens of assembly factors. How this complex molecular process works so efficiently
to produce an active ribosome has been investigated over decades, resulting in the development of a
plethora of novel approaches that can also be used to study the assembly of other RNPs in prokaryotes
and eukaryotes. Here, we review biochemical, structural, and biophysical methods that have been
developed and integrated to provide a detailed and quantitative understanding of the complex and
intricate molecular process of bacterial ribosome assembly. We also discuss emerging, cutting-edge
approaches that could be used in the future to study how transcription, rRNA processing, cellular
factors, and the native cellular environment shape ribosome assembly and RNP assembly at large.

Keywords: RNP assembly; ribosome assembly; protein–RNA interactions; RNA folding; assembly
intermediates; in vitro reconstitutions; mass spectrometry; single-molecule fluorescence microscopy;
cryo–electron microscopy; RNA structure probing

1. Introduction

Ribosomes are responsible for protein synthesis and are some of the largest and most
complex macromolecular machines in a cell. Prokaryotic ribosomes are made up of a large
subunit (LSU or 50S) and a small subunit (SSU or 30S). The Escherichia coli (E. coli) LSU
consists of 23S and 5S ribosomal RNAs (rRNA) bound by 33 ribosomal proteins (r-proteins),
while the SSU consists of 16S rRNA and 21 r-proteins [1]. The assembly of a ribosome
is a very complex and multistep process that consumes about 40% of a cell’s energy [2].
Assembly is initiated with the transcription of a primary rRNA transcript containing
~4500 nucleotides. Transcription is assisted by the rRNA transcription antitermination com-
plex (rrnTAC), which reduces transcription pausing and prevents early termination [3–5].
The primary transcript is co-transcriptionally processed by multiple specific RNases to
form the three rRNA fragments (16S, 23S and 5S rRNAs) [6–9] that simultaneously fold into
secondary and tertiary RNA structures [10–12]. Co-transcriptional rRNA folding follows
the vectorial (5′ to 3′) direction and allows for the sequential binding of r-proteins [13–18].
Co-transcriptional rRNA processing, rRNA folding, and r-protein binding is accompanied
by the introduction of base modifications, such as pseudouridinylations and methyla-
tions [19,20]. Furthermore, these processes are assisted by multiple assembly factors, such
as GTPases, helicases, and maturation factors [1,21]. Remarkably, it takes only about 2 min

Biomolecules 2023, 13, 866. https://doi.org/10.3390/biom13050866 https://www.mdpi.com/journal/biomolecules5
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for the cell to assemble a functional bacterial ribosome [22]. Consequently, the assembly in-
termediates of this process are short-lived and contribute to only ~2% of the total ribosome
population [23], making them difficult to study.

Ribosome assembly, and RNP assembly in general, is very difficult to investigate.
Apart from the complexity of the process and the low abundance of assembly intermediates,
many of the biomolecular interactions that form during assembly are transient and dynamic
in nature and therefore difficult to capture biochemically and structurally. Furthermore,
the assembly processes are often very heterogeneous and consist of multiple parallel
assembly pathways.

Ribosome assembly has been studied over many decades and, despite its complexity
and technical limitations, various aspects of the process are well understood. There are
several reviews that provide detailed overviews of various aspects of the assembly pro-
cess [1,20,21,24–30]. Here, we aim to provide a methodological perspective on studying
ribosome assembly and the assembly of other RNPs, such as the spliceosome, various
mRNPs, and large non-coding RNPs. We summarise the various biochemical, structural,
and biophysical methods employed over the years for studying different facets of the
ribosome-assembly mechanism, with a focus on bacterial ribosome assembly. This review
highlights the exciting parallel between the evolution of our understanding of ribosome
assembly and the technological advancements that have led to the development of new
methods (Figure 1). We start by discussing in vitro reconstitutions that employ a bottom-
up approach using minimal components to understand the assembly process in a very
controlled manner. Time-resolved mass spectrometry, RNA structural probing, and cryo–
electron microscopy have provided information on the kinetics of assembly and have
permitted the structural visualisation of the assembly process at high resolution. Single-
molecule experiments have become instrumental in understanding how the different
processes are functionally coupled with each other as they allow us to follow complicated,
multistep processes in real-time. We conclude our review by discussing approaches that
we think will be required in the future to understand how the ribosome and other complex
protein–RNA machineries are assembled so fast and efficiently in vivo.

Mass spectrometry
Protein composition, 
binding kinetics and 

protein/RNA
modification status

m/z

In
te

ns
ity

Electron tomography

In situ structure biology

In vitro reconstitutions

Controlled mimicking of 
in vivo situation

r-proteins

16S rRNA

5′ 5′RNAP

5′

rDNA

Transcription

rRNA modification

r-protein binding

rRNA processing

Assembly factors

Nascent 
rRNA folding

RNAP

RNAP

Ribosome Assembly

70S

RNAP
5′

Single-molecule imaging

Real-time tracking of
multistep processes

Time

nascent 
RNA

RNA structure probing

RNA structure 
and dynamics

SHAPE
adducts

In vivo single 
molecule tracking

Dynamics of individual
molecules in situ

E. coli

Electron microscopy

Structures and kinetics 
of assembly intermediates

Figure 1. Overview of the biochemical, structural, and biophysical methods for studying ribosome
and RNP assembly. Top right tomogram adapted and reproduced from [31], 70S (PDB: 4V6G) and
50S intermediate (PDB: 7BL5).
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2. Biochemical Reconstitutions
2.1. In Vitro Reconstitutions

In the early days of studying ribosome assembly, it was evident that a ribosome is
a very complex machinery composed of multiple r-proteins interacting with rRNA. In
order to understand its assembly, the two subunits of the ribosome were studied separately.
In vitro reconstitution/omission experiments were performed by mixing purified rRNA
with different sets of r-proteins and then purifying the resulting assembly intermediates via
the ultracentrifugation of sucrose gradients [32]. Initial attempts to reconstitute these sub-
units indicated that the 30S can be reconstituted in a single step [17], while several heating
steps and various Mg2+ concentrations were required to reconstitute the 50S [33,34]. The
reconstituted ribosomes were tested for their ability to read polyU templates [35,36], form
peptide bonds [37], or bind tRNA [38], suggesting that these in vitro reconstitutions pro-
vide active ribosomes. Reconstitution experiments indicated that the binding of r-proteins
occurred in a sequential order and allowed for the organisation of the ribosome assembly
into assembly maps (Nomura map for 30S and Nierhaus map for 50S) containing the ther-
modynamic binding dependencies of the various r-proteins [16–18]. In vivo experiments
using cold-sensitive mutant strains and strains lacking r-proteins validated the assembly
maps derived from the in vitro reconstitution methods [39].

2.2. In Vivo Mimicry

While these reconstitution efforts were successful in describing the in vitro thermody-
namic assembly pathway, assembly was much less efficient and required unphysiological
heating steps and buffer conditions. Furthermore, the reconstituted ribosomes were not
tested for their ability to translate a complete mRNA [40]. Importantly, these experimental
conditions did not properly mimic the in vivo situation. Inside cells, the rRNA is efficiently
transcribed and co-transcriptionally processed, modified, and bound by r-proteins simulta-
neously [41–44]. This entire process is assisted by multiple assembly factors. Developments
in the field of cell-free systems spearheaded by the Jewett Lab have been used to recon-
stitute ribosomes with high activity in near-native assembly conditions. An integrative
ribosome synthesis, assembly, and translation (iSAT) assay combines co-transcriptional
ribosome assembly and the subsequent translation of mRNA via the assembled ribosome
in a single reaction, with GFP as a readout for the successful assembly of an active ribosome
(Figure 2A–C) [40]. The iSAT reaction consists of a plasmid containing the entire rRNA
operon initiated by a T7 promoter sequence, T7 RNA polymerase, all r-proteins purified
from native ribosomes (TP70), a second plasmid coding for the reporter mRNA sequence
(GFP), and cell extract (S150) containing all the cellular factors required for ribosome assem-
bly and translation (Figure 2A). The cell extract allows for the correct processing [45] and
modification [46] of rRNA. Since all the key components required in ribosome assembly
(as well as other components, such as assembly factors that assist ribosome assembly) are
then present, the assembly of the ribosome is expected to proceed in a native way i.e., the
processes of transcription, rRNA processing, r-protein binding, and base modifications
are expected to occur simultaneously and assisted by assembly factors. While earlier
iSAT reactions had translational efficiencies of 20% when compared to in vivo-purified
ribosomes [45], their efficiency can be improved to 70% by adding crowding and reducing
agents to the iSAT reactions [47]. iSAT reactions have been further extended to include the
synthesis of individual r-proteins [48], yet the assay still needs to be further developed to
allow all r-proteins to be synthesised in the same reaction. Of note, iSAT reactions work
efficiently despite using T7 RNAP instead of the native E. coli RNAP. Better mimicking the
in vivo situation, future adaptions of iSAT should include the native E. coli RNAP in order
to also properly reproduce the native rRNA transcription speed and pausing behaviour,
which is assisted by the rrnTAC.
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Integrated ribosome synthesis, assembly, and translation assay

Real-time tracking of translated protein Ribosome profiling

A

D

B

Distribution of DNA brushes expressing 
specific r-proteins and rRNA

Schematic of assembly on chip

Chip containing DNA brushes for ribosome 
assembly

Tracking r-protein binding kinetics to rRNA during assembly in real-time 

Ribosome assembly on a chip

Nomura map (colour coded) indicating 
the r-proteins grouped in the sub 

clusters of DNA brushes 

C

E

Figure 2. (A–C) Integrated ribosome synthesis, assembly, and translation (iSAT): (A) schematic of the
one-pot iSAT reaction for the synthesis and assembly of ribosomes and the translation of a reporter pro-
tein; (B) real-time monitoring of fluorescence intensity as a reporter for translation activity of ribosomes
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produced in iSAT reaction; (C) ribosome profiling of the iSAT reaction. (D,E) Ribosome assembly
on a chip: (D) schematic of chip surface and the distribution of DNA brushes (centre), zoomed-
in schematic of one DNA cluster (top), distribution of DNA brushes (right) encoding for rRNA
(black) and r-proteins-HA (green), assembly factors (grey) and other r-proteins colour-coded as in the
Nomura map (bottom right), and schematic of ribosome assembly on chip (bottom centre); (E) time
traces of primary, secondary, and tertiary r-proteins binding to rRNA during assembly on a chip (top:
left to right) and normalised maximum signal from primary (green), secondary (yellow), and tertiary
(grey) r-protein-HA (bottom: left to right). (A) is reproduced with permission from [40]. (B,C) are
reproduced with minor adaptations with permission from [47]. (D,E) are reproduced from [49].

Inspired by the lab-on-a-chip approach, the one-pot iSAT reaction assay has also been
performed on a chip to reconstitute 30S subunits in near-native conditions (Figure 2D) [49].
Genes encoding for r-proteins and rRNA were immobilised on a chip surface as DNA
brushes along with anti-HA antibodies (Figure 2D, right panel). One r-protein at a time
was designed as a fusion protein with a HA tag, and the rRNA was modified to include
a Broccoli aptamer. All genes were transcribed, and r-proteins were translated locally at
the surface. The resultant increase in fluorescence signal from the broccoli aptamer on the
regions of the chip coated with anti-HA antibodies indicated that the rRNA was bound
by the HA-tagged r-protein and all upstream binding r-proteins according to the Nomura
assembly map (Figure 2D bottom, right panel). Using this approach, they could recapitulate
the r-protein binding dependencies (Nomura map) and their binding kinetics (Figure 2E).
They were also able to monitor the late stages of 30S assembly, including the binding of the
mature 30S to the 50S.

In summary, biochemical reconstitutions are a powerful tool for investigating the
intricate details of a specific process using a minimalistic system. Recent ribosome re-
constitutions that mimic native conditions have enabled researchers to study mutant
ribosomes [50], incorporate non-canonical amino acids [51], and investigate the process
of evolution in the context of ribosome assembly and function [52]. Furthermore, these
methods can enable the investigation of the role of various assembly factors in wild-type
versus mutant ribosomes and the engineering of new ribosomes with specific functions.

3. Mass Spectrometry

While the in vitro reconstitution/omission experiments allowed for the construction
of ribosome assembly maps that summarise thermodynamic protein-binding dependencies,
they do not contain any information on its protein-binding kinetics during assembly. By
combining quantitative mass spectrometry (qMS) with pulse-chase experiments using
stable isotope labelling, it became possible to complement the thermodynamic r-protein
binding dependencies with r-protein binding rates.

3.1. In Vitro Mass Spectrometry for r-Proteins

Pulse-chase qMS (PC-qMS) allows for the tracking of binding rates for all r-proteins
to the rRNA in a single experiment [15]. The rRNA is incubated with heavy isotope-
labelled r-proteins for a specific amount of time, and then chased with an excess of light
isotope-labelled r-proteins to complete the assembly (Figure 3A, left panel). The completely
assembled subunits are then isolated on a sucrose gradient and the value of the heavy-
to-total protein ratio for each protein is determined using mass spectrometry and plotted
as a function of time (Figure 3A, centre panel). The resulting binding curves provide the
average binding rates for the individual r-proteins (Figure 3A, centre and right panels).
By repeating these experiments at different protein concentrations and temperatures, the
authors demonstrated that (1) RNA folding and protein binding occur at similar rates,
(2) the rate-limiting steps for different proteins is similar at low or high temperatures, and
(3) the final steps of 30S synthesis are limited by many different transitions. Similar experi-
ments were performed with a pre-folded 16S rRNA that was pre-bound with a subset of
r-proteins [53]. They observed multiphase binding kinetics of r-proteins, suggesting further
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complexity in the assembly pathway. Their observations also indicate the presence of
multiple assembly pathways and a delicate interplay between thermodynamic dependency
and kinetic cooperativity. PC-qMS was also used to investigate the influence of assembly
factors for the assembly of the 30S, showing, for example, that RimP allows for the faster
binding of S9 and S19 but prevents the binding of S12 and S13, potentially by blocking their
binding sites [54].

A

B

r-protein binding kinetics derived from pulse-chase qMS

In vivo pulse labelling followed by qMS

Experimental workflow Binding kinetics of r-proteins to 16S rRNA

Experimental workflow Putative role of new assembly factors C

Protein binding kineticsProtein abundances

Figure 3. (A) In vitro pulse-chase qMS to determine protein binding kinetics: schematic of pulse-
chase qMS workflow (left), r-protein binding curves to 16S rRNA (centre), Nomura assembly map
coloured according to binding rates derived from pulse-chase qMS (right). (B,C) In vivo pulse
labelling to determine protein binding kinetics and discovery of new assembly factors bound to
the ribosome-assembly intermediates: (B) experimental workflow of in vivo pulse labelling and
corresponding quantification by MS. (C) qMS-based identification and discovery of assembly factors
and their potential role in assembly of specific subunits (right). (A) is reproduced with permission
from [15], and (B) is adapted and reproduced and (C) is reproduced with permission from [22].
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3.2. In Vivo Mass Spectrometry for r-Proteins and Assembly Factors

qMS-based methods were also applied to recapitulate the assembly pathway in vivo
and for the identification of multiple assembly factors [22] (Figure 3B,C). The authors
used an in vivo stable isotope pulse-labelling approach to characterise the exact r-protein
composition of various populations of intermediates (Figure 3B). The cells were grown in
heavy isotope media and pulse labelled with light isotope media. Various fractions from
the sucrose gradient corresponding to assembly intermediates were digested by trypsin
and subjected to qMS. The resultant in vivo data validated the presence of four assembly
intermediates of 30S particles, as observed by Mulder et al. using in vitro reconstitutions.
The 50S assembly was more continuous in cells and revealed six assembly intermediates,
which indicated a general pathway where the 50S assembly starts opposite to the peptidyl
transferase centre, forms intermediates where r-proteins are added globally to the whole
structure, and ends with the formation of the central protrusion. Likewise, subjecting
the fractions of a sucrose gradient to qMS analysis led to the identification of 15 known
and 6 unknown assembly factors that co-occurred with specific assembly intermediates,
indicating their role in that particular stage of assembly (Figure 3C).

MS was also used to understand the effects of cellular knockouts of assembly factors
on the composition of ribosome-assembly intermediates. Experiments with strains lacking
specific assembly factors showed a slower growth rate and an accumulation of assembly
intermediates [54–57]. An investigation into in vivo assembly intermediates from mutant
strains that lacked the assembly factors LepA or RsgA, for example, showed reduced levels
of late-binding r-proteins, suggesting the role of these assembly factors in the late stages of
assembly [58].

Apart from quantifying the composition of assembly intermediates, MS can also be
used to investigate the post-translational modifications of r-proteins during assembly.
For example, the Woodson Lab used MS to understand the extent of S5 and S18 acetyla-
tion during in vivo ribosome assembly and its effect on the formation of specific rRNA
contacts [59].

qMS methods were also applied to study eukaryotic ribosome assembly. For example,
Sailer et al. used multiple different affinity-tagged assembly factors to pull down and
crosslink different intermediates of pre-60S particles from Saccharomyces cerevisiae [60]. A
mass spectrometry analysis of the crosslinked peptides produced a protein–protein interac-
tion map that identified the localisation of 22 unmapped assembly factors. The association
based on relative abundances between the newly mapped assembly factors and specific
intermediates indicated the approximate time at which they act in the assembly pathway.

3.3. In Vivo Mass Spectrometry for RNA Modifications

rRNA is modified by methylations as well as pseudouridinylations [19]. These modifi-
cations are deposited site-specifically by multiple different modification enzymes during
the course of the assembly process. Traditionally, modifications are detected using reverse
transcriptase primer extension techniques [61], or P1 nuclease digestion followed by thin-
layer chromatography (TLC) or high-performance liquid chromatography (HPLC) [62,63].
Although these are very sensitive methods, they are tedious as they allow for the ob-
servation of only one modification at a time and are suitable for detecting only specific
modifications. qMS analyses of RNA enable the detection of multiple site-specific modifi-
cations simultaneously. Typically, isotope-based labelling is used to detect the fraction of
RNA molecules that is site-specifically methylated. However, the accurate quantification
of lowly abundant modifications can be challenging. Furthermore, since pseudouridine
is a structural isomer of uridine, it cannot be detected. Popova et al. used a metabolic
labelling approach to validate methylations and detect pseudouridinylated residues [64].
CD3-methionine (the precursor to SAM) leads to a +3 Da mass shift that can be distinctly
and confidently annotated. Similarly, 5,6-D-uracil leads to a −1 Da mass shift for a pseu-
douridinylated residue. Using this approach on assembly intermediates purified from
cells, the authors were able to characterise the stages at which each residue is modified
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during the assembly process. For example, most of the modifications on the 23S rRNA
occur early during assembly, as opposed to the 16S where the modifications are incorpo-
rated from a 5′ to 3′ direction, in agreement with a co-transcriptional rRNA modification
process. Another study used qMS on S-adenosylmethionine (SAM; methyl donor used
by methyltransferases)-depleted cells to study the importance of RNA modification on
ribosome assembly [65].

Overall, mass spectrometry is a highly sensitive and quantitative method for deter-
mining the binding kinetics of r-proteins to rRNA as well as for studying when multiple
r-protein or rRNA chemical modifications are introduced during assembly.

4. Electron Microscopy

Electron microscopy (EM) has been proven instrumental in providing high-resolution
structural information on ribosome-assembly intermediates. Both for negative-stain and
cryogenic EM, ribosome-assembly intermediates either from in vitro reconstitutions or pu-
rified from cells are applied to a grid for imaging. Optimally, the individual particles meant
to be imaged are present in multiple different orientations to reconstruct a 3D image [66].
Seminal work by the Williamson Lab in 2010 demonstrated the potential of using struc-
tural information derived from a heterogenous population of assembly intermediates for
understanding the mechanisms of ribosome assembly [67]. They performed time-resolved
low-resolution negative-stain EM after mixing 16S rRNA with all 30S r-proteins and then
freezing them at different time points. They were able to visualise 14 different assembly
intermediates, which were classified into 4 major groups (Figure 4A). The population of
the first group, representing the smallest assembly intermediate, decreased over time. The
second group peaked at several minutes, while the third and fourth groups appeared only
at later time points. In combination with PC-qMS, they were able to reconstruct a detailed
assembly pathway for the 30S subunit in vitro, demonstrating multiple parallel assembly
pathways (Figure 4A).

CB

A

EM structures of assembly intermediates placed along sequential 
and parallel ribosome-assembly pathways

Networks of assembly factors 
assisting LSU maturation

Structure of rRNA Transcription 
Antitermination Complex

Figure 4. Electron microscopy: (A) Assembly intermediates populating parallel 30S assembly path-
ways visualised by negative-stain EM. (B) Model of how late-stage 50S maturation is guided by assembly
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factors (top); model can be constructed using several high-resolution cryoEM structures of pre-50S
bound by assembly factors YjgA, RluD, RsfS and ObgE. (C) High-resolution cryoEM structures of the
complete rRNA transcription antitermination complex (rrnTAC) responsible for efficient transcription
of rRNA. Reproduced with permission: (A) from [67], (B) from [68], and (C) from [69].

The resolution revolution in 2013 led to significant improvements in electron detection
technology and reconstruction algorithms [70,71]. This enabled its use in investigating
more heterogeneous populations of complexes present in the same sample, providing the
basis for imaging multiple assembly intermediates that populate the 50S assembly pathway
both in vitro and in vivo.

The in vitro reconstitution of 50S is a two-step process that leads to the activation of
50S [72]. High-resolution cryoEM of the two-step reconstitution process displayed five main
classes (subpopulations) resulting from the first step and a mature 50S structure resulting
from the second. 50S assembly initiates at its core, followed by the L1 protuberance and the
central protuberance (CP). Interestingly, the main difference between the last class from
step one and the fully mature 50S is a structural rearrangement of the rRNA that leads to
the maturation of the peptidyl transferase centre.

In order to perform experiments in native conditions and gain perspective on ribosome
assembly in vivo, Davis et al. used high-resolution cryoEM of assembly intermediates
isolated from a bL17 (r-protein of 50S)-depleted strain to enrich intermediates [73]. Sub-
population averaging revealed that, similar to that of the in vitro experiments, the in vivo
50S assembly consists of a heterogeneous ensemble of intermediates. The different subpop-
ulations that progressively evolved into a more mature complex could be further grouped
together, thus providing structural evidence of parallel pathways of 50S assembly. Interest-
ingly, a reanalysis of this compositionally and conformationally heterogenous data using
a neural network-based framework called CryoDRGN revealed a previously unreported
assembly intermediate [74]. CryoDRGN is a powerful tool that enables the automated
classification of various states, which is typically performed using multiple manual and
expert-guided rounds of hierarchical 3D classification.

A correlative analysis using qMS and cryoEM data from bL17 depleted cells also indi-
cated that the unidentified densities in subpopulations from one of the assembly pathways
corresponds to assembly factor YjgA [73]. Putative YjgA binding blocked the docking of a
helix crucial for inter-subunit bridge formation, suggesting that YjgA acts as a late-stage
assembly factor for maturation. Recent evidence suggests that the presence of assembly
factors in vivo directly affects the order of maturation of specific regions. For example, in
contrast to those of in vitro assembly [72], the core and the central protuberance formations
were suggested to be interdependent in vivo [68,75]. Another detailed characterisation
of pre-50S assembly intermediates revealed a network of assembly factors, such as ObgE,
RsfS, YjgA, RldU, and YhbY, that orchestrate 50S maturation (Figure 4B) [68]. Several
other studies have used cryo-EM to determine structures of bacterial ribosome-assembly
intermediates to understand the function of assembly factors but are not further reviewed
here [76–83].

Apart from structurally characterising later assembly intermediates that are formed
once transcription is already completed and the majority of the rRNA is already processed,
recent structural work has also provided information on the process of early rRNA tran-
scription by the rRNA transcription antitermination complex and on the mechanism of
initial rRNA processing. The rrnTAC is the macromolecular machinery responsible for
the efficient transcription of rRNA in the cell [3–5]. The rrnTAC assembles on RNA poly-
merase (RNAP) and reduces NusA-mediated transcriptional pausing, R-loop formation,
polymerase backtracking, and intrinsic as well as Rho-dependent termination. It enables
chaperone-mediated rRNA folding and the formation of long-range rRNA–rRNA interac-
tions. The high-resolution cryoEM structures of an in vitro-reconstituted rrnTAC-associated
transcription complex revealed the presence of NusA, NusB, NusE, NusG, SuhB, and S4
(Figure 4C) [69]. Interestingly, in the rrnTAC, NusA is repositioned to prevent pausing
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caused by hairpin stabilisation as well as intrinsic termination. Similarly, the presence of
NusG in the rrnTAC suppresses RNAP backtracking. The interactions of NusA, NusE,
and SuhB with the C-terminus of NusG prevent it from recruiting Rho. Furthermore, the
formation of a ringlike structure made by SuhB and S4 around the E. coli polymerase exit
channel prevents Rho from directly interacting with the exit channel, therefore preventing
Rho-dependent termination. Finally, the authors demonstrated that the 5′ end of RNA is
bound by S4, and the emerging 3′ end of RNA is bound by Nus factors along with SuhB
on the ring. This brings the distal regions of RNA close in space to form the long-range
interactions that are required for creating a substrate for rRNA processing by RNase III [84].

The 4500-nucleotide-long primary rRNA transcript is initially processed by dsRNA-
specific RNases to generate the pre-rRNA fragments that further mature into 16S, 23S,
and 5S [1,8,9]. In B. subtilis, a mature 23S is obtained by Mini-III and a mature 5S by M5
processing [85,86]. The structural characterisation of these RNases with their respective
substrates revealed that the Mini-III binds pre-23S ds-rRNA as a dimer, where each subunit
cleaves one of the strands [87]. In contrast, the N-terminal domain of M5 binds to the 3′

strand of ds-rRNA and cleaves it. This then leads to structural rearrangements enabling
the C-terminal domain of M5 to bind and cleave the 5′ strand. Mini-III and M5 are assisted
by r-proteins, such as uL3 and uL18, that bind to the respective substrates and keep them
in a conformation that can be recognised by the enzymes.

The above examples highlight the role of cryoEM as a powerful structural method
for increasing our understanding of the structural and mechanistic details of ribosome
assembly and for providing time-resolved information.

5. RNA Structure Probing

Multiple different studies have indicated the role of rRNA secondary and tertiary
structures in the binding of r-proteins. The simple chemical or enzymatic probing of rRNA
structures is a powerful method but has limited time-resolution and throughput [88]. The
structural determination of rRNA during assembly is also difficult due to the presence
of a heterogeneous set of conformations and the difficulty in resolving flexible regions.
Hydroxyl radical footprinting (HRF) and DMS/SHAPE probing are two complementary
methods that provide information on RNA tertiary and secondary structures, respectively.
These methods overcome some of the above-mentioned limitations and have successfully
been used to obtain more-detailed and better-resolved information on rRNA folding.

5.1. In Vitro RNA Structure Probing

RNA secondary structure information can be obtained using chemical reagents such
as DMS and many other probes (e.g., glyoxal, 1m7, 1m6, NMIA, BzCN, NAI), which react
specifically with single-stranded RNA but do not chemically modify dsRNA [89]. The
introduced adducts result in a stop when read by a reverse transcriptase. The resulting
fragments are detected using primer extension. This approach has been used to predict 16S
rRNA secondary structures with 97% accuracy [90]. In order to increase throughput, an
alternate strategy, termed SHAPE-MaP, uses manganese ions during the reverse transcrip-
tion step, which causes reverse transcriptase to introduce a mutation into cDNA rather
than stop at the modified sites [91]. The cDNA is sequenced and the percentage of the
underlying mutations is used to generate a reactivity profile for predicting the secondary
structure (Figure 5A). SHAPE-MaP was used to track the rRNA structure during ribosome
assembly. For example, the SHAPE-MaP-based structural probing of 23S rRNA in the
presence and absence of r-proteins showed very similar reactivity profiles, suggesting that
the 23S rRNA assumes its secondary structure even in the absence of r-proteins [73].

While most of the chemical reagents introduced above require seconds to several
minutes to react with their RNA substrate, and therefore limit the time resolution, hy-
droxyl radical footprinting (HRF) provides information at few-milliseconds resolution and
therefore allows for the study of very early rRNA folding events and of the formation of
protein–RNA interactions [92,93]. In HRF, rRNA is exposed to short pulses of hydroxyl
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radicals that are generated by X-rays. These hydroxyl radicals react with the unprotected
RNA backbone and thereby cleave the RNA into smaller fragments. A site-specific primer
extension is used to amplify these fragments. The probability of cleavage depends on
solvent accessibility, and therefore reports on the RNA tertiary structure and/or its in-
teraction with proteins. HRF experiments were performed in a time-resolved manner by
mixing 16S rRNA with all r-proteins and exposing the reaction to an X-ray pulse at different
time points after mixing, thus providing the first time point as early as 20 ms after mixing
(Figure 5B–D) [92]. Apart from validating the kinetics of early and late r-protein binding as
determined using PC-qMS, these experiments showed that 30S assembly nucleates from
different points along rRNA (Figure 5C). Additionally, the authors observed that the initial
encounter complexes refold during assembly. For example, S7 initially binds in a non-native
conformation (protecting only H43 within 20–50 ms) and adapts a native conformation
(protecting H29, H37, and H41) only much later in assembly (Figure 5D). These experiments
demonstrate the potential for HRF to provide information on RNA structural changes at a
nucleotide resolution and at a millisecond-to-second timescale.

rRNA folds into a very heterogeneous set of conformations during ribosome as-
sembly [10,11,94,95]. Therefore, RNA structural probing will provide an average of all
conformations present in the sample to be probed. While this has not yet been performed
in studying rRNA folding during ribosome assembly, recent analysis pipelines have shown
the potential for dissecting RNA heterogeneity using the property of DMS to achieve
multi-hit kinetics and using single-molecule sequencing as a read-out [96–100].
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Figure 5. RNA secondary structure determination using chemical probing and high-throughput
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sequencing: (A) general workflow of RNA secondary structure probing. (B–D) Tertiary structure
and protein–RNA interaction determination using hydroxyl radical footprinting (HRF): (B) ex-
perimental setup of in vitro time-resolved HRF. (C) Protection rates of individual residues of the
16S rRNA representing formation of RNA–RNA tertiary contacts as well as RNA–protein contacts.
(D) Kinetics of rRNA backbone protection as a result of S7 binding represented on secondary (top
left) and 3D (top right) structures and normalised fitted curves indicating the protection of residues
(y-axis) as a function of time (x-axis) (bottom). Colour codes for Figure 5D are the same as indicated in
Figure 5C. Co-transcriptional RNA folding intermediates: (E) model for co-transcriptional folding
of the SRP RNA as determined by co-transcriptional SHAPE-seq. (A) is reproduced and adapted
with permission from [101]. Reproduced with permission: (C,D) from [92], and (E) from [102].

5.2. Co-Transcriptional RNA Structure Probing

RNA probing assays have been performed on pre-transcribed rRNA, but rRNA folds
co-transcriptionally in vivo and is affected by the speed of transcription [103]. While it
has been shown that co-transcriptional rRNA folding is different from the folding of a
pre-transcribed RNA [10,11,95], the structural probing of rRNA has not been performed in
the context of transcription yet. However, co-transcriptional probing has been employed
to study relatively simpler systems that undergo ligand-induced conformational changes,
such as the fluoride riboswitch and the SRP RNA [102]. For this, DMS/SHAPE-based
structural probing was adapted by designing roadblocks on the 3′ end of a DNA tran-
scription template. The roadblocks prevent polymerase from transcribing further. The
reactivity profiles of RNA fragments that were transcribed from different lengths of DNA
templates (made by placing roadblocks at different positions) allowed the authors to mimic
co-transcriptional RNA folding pathways, simulating, however, an infinitesimally slow
transcription rate (Figure 5E).

5.3. In Vivo RNA Structure Probing

RNA structural probing has also been performed in vivo to understand how rRNA
folds in the native cellular environment and in the natural context of rRNA transcription.
Soper et al. used HRF to study how assembly factors affect rRNA structure formation
during assembly [59]. They compared protection resulting from mutant strains that lacked
assembly factors, such as RbfA and RimM, to wild-type strains to determine the putative
binding site of these assembly factors. Furthermore, closely analysing the assembly interme-
diates of mutant strains helped discover the role of these assembly factors in the assembly
pathway. These assembly factors lead to global structural changes at late time points in
assembly, binding to the 50S inter-subunit interface and thus acting as a checkpoint for
quality control.

In order to obtain information on early co-transcriptional rRNA folding in vivo, a
protocol was developed that uses the metabolic labelling of cells to separate newly tran-
scribing rRNA intermediates from the total pool of rRNA [104]. Transcriptionally inactive
cells (in nutrient-poor media) are labelled with 4-thiouridine (4sU) right before feeding
with rich media. This allows for the isolation of nascent-transcribed rRNA, which can
be probed by DMS or HRF. The results of the in vivo DMS probing of nascent 16S rRNA
recapitulated the general vectorial folding pathway and specifically provided information
on rRNA interactions at 30 seconds resolution. The results of the in vivo HRF probing of
nascent rRNA are expected to provide exciting insights into rRNA tertiary structure forma-
tion at milliseconds resolution. Furthermore, this approach can potentially be extended
by developing cell-compatible and faster acting probes to achieve millisecond-to-second
resolutions for secondary structure probing [105].

6. Single-Molecule Methods

The so-far discussed ensemble biochemical, biophysical, and structural methods have
led to the detailed characterisation of the mechanism of ribosome assembly, including the
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order and kinetics of r-protein binding, the dynamics of RNA structure formation, and the
structural characterisation of assembly intermediates formed at various stages of assembly.
However, these ensemble methods provide an average over the individual molecules.
The need for averaging leads to the following major challenges: (1) the heterogeneity
of the ribosome-assembly process cannot be sufficiently resolved, i.e., it is not possible
to separately monitor the trajectories along the reaction coordinates of the individual
assembly pathways; (2) it is not possible to dissect how different molecular processes, such
as transcription progression, RNA folding, and protein binding, are functionally coupled
to each other; and (3) dynamic structural changes may not be resolved.

Single-molecule methods instead allow for tracking the activity of individual molecules
over long time scales at high temporal resolutions, thereby directly following multistep
processes in real-time and dissecting the heterogeneity. To observe a single-molecule for
minutes to hours, molecules of interest are immobilised on the chemically functionalised
surface of a glass coverslip, typically using a biotin–streptavidin/neutravidin interaction
(Figure 6A) [106]. Fluorescently labelling the molecule on the surface or the ligands that
can bind to the surface-immobilised molecules allows for monitoring the conformational
changes, binding events, and enzymatic activities of the molecules in real-time using total
internal reflection fluorescence (TIRF) microscopy to reduce the fluorescence background.
A fluorescent resonance energy transfer (FRET) can be used to directly measure the distance
changes between a donor and one or several acceptor dyes [107] and thereby, for example,
inform on conformational changes as they happen in real-time [108].
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Figure 6. (A–D) Single molecule fluorescence microscopy experiments for tracking changes to
protein–RNA interactions in real-time: (A) experimental setup of typical single-molecule experi-
ments: schematic shows specific binding of S4 to the 5′ domain of 16S rRNA using single-molecule
FRET. S4 was labelled with a donor dye (Cy3 in green) and the immobilised RNA by an acceptor
dye (Cy5 in red). (B) Single-molecule trace of S4 binding to the 5′ domain of the 16S rRNA, leading
to anti-correlated changes to the Cy3 and Cy5 channels over time. (C) Ensemble FRET efficiency
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plot highlighting a non-native intermediate state of S4 binding (orange box). (D) Proposed model
of rRNA rearrangements upon S4 binding (bottom panel). (E–G) Real-time tracking of multiple
processes occurring during co-transcriptional ribosome assembly: (E) experimental setups for
simultaneously detecting transcription progression (left), specific protein binding kinetics (centre),
and RNA conformational changes (right). (F) Multicolour single-molecule trace showing real-time
transcription progression, long-range rRNA helix-28 (H28) formation, and transient binding of
r-protein S7. (G) Quantification of single-molecule data from experiments shown in (E,F) under
different conditions: the plots show the efficiency of H28 formation (top) and the efficiency of S7
binding to the subset of molecules that have H28 formed (bottom). (A–D) are reproduced with
permission from [94] and (E–G) are reproduced and (F) is adapted with permission from [11].

6.1. Multicolour Single-Molecule Fluorescence Microscopy

Some of the initial single-molecule experiments investigated the folding of the H20–
H21–H22 three-way junction of 16S rRNA on S15 binding [109]. The three-way junction
was immobilised using one of the helices, and the other two helices (H22 and H21) were
labelled with a donor and acceptor dye, respectively. In the absence of S15, the three helices
adapt a planar conformation that results in the limited transfer of energy from donor to
acceptor (low FRET). However, in the presence of S15, the helices form a non-planar tertiary
structure that brings the two dyes closer and leads to high FRET efficiency. Further, using a
fast buffer-exchanging system, the authors titrated the levels of Mg2+ ions to determine
that the three-way junction reacts instantaneously to Mg2+ ion levels.

One and a half decades later, more sophisticated multicolour experiments allowed
for the visualisation of multiple processes at the same time, specifically the simultaneous
tracking of rRNA folding and r-protein binding. Kim et al. investigated the binding of
S4 (primary binding r-protein) to a 5-way junction (5WJ) in the 5′ domain of 16S rRNA
(Figure 6A) [94]. They used a similar helix labelling system as described above for H3
and H16, and additionally labelled the r-protein S4 with another acceptor. Using this
approach, they showed that S4 initially binds in a low FRET state (non-native conformation)
and then later transitions into a high FRET state (native conformation) (Figure 6B,C).
Performing similar experiments on the 5WJ indicated that helix H3 initially adopts a
flipped conformation that recruits S4. This then enables H3 to dock onto S4 and assume a
native conformation, suggesting that S4 guides rRNA folding (Figure 6D).

Interestingly, similar experiments applied to the initial binding of S15 to the central
domain H20–H21–H22 junction showed that the binding of S15 leads directly into a high
FRET state that does not change over time [95]. This suggests that, unlike that of S4, the
S15 binding site immediately folds into its native conformation upon recruitment of the
primary binding protein S15.

Further multicolour experiments on the 5′-domain system highlighted that r-proteins
can efficiently change the rRNA folding landscape [110]. Monitoring the recruitment of S4,
S20, and S16 showed that S16 can be stably recruited to a complex consisting of S4 and S20.
The stable recruitment of S16 leads to conformational changes that enable H12 to interact with
H3, which prevents H3 from flipping out and stabilising the native conformation. Overall,
these experiments showed that r-protein binding changes the energy landscape such that only
certain barriers can be crossed and, thus, limits the conformational search space.

6.2. Co-Transcriptional Single-Molecule Imaging

Ribosome assembly occurs co-transcriptionally, and, thus, the processes of rRNA
folding and r-protein binding are linked to transcription [41–44,111]. Duss et al. developed
a method to simultaneously monitor the process of transcription elongation and r-protein
binding to a nascent rRNA directly emerging from the RNAP [11,95]. To this end, a stalled
transcription elongation complex was formed that consists of a DNA template labelled
with dyes at the 3′ end, native E. coli RNAP, and nascent rRNA (Figure 6E, left panel). This
stalled complex was obtained by initiating transcription using only three out of the four

18



Biomolecules 2023, 13, 866

NTPs on a sequence missing the fourth nucleotide. The stalled transcription complex was
then immobilised to the imaging surface through the 5′ end of its nascent RNA using a
complementary biotinylated probe. The experiment was initiated by the addition of all
four NTPs. The progression of transcription brings the fluorescently labelled 3′ end of
the DNA template closer to the surface, which leads to an exponential increase in signal
intensity (Figure 6E, left panel) as a result of an exponential increase in excitation in the
evanescent field generated by total internal reflection when moving closer to the surface.
A plateau in fluorescence intensity during transcription termination demonstrated that
RNAP can stall for a few seconds before dissociating from the DNA template, which is
identified as a sudden intensity drop in its signal to zero [95]. The authors then monitored,
using real-time transcription, the elongation of the 16S rRNA H20–H21–H23 three-way
junction and, simultaneously, the binding kinetics of S15 to the nascent RNA (Figure 6E,
centre panel). They found that S15 can only bind once the full-length three-way junction
RNA has been transcribed. A detailed characterisation of the S15 binding events revealed
three populations of nascent RNA molecules: (1) natively folded RNA molecules that
stably bound S15 immediately upon transcription of the full-length three-way junction,
(2) partially folded RNA molecules that bound S15 transiently, and (3) misfolded RNA
molecules that did not bind S15 at all. They further showed that pre-transcribed RNA has
distinct properties compared to co-transcriptionally folded RNA [95].

While this study indirectly reported on RNA folding using protein binding kinetics
as a read-out, direct information on rRNA folding was missing. In a follow up study, the
authors developed an approach that allows for the simultaneous tracking of (1) transcription
elongation, (2) the co-transcriptional folding of nascent RNA, and (3) the binding of one or
two proteins to nascent RNA (Figure 6E) [11]. Studying the 3′ domain of 16S rRNA showed
that the primary binding r-protein S7 first engages transiently with nascent RNA before
becoming stably incorporated, which happens upon binding of the secondary and tertiary
binding proteins. Furthermore, the authors observed that the binding of S7 was more
efficient on smaller constructs as opposed to the full-length 3′ domain, indicating a higher
tendency of longer rRNA to misfold and thereby preventing r-protein binding. Four-colour
experiments then showed that the binding of S7 directly depends on the formation of a long-
range helix (H28), which forms more efficiently if less RNA needs to be transcribed before
the 5′ and 3′ halves of this helix can meet to form the long-range helix (Figure 6F,G). This
directly demonstrated that the formation of long-range RNA interactions are impeded by
the 5′ to 3′ directional process of transcription [112]. Remarkably, rRNA folding efficiency
increased in the presence of the 3′-domain binding r-proteins, indicating that r-proteins can
chaperone rRNA folding and guide the energy landscape of ribosome assembly.

A similar study on the 5′ domain of 16S rRNA showed that the primary binding
r-protein S4 binds transiently to the transcribing rRNA, whereas S4 could bind stably to
pre-transcribed rRNA [10]. This suggests that structures formed early during transcription
are not competent to stably recruit S4. They also found that the addition of secondary
binding r-proteins led to longer-lived S4 binding events. These studies together suggest that
r-protein binding-based rRNA remodelling is a general mechanism of ribosome assembly.

Other approaches to track co-transcriptional RNA folding have also been developed
but have not been applied yet to study co-transcriptional ribosome assembly. For example,
forming an artificial transcription bubble, the authors of one study were able to introduce
two different fluorescent labels site-specifically into nascent RNA [113] to study the co-
transcriptional folding of a thiamine pyrophosphate (TPP) riboswitch. A FRET signal was
used to study different conformational states of the aptamer assumed during transcription,
in the presence and absence of the TPP ligand. In a similar approach, an azido UTP
was site-specifically introduced into RNA and linked to a dye using copper-free click
chemistry [114]. This approach revealed an inverse relationship between transcription
speed and the metabolite-dependent folding of TPP riboswitch.

In another elegant study, a superhelicase was used to simulate and study the co-
transcriptional folding of an RNA ribozyme [115]. First, a fully transcribed RNA, site-
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specifically labelled with two dyes, was hybridised with a complementary strand of DNA.
This RNA–DNA hybrid was then immobilised to the surface for single-molecule imaging
in the presence of the superhelicase. Transcription was mimicked using the addition of ATP,
which triggered helicase activity to make the RNA single-stranded in the direction from the
5′ to 3′. They were able to investigate the RNA transitioning from a single-stranded state
(low FRET) to a secondary folded (intermediate FRET) and a tertiary folded state (high
FRET). Helicase activity can potentially be matched to transcription speed, but it still lacks
the native transcriptional pausing that can directly influence RNA folding.

6.3. Optical Tweezers

While single-molecule fluorescence microscopy studies are powerful for tracking co-
transcriptional RNA folding and the binding of proteins simultaneously at relatively high
throughput, they lack the ability for tracking transcription elongation at single-nucleotide
resolution. Optical tweezers, instead, can trap biomolecules—for example, transcription
complexes between two beads—and allow for the observation of transcription progres-
sion [116] and RNAP pausing at single-nucleotide resolution [117]. Optical tweezers
have been used to characterise real-time co-transcriptional RNA folding to understand
the switching function of the adenine riboswitch and the resultant changes in RNA con-
formation upon ligand binding [118]. Optical tweezers also provide information on the
forces exerted by biomolecules. For example, to understand how r-proteins stabilise rRNA
structures, they mechanically unfolded and folded an irregular stem in domain II of 23S
rRNA [119] in the presence and absence of r-protein L20. They found that L20 made the
rRNA more resistant to mechanical unfolding by acting as a clamp around both strands of
the rRNA stem.

Overall, single-molecule methods are very sensitive and provide direct and quan-
titative information. They inherently resolve biological heterogeneity and provide high
temporal resolutions for tracking small and fast conformational changes of flexible regions
that are averaged-out by conventional structural methods. Importantly, they provide infor-
mation on how several different processes are functionally coupled with each other and
how different assembly intermediates are placed along a reaction coordinate.

7. Integrative Methods

Multiple different biochemical, structural, and biophysical methods have been em-
ployed in studying the complex, multistep process of ribosome assembly. Yet, none of the
methods can independently provide information on the entire process. Here, we highlight
a few selected examples that integrate various methods.

In order to study the assembly mechanism of the bacterial 50S subunit in vivo, Davis
et al. used a depleted bL17 strain to accumulate 50S assembly intermediates [73]. High-
resolution cryoEM was used to determine the structures of 13 assembly intermediates.
However, missing densities in the structures of these immature particles precludes the abil-
ity to obtain information on RNA structure and the associated proteins in these presumably
dynamic regions. They used SHAPE-MaP-based chemical structural probing data to deter-
mine that, in these assembly intermediates, the 23S rRNA had a native secondary structure.
Interestingly, sequencing reads also showed that some of the rRNA was not completely
processed in the assembly intermediates. This is in agreement with previous reports that
suggest final rRNA maturation occurs very late in assembly [1,120,121]. In order to provide
information on the protein composition of the structural blocks that were missing in the
cryoEM maps, they performed qMS and showed that the majority of r-proteins are already
bound to these dynamic regions, and these blocks just need to be docked to the rest of the
subunit to become a mature 50S subunit. Finally, one of the major drawbacks of structural
methods is their inability to give direct information on function. In this case, to determine if
assembly intermediates are capable of maturing into functional subunits, Davis et al. pulse-
labelled bL17-depleted cells with heavy labelled media and simultaneously induced bL17
production. As expected, the peak in the sucrose gradient of the bL17-depleted assembly
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intermediates disappeared completely and the native 70S peak increased in intensity. This
native 70S peak had heavy labelled bL17 incorporated, indicating that the addition of bL17
can rescue the intermediate and complete the maturation process.

In another study, Soper et al. used a combination of hydroxyl radical footprinting
and qMS to understand the role of cellular factors in RNA folding and ribosome-assembly
quality control [59]. Hydroxyl radical footprinting experiments showed how the assembly
factor RimM reduces the misfolding of 16S head during transcription in vivo. Instead,
qMS allowed them to confirm that, in absence of RimM/RbfA, some tertiary r-proteins
are missing from the assembly intermediates. Further, they observed that the acetylation
state of S18 directly correlates with the folding of rRNA and the formation of specific
RNA–protein contacts during assembly.

A more recent study used native co-transcriptional in vitro reconstitutions in cell ex-
tract (iSAT) and characterised 50S assembly intermediates using time-resolved cryoEM and
qMS to quantify both r-protein composition and the status of rRNA modifications during
assembly [46]. The structures derived from the iSAT reaction were highly heterogenous.
Thirteen structures were classified, spanning from one of the smallest known assembly
intermediates detected to date (made of 600 nts and 3 r-proteins) to the latest stages of
assembly with a nearly complete 50S subunit. Remarkably, studies that perform in vitro re-
constitutions from purified components [72,122], co-transcriptional in vitro reconstitutions
with cell extract [46], and characterising intermediates in vivo [73] show similar assembly
intermediates, providing a general consensus on the mechanism of 50S assembly.

Overall, integrating multiple methods is very powerful and crucial for mechanistically
understanding ribosome assembly and the assembly of other RNPs in detail.

8. Future Methods

The combination of different biochemical, biophysical, and structural approaches
has allowed us to understand in great detail how the very complex process of ribosome
assembly works at the molecular level. Moving forward, the major challenges to solve are
(1) understanding how different processes in ribosome assembly are functionally coupled
with each other and (2) visualising the structure and dynamics of ribosome assembly in
the dense native cellular environment. In the following section, we will discuss emerging
methods that we think will help to address these challenges.

8.1. Multicolour and Multiscale Single-Molecule Methods

Single-molecule methods are uniquely suited for understanding how different pro-
cesses are functionally coupled with each other. The multicolour single-molecule fluores-
cence microscopy approaches discussed above demonstrate the potential to track multiple
processes simultaneously. For example, they allow us to understand how transcription,
RNA folding, and protein binding are directly interconnected [11]. Moving forward,
more-complex in vitro reconstitutions that include more factors and processes will become
accessible. Furthermore, experiments in cell extracts that contain all cellular factors will
bridge the gap with in vivo experiments.

Apart from developing more-complex multicolour single-molecule fluorescence ex-
periments, the future will also include combining single-molecule experiments with force
experiments such as optical tweezers. For example, combining the two single-molecule
modalities may allow for the tracking of transcription elongation and RNA folding at
single-nucleotide resolution and, in addition, correlate the binding of one or two proteins
to co-transcriptionally folding rRNA. In a recent study, the authors used force changes as
a readout to monitor the individual codon translocation of ribosomes on mRNA or the
unwinding of mRNA secondary structures by ribosomes, and simultaneously monitored
the binding of fluorescently labelled elongation factor EF-G (Figure 7A) [123]. As a further
extension of this technology, LUMICKS has extended the imaging part from single-colour
to multicolour fluorescent microscopy [124]. However, despite its power in studying
multiple processes simultaneously, this method lacks throughput. The optical tweezer
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technology can only study one complex at a time. To study very complex and heterogenous
systems, such as ribosome assembly, efforts will be required to increase its throughput and
automation, such as the commercial introduction of microfluids by LUMICKS.

Mass photometry imaging is another single-molecule method that uses interferometric
scattering to determine the mass of individual molecules [125]. This, in combination with
other methods, could be useful for studying the size distribution of assembly intermediates
during different stages of assembly.

Recent advancements in direct RNA single-molecule nanopore sequencing may pro-
vide new opportunities for understanding how and when RNA modifications are intro-
duced during ribosome assembly. In this technique, voltage is applied to a pore located
in a membrane so the resulting ionic current can be detected [126]. When RNA passes
through the pore, the detected current changes depending on which nucleotide is passing.
Similarly, modified nucleotides also lead to a change in current that is specific to each RNA
modification. In principle, this allows for the direct detection of all modifications present
on a single molecule of RNA. The direct sequencing of 16S rRNA successfully detected the
presence of m7G and pseudouridine at the population level [127]. Current advances in data
analysis methods have allowed for the study of multiple other modifications, such as and
not limited to m6A, m5C, m1G, m62A, I, Nm, and 2′-OMe [128–130]. Recent developments
have highlighted the potential of nanopore sequencing for detecting multiple RNA modifi-
cations on the same molecule at single transcript resolution [128,131,132]. This opens up an
avenue to investigate if there is a specific order in which RNA modifications are introduced.
The chemical probing of RNA followed by direct RNA nanopore sequencing was used
to predict RNA secondary structures [133]. Combining base modification detection with
chemical probing-based RNA structure determination could allow for an investigation on
how RNA modification and RNA structure formation are functionally coupled in RNP
assembly [134].
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fluorescence microscopy In vivo single-molecule tracking 

In situ structural biology

Simultaneously tracking mechanical 
force and fluorescence 
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Figure 7. Multiscale single-molecule methods for studying RNP dynamics at nucleotide resolu-
tion: (A) experimental setup of optical tweezers combined with fluorescence microscopy for studying

22



Biomolecules 2023, 13, 866

mRNA unwinding during translation (top); time traces indicating change in distance upon one
codon translation (centre) and changes in fluorescence intensity upon elongation factor binding
(bottom). In vivo single-molecule tracking to study spatial localisation and dynamics: (B) experi-
mental setup of in vivo single-molecule tracking experiment (top); quantification of tracking data
by plotting the distribution of the apparent diffusion coefficients, indicating dynamic movements
of transcription factor NusA within and outside the presumable transcription condensates. In situ
structural biology: (C) representative tomographic slice of an M. pneumoniae cell and quantitative
classification of ribosome subtomograms (left); resultant structures of 70S (top right), and RNAP-
ribosome supercomplex (bottom right). Adapted and reproduced with permission: (A) from [123]
and (C) from [135]. (B) is adapted and reproduced from [136].

8.2. In Vivo Single-Molecule Tracking

For in vivo single-molecule tracking, individual molecules are not tethered to the
coverslip, but molecules of interest are endogenously tagged with a fluorescent reporter
and tracked in real time while they are moving within a cell [137]. The majority of molecules
are much too abundant in the cell to be tracked all at once as a result of the diffraction limit
of light. Therefore, a small subset of the molecules can be photoactivated first and then
excited with a different wavelength for tracking. One common endogenous tag, which
can be linked to the protein of interest, is mMaple3 [138]. This photoconvertible protein
is activated by illuminating at 405 nm and can then be imaged by exciting the protein at
561 nm. Some initial studies looked at the clustering of RNA polymerase (RNAP) using
in vivo single-molecule localisation to characterise the RNAP organisation inside cells.
Interestingly, RNAP localisation experiments showed that the spatial clustering of RNAP
is independent of rRNA transcription activity, as opposed to what was suggested earlier,
but rather dependent on the underlying nucleoid structure [139]. Pushing this further,
the transcription factor NusA, which is part of the rrnTAC involved in early ribosome
assembly, was tracked in vivo [136] (Figure 7B, top panel). By evaluating the different
single-molecule tracks and converting them to apparent diffusion coefficients, the authors
found that NusA diffuses in three states: slow-moving molecules were assigned to the
NusA molecules associated with the transcription complex, fast-moving molecules as freely
diffusing, and a third class with intermediate mobility was assigned to the NusA molecules
present in a transcription condensate, which likely forms by liquid-liquid phase separation.
The individual components can freely diffuse in and out of these clusters, indicating that
the droplets are dynamic (Figure 7B, bottom panel). These studies provided evidence that
not only does eukaryotic ribosome assembly occur in a biomolecule condensate (nucleolus),
but that a similar condensed state may also organise bacterial ribosome assembly. Such a
mechanism could explain the much higher ribosome-assembly efficiency in vivo compared
to in vitro reconstitutions.

Similar experiments were also applied for studying eukaryotic ribosome assembly
(which occurs in both the nucleolus and cytoplasm [140]), for example, to track the export
of pre-60S particles from the nucleolus to the cytoplasm through the nuclear pore com-
plex [141]. The authors observed that transport is a single rate-limiting step and takes about
24 ms on average. Furthermore, the quantification of exports from single pores revealed
that only one third of export attempts are successful, and the overall mass flux can be as
high as 125 MDa per second.

Similar experiments could, in the future, allow us to track the dynamics of individ-
ual r-proteins or assembly factors to gain a better understanding of ribosome assembly
in vivo. While single-molecule tracking can be extended to more than one colour, and
recent break-throughs with the MINFLUX technology have maximised spatiotemporal
resolution to nanometre spatial and submillisecond temporal resolutions [142–144], the
requirement for the stochastic activation of single fluorophores in an ocean of otherwise
unlabelled molecules makes it very unlikely that two differently labelled molecules would
interact with each other. Therefore, directly tracking individual protein–RNA interac-
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tions or macromolecular conformational changes in vivo will require new technologies to
be developed.

8.3. Cryo–Electron Tomography

Cryo–electron tomography (cryoET) is an emerging method for gaining structural
understanding directly in native cellular contexts. CryoET uses the same basic idea as
single-particle cryoEM to reconstruct 3D images. The main difference is that, in tomography,
an image is acquired by tilting the sample at multiple different angles [145]. This provides
images of the sample at multiple different orientations, which can be used to reconstruct
a 3D image for each individual particle. This is in contrast with single-particle cryoEM,
which typically uses averaged information from hundreds of thousands of particles present
in different orientations [66]. Thus, cryoET can be used to look at individual complexes
inside whole cells or sections of cells, thereby preserving their native structure.

For example, Xue et al. were able to identify Mycoplasma pneumoniae ribosomes during
various stages of translation and provide a detailed map of the translation elongation cycle
within a single cell [31]. Importantly, they were able to identify the specific translation state
for each ribosome in the cell, providing spatial functional information on its translation
status. They were able to quantitatively show that 26% of all ribosomes in their study were
polysomes and determine the orientation of each ribosome in the polysome with respect to
each other and their overall packing density. By comparing the individual ribosomes within
a polysome, they could determine that the r-protein L9 of the leading ribosome adopts
an extended conformation, protruding into the binding site of the translation elongation
factors of the trailing ribosome and thereby providing a mechanism for preventing ribo-
some collisions. Applying similar approaches to the study of bacterial ribosome assembly
in cellular contexts will be challenging due to the low abundance of ribosome-assembly
intermediates compared to fully assembled ribosomes. Imaging cells treated with antibi-
otics to accumulate ribosome-assembly intermediates could be the first step to tackle this
challenging problem.

In another study from the Mahamid Lab, structures of an RNAP–ribosome supercom-
plex, termed expressome, were visualised in situ by combining cryoET with cross-linking
mass spectrometry (Figure 7C, left panel) [135]. The structures showed for the first time
how transcription–translation coupling is structurally organised in vivo (Figure 7C, right
panel). They showed that the transcription factor NusA mediates coupling by physically
linking the RNAP with the ribosome in M. pneumoniae. Furthermore, they visualised in
high-resolution a state in which the ribosome has collided with the RNAP in the presence
of an antibiotic that stalls the RNAP. Similar approaches could be used to visualise how
bacterial ribosome assembly is coupled with transcription.

Eukaryotic ribosome assembly is separated from translation and takes place inside
the nucleolus, which is a multiphasic biomolecular condensate that spatially organises
maturing ribosome-assembly intermediates [140]. The Baumeister Lab used cryoET on
native nucleoli of Chlamydomonas reinhardtii to show that pre-60S (LSU precursor) and SSU
processome (SSU precursor) have different spatial localisation patterns. Furthermore, they
classified three low-resolution structural assembly intermediates for each pre-60S and SSU
processome. The maturation of these intermediates followed a gradient from the inside to
the outside of the granular component [146].

Overall, these pioneering studies provide a starting point and demonstrate the poten-
tial for studying the complex process of ribosome assembly at high resolution in a native
cellular context. Studying in vivo ribosome assembly could potentially answer questions
such as the number of alternate pathways present in the assembly process and quantify the
percentage flux in each of these pathways.
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9. Conclusions

The assembly of a ribosome is a very complicated process involving the transcription,
folding, modification, and processing of rRNA and the binding of dozens of r-proteins to
nascent rRNA, assisted by dozens of assembly factors. Remarkably, the entire assembly
process is completed within 2 min in the dense cellular environment. A plethora of
biochemical, biophysical, and structural methods have helped further our understanding
of this process in a quantitative manner: Sophisticated in vitro reconstitution systems in
cell extracts that closely mimic the native process have been developed to bridge the gap
between in vitro reconstitution from purified components and assembly in vivo. The use
of pulse-chase quantitative mass spectrometry, time-resolved cryo–electron microscopy,
and time-resolved RNA structure probing approaches has provided compositional and
high-resolution structural data for understanding the kinetics of ribosome assembly and is
instrumental in characterising multiple assembly intermediates along parallel assembly
pathways. Recent multicolour single-molecule fluorescence experiments have shown the
potential to follow how individual RNAs transcribe, simultaneously fold, and start to
assemble into protein–RNA complexes in real time, providing information on how multiple
different processes are functionally coupled with each other. Moving forward, in vivo
single-molecule tracking, as well as cryo–electron tomography, will provide us with a
much-needed understanding of how ribosomes assemble in their dense native cellular
environment. Combining our efforts toward developing bottom-up reconstitutions of active
systems that exhibit ever-increasing complexity with biophysical and structural approaches
for visualising systems in vivo will bring us closer to understanding and, importantly,
generating predictive models of how complex cellular processes work in a living cell [147].

Author Contributions: Conceptualisation, O.D. and K.G.; writing—original draft preparation, review,
and editing, K.G. and O.D.; visualisation, K.G.; supervision, O.D.; funding acquisition, O.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Molecular Biology Laboratory.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the entire Duss Lab for their helpful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shajani, Z.; Sykes, M.T.; Williamson, J.R. Assembly of bacterial ribosomes. Annu. Rev. Biochem. 2011, 80, 501–526. [CrossRef]

[PubMed]
2. Nierhaus, K.H. The assembly of prokaryotic ribosomes. Biochimie 1991, 73, 739–755. [CrossRef] [PubMed]
3. Huang, Y.H.; Said, N.; Loll, B.; Wahl, M.C. Structural basis for the function of SuhB as a transcription factor in ribosomal RNA

synthesis. Nucleic Acids Res. 2019, 47, 6488–6503. [CrossRef] [PubMed]
4. Singh, N.; Bubunenko, M.; Smith, C.; Abbott, D.M.; Stringer, A.M.; Shi, R.; Court, D.L.; Wade, J.T. SuhB Associates with Nus

Factors To Facilitate 30S Ribosome Biogenesis in Escherichia coli. MBio 2016, 7, e00114. [CrossRef]
5. Torres, M.; Condon, C.; Balada, J.M.; Squires, C.; Squires, C.L. Ribosomal protein S4 is a transcription factor with properties

remarkably similar to NusA, a protein involved in both non-ribosomal and ribosomal RNA antitermination. EMBO J. 2001, 20,
3811–3820. [CrossRef]

6. Li, Z.; Pandit, S.; Deutscher, M.P. Maturation of 23S ribosomal RNA requires the exoribonuclease RNase T. RNA 1999, 5, 139–146.
[CrossRef]

7. Li, Z.; Pandit, S.; Deutscher, M.P. RNase G (CafA protein) and RNase E are both required for the 5’ maturation of 16S ribosomal
RNA. EMBO J. 1999, 18, 2878–2885. [CrossRef]

8. Ginsburg, D.; Steitz, J.A. The 30 S ribosomal precursor RNA from Escherichia coli. A primary transcript containing 23 S, 16 S, and
5 S sequences. J. Biol. Chem. 1975, 250, 5647–5654. [CrossRef]

9. King, T.C.; Schlessinger, D. S1 nuclease mapping analysis of ribosomal RNA processing in wild type and processing deficient
Escherichia coli. J. Biol. Chem. 1983, 258, 12034–12042. [CrossRef]

25



Biomolecules 2023, 13, 866

10. Rodgers, M.L.; Woodson, S.A. Transcription Increases the Cooperativity of Ribonucleoprotein Assembly. Cell 2019, 179,
1370–1381.e1312. [CrossRef]

11. Duss, O.; Stepanyuk, G.A.; Puglisi, J.D.; Williamson, J.R. Transient Protein-RNA Interactions Guide Nascent Ribosomal RNA
Folding. Cell 2019, 179, 1357–1369.e1316. [CrossRef] [PubMed]

12. Herschlag, D. RNA chaperones and the RNA folding problem. J. Biol. Chem. 1995, 270, 20871–20874. [CrossRef] [PubMed]
13. Adilakshmi, T.; Ramaswamy, P.; Woodson, S.A. Protein-independent folding pathway of the 16S rRNA 5’ domain. J. Mol. Biol.

2005, 351, 508–519. [CrossRef] [PubMed]
14. Powers, T.; Daubresse, G.; Noller, H.F. Dynamics of in vitro assembly of 16 S rRNA into 30 S ribosomal subunits. J. Mol. Biol.

1993, 232, 362–374. [CrossRef]
15. Talkington, M.W.; Siuzdak, G.; Williamson, J.R. An assembly landscape for the 30S ribosomal subunit. Nature 2005, 438, 628–632.

[CrossRef]
16. Held, W.A.; Ballou, B.; Mizushima, S.; Nomura, M. Assembly mapping of 30 S ribosomal proteins from Escherichia coli. Further

studies. J. Biol. Chem. 1974, 249, 3103–3111. [CrossRef]
17. Mizushima, S.; Nomura, M. Assembly mapping of 30S ribosomal proteins from E. coli. Nature 1970, 226, 1214. [CrossRef]
18. Rohl, R.; Nierhaus, K.H. Assembly map of the large subunit (50S) of Escherichia coli ribosomes. Proc. Natl. Acad. Sci. USA 1982, 79,

729–733. [CrossRef]
19. Decatur, W.A.; Fournier, M.J. rRNA modifications and ribosome function. Trends Biochem. Sci. 2002, 27, 344–351. [CrossRef]
20. Rodgers, M.L.; Woodson, S.A. A roadmap for rRNA folding and assembly during transcription. Trends Biochem. Sci. 2021, 46,

889–901. [CrossRef]
21. Britton, R.A. Role of GTPases in bacterial ribosome assembly. Annu. Rev. Microbiol. 2009, 63, 155–176. [CrossRef] [PubMed]
22. Chen, S.S.; Williamson, J.R. Characterization of the ribosome biogenesis landscape in E. coli using quantitative mass spectrometry.

J. Mol. Biol. 2013, 425, 767–779. [CrossRef] [PubMed]
23. Lindahl, L. Intermediates and time kinetics of the in vivo assembly of Escherichia coli ribosomes. J. Mol. Biol. 1975, 92, 15–37.

[CrossRef] [PubMed]
24. Davis, J.H.; Williamson, J.R. Structure and dynamics of bacterial ribosome biogenesis. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2017,

372, 20160181. [CrossRef]
25. Naganathan, A.; Culver, G.M. Interdependency and Redundancy Add Complexity and Resilience to Biogenesis of Bacterial

Ribosomes. Annu. Rev. Microbiol. 2022, 76, 193–210. [CrossRef]
26. Oborska-Oplova, M.; Gerhardy, S.; Panse, V.G. Orchestrating ribosomal RNA folding during ribosome assembly. Bioessays 2022,

44, e2200066. [CrossRef]
27. Sykes, M.T.; Williamson, J.R. A complex assembly landscape for the 30S ribosomal subunit. Annu. Rev. Biophys. 2009, 38, 197–215.

[CrossRef]
28. Williamson, J.R. Biophysical studies of bacterial ribosome assembly. Curr. Opin. Struct. Biol. 2008, 18, 299–304. [CrossRef]
29. Woodson, S.A. RNA folding and ribosome assembly. Curr. Opin. Chem. Biol. 2008, 12, 667–673. [CrossRef]
30. Woodson, S.A. RNA folding pathways and the self-assembly of ribosomes. Acc. Chem. Res. 2011, 44, 1312–1319. [CrossRef]
31. Xue, L.; Lenz, S.; Zimmermann-Kogadeeva, M.; Tegunov, D.; Cramer, P.; Bork, P.; Rappsilber, J.; Mahamid, J. Visualizing

translation dynamics at atomic detail inside a bacterial cell. Nature 2022, 610, 205–211. [CrossRef] [PubMed]
32. Culver, G.M.; Noller, H.F. Efficient reconstitution of functional Escherichia coli 30S ribosomal subunits from a complete set of

recombinant small subunit ribosomal proteins. RNA 1999, 5, 832–843. [CrossRef] [PubMed]
33. Aoyama, R.; Masuda, K.; Shimojo, M.; Kanamori, T.; Ueda, T.; Shimizu, Y. In vitro reconstitution of the Escherichia coli 70S

ribosome with a full set of recombinant ribosomal proteins. J. Biochem. 2022, 171, 227–237. [CrossRef] [PubMed]
34. Nierhaus, K.H.; Dohme, F. Total reconstitution of functionally active 50S ribosomal subunits from Escherichia coli. Proc. Natl. Acad.

Sci. USA 1974, 71, 4713–4717. [CrossRef]
35. Rheinberger, H.J.; Nierhaus, K.H. Partial release of AcPhe-Phe-tRNA from ribosomes during poly(U)-dependent poly(Phe)

synthesis and the effects of chloramphenicol. Eur. J. Biochem. 1990, 193, 643–650. [CrossRef]
36. Tamaru, D.; Amikura, K.; Shimizu, Y.; Nierhaus, K.H.; Ueda, T. Reconstitution of 30S ribosomal subunits in vitro using ribosome

biogenesis factors. RNA 2018, 24, 1512–1519. [CrossRef]
37. Semrad, K.; Green, R. Osmolytes stimulate the reconstitution of functional 50S ribosomes from in vitro transcripts of Escherichia

coli 23S rRNA. RNA 2002, 8, 401–411. [CrossRef]
38. Maki, J.A.; Culver, G.M. Recent developments in factor-facilitated ribosome assembly. Methods 2005, 36, 313–320. [CrossRef]
39. Nomura, M.; Traub, P.; Guthrie, C.; Nashimoto, H. The assembly of ribosomes. J. Cell Physiol. 1969, 74 (Suppl. S1), 241. [CrossRef]
40. Jewett, M.C.; Fritz, B.R.; Timmerman, L.E.; Church, G.M. In vitro integration of ribosomal RNA synthesis, ribosome assembly,

and translation. Mol. Syst. Biol. 2013, 9, 678. [CrossRef]
41. Miller, O.L., Jr.; Hamkalo, B.A.; Thomas, C.A., Jr. Visualization of bacterial genes in action. Science 1970, 169, 392–395. [CrossRef]

[PubMed]
42. Miller, O.L., Jr.; Beatty, B.R. Visualization of nucleolar genes. Science 1969, 164, 955–957. [CrossRef]

26



Biomolecules 2023, 13, 866

43. Hofmann, S.; Miller, O.L., Jr. Visualization of ribosomal ribonucleic acid synthesis in a ribonuclease III-Deficient strain of
Escherichia coli. J. Bacteriol. 1977, 132, 718–722. [CrossRef] [PubMed]

44. Gotta, S.L.; Miller, O.L., Jr.; French, S.L. rRNA transcription rate in Escherichia coli. J. Bacteriol. 1991, 173, 6647–6649. [CrossRef]
[PubMed]

45. Fritz, B.R.; Jewett, M.C. The impact of transcriptional tuning on in vitro integrated rRNA transcription and ribosome construction.
Nucleic Acids Res. 2014, 42, 6774–6785. [CrossRef]

46. Dong, X.; Doerfel, L.K.; Sheng, K.; Rabuck-Gibbons, J.N.; Popova, A.M.; Lyumkis, D.; Williamson, J.R. Near-physiological in vitro
assembly of 50S ribosomes involves parallel pathways. Nucleic Acids Res. 2023, 51, 2862–2876. [CrossRef]

47. Fritz, B.R.; Jamil, O.K.; Jewett, M.C. Implications of macromolecular crowding and reducing conditions for in vitro ribosome
construction. Nucleic Acids Res. 2015, 43, 4774–4784. [CrossRef]

48. Shimojo, M.; Amikura, K.; Masuda, K.; Kanamori, T.; Ueda, T.; Shimizu, Y. In vitro reconstitution of functional small ribosomal
subunit assembly for comprehensive analysis of ribosomal elements in E. coli. Commun. Biol. 2020, 3, 142. [CrossRef]

49. Levy, M.; Falkovich, R.; Daube, S.S.; Bar-Ziv, R.H. Autonomous synthesis and assembly of a ribosomal subunit on a chip. Sci. Adv.
2020, 6, eaaz6020. [CrossRef]

50. d’Aquino, A.E.; Azim, T.; Aleksashin, N.A.; Hockenberry, A.J.; Kruger, A.; Jewett, M.C. Mutational characterization and mapping
of the 70S ribosome active site. Nucleic Acids Res. 2020, 48, 2777–2789. [CrossRef]

51. Liu, Y.; Davis, R.G.; Thomas, P.M.; Kelleher, N.L.; Jewett, M.C. In vitro-Constructed Ribosomes Enable Multi-site Incorporation of
Noncanonical Amino Acids into Proteins. Biochemistry 2021, 60, 161–169. [CrossRef] [PubMed]

52. Hammerling, M.J.; Fritz, B.R.; Yoesep, D.J.; Kim, D.S.; Carlson, E.D.; Jewett, M.C. In vitro ribosome synthesis and evolution
through ribosome display. Nat. Commun. 2020, 11, 1108. [CrossRef] [PubMed]

53. Bunner, A.E.; Beck, A.H.; Williamson, J.R. Kinetic cooperativity in Escherichia coli 30S ribosomal subunit reconstitution reveals
additional complexity in the assembly landscape. Proc. Natl. Acad. Sci. USA 2010, 107, 5417–5422. [CrossRef] [PubMed]

54. Bunner, A.E.; Nord, S.; Wikstrom, P.M.; Williamson, J.R. The effect of ribosome assembly cofactors on in vitro 30S subunit
reconstitution. J. Mol. Biol. 2010, 398, 1–7. [CrossRef]

55. Nord, S.; Bylund, G.O.; Lovgren, J.M.; Wikstrom, P.M. The RimP protein is important for maturation of the 30S ribosomal subunit.
J. Mol. Biol. 2009, 386, 742–753. [CrossRef]

56. Bylund, G.O.; Persson, B.C.; Lundberg, L.A.; Wikstrom, P.M. A novel ribosome-associated protein is important for efficient
translation in Escherichia coli. J. Bacteriol. 1997, 179, 4567–4574. [CrossRef]

57. Inoue, K.; Alsina, J.; Chen, J.; Inouye, M. Suppression of defective ribosome assembly in a rbfA deletion mutant by overexpression
of Era, an essential GTPase in Escherichia coli. Mol. Microbiol. 2003, 48, 1005–1016. [CrossRef]

58. Gibbs, M.R.; Moon, K.M.; Chen, M.; Balakrishnan, R.; Foster, L.J.; Fredrick, K. Conserved GTPase LepA (Elongation Factor 4)
functions in biogenesis of the 30S subunit of the 70S ribosome. Proc. Natl. Acad. Sci. USA 2017, 114, 980–985. [CrossRef]

59. Clatterbuck Soper, S.F.; Dator, R.P.; Limbach, P.A.; Woodson, S.A. In vivo X-ray footprinting of pre-30S ribosomes reveals
chaperone-dependent remodeling of late assembly intermediates. Mol. Cell 2013, 52, 506–516. [CrossRef]

60. Sailer, C.; Jansen, J.; Sekulski, K.; Cruz, V.E.; Erzberger, J.P.; Stengel, F. A comprehensive landscape of 60S ribosome biogenesis
factors. Cell Rep. 2022, 38, 110353. [CrossRef]

61. Motorin, Y.; Muller, S.; Behm-Ansmant, I.; Branlant, C. Identification of modified residues in RNAs by reverse transcription-based
methods. Methods Enzymol. 2007, 425, 21–53. [CrossRef] [PubMed]

62. Siibak, T.; Remme, J. Subribosomal particle analysis reveals the stages of bacterial ribosome assembly at which rRNA nucleotides
are modified. RNA 2010, 16, 2023–2032. [CrossRef] [PubMed]

63. Kellner, S.; Ochel, A.; Thuring, K.; Spenkuch, F.; Neumann, J.; Sharma, S.; Entian, K.D.; Schneider, D.; Helm, M. Absolute and
relative quantification of RNA modifications via biosynthetic isotopomers. Nucleic Acids Res. 2014, 42, e142. [CrossRef] [PubMed]

64. Popova, A.M.; Williamson, J.R. Quantitative analysis of rRNA modifications using stable isotope labeling and mass spectrometry.
J. Am. Chem. Soc. 2014, 136, 2058–2069. [CrossRef] [PubMed]

65. Ishiguro, K.; Arai, T.; Suzuki, T. Depletion of S-adenosylmethionine impacts on ribosome biogenesis through hypomodification of
a single rRNA methylation. Nucleic Acids Res. 2019, 47, 4226–4239. [CrossRef] [PubMed]

66. Murata, K.; Wolf, M. Cryo-electron microscopy for structural analysis of dynamic biological macromolecules. Biochim. Biophys.
Acta Gen. Subj. 2018, 1862, 324–334. [CrossRef] [PubMed]

67. Mulder, A.M.; Yoshioka, C.; Beck, A.H.; Bunner, A.E.; Milligan, R.A.; Potter, C.S.; Carragher, B.; Williamson, J.R. Visualizing
ribosome biogenesis: Parallel assembly pathways for the 30S subunit. Science 2010, 330, 673–677. [CrossRef]

68. Nikolay, R.; Hilal, T.; Schmidt, S.; Qin, B.; Schwefel, D.; Vieira-Vieira, C.H.; Mielke, T.; Burger, J.; Loerke, J.; Amikura, K.; et al.
Snapshots of native pre-50S ribosomes reveal a biogenesis factor network and evolutionary specialization. Mol. Cell 2021, 81,
1200–1215.e1209. [CrossRef]

69. Huang, Y.H.; Hilal, T.; Loll, B.; Burger, J.; Mielke, T.; Bottcher, C.; Said, N.; Wahl, M.C. Structure-Based Mechanisms of a Molecular
RNA Polymerase/Chaperone Machine Required for Ribosome Biosynthesis. Mol. Cell 2020, 79, 1024–1036.e1025. [CrossRef]

70. Kuhlbrandt, W. Biochemistry. The resolution revolution. Science 2014, 343, 1443–1444. [CrossRef]

27



Biomolecules 2023, 13, 866

71. Callaway, E. ‘It opens up a whole new universe’: Revolutionary microscopy technique sees individual atoms for first time. Nature
2020, 582, 156–157. [CrossRef] [PubMed]

72. Nikolay, R.; Hilal, T.; Qin, B.; Mielke, T.; Burger, J.; Loerke, J.; Textoris-Taube, K.; Nierhaus, K.H.; Spahn, C.M.T. Structural
Visualization of the Formation and Activation of the 50S Ribosomal Subunit during In Vitro Reconstitution. Mol. Cell 2018, 70,
881–893.e883. [CrossRef] [PubMed]

73. Davis, J.H.; Tan, Y.Z.; Carragher, B.; Potter, C.S.; Lyumkis, D.; Williamson, J.R. Modular Assembly of the Bacterial Large Ribosomal
Subunit. Cell 2016, 167, 1610–1622.e1615. [CrossRef] [PubMed]

74. Zhong, E.D.; Bepler, T.; Berger, B.; Davis, J.H. CryoDRGN: Reconstruction of heterogeneous cryo-EM structures using neural
networks. Nat. Methods 2021, 18, 176–185. [CrossRef] [PubMed]

75. Wang, W.; Li, W.; Ge, X.; Yan, K.; Mandava, C.S.; Sanyal, S.; Gao, N. Loss of a single methylation in 23S rRNA delays 50S assembly
at multiple late stages and impairs translation initiation and elongation. Proc. Natl. Acad. Sci. USA 2020, 117, 15609–15619.
[CrossRef] [PubMed]

76. Rabuck-Gibbons, J.N.; Popova, A.M.; Greene, E.M.; Cervantes, C.F.; Lyumkis, D.; Williamson, J.R. SrmB Rescues Trapped
Ribosome Assembly Intermediates. J. Mol. Biol. 2020, 432, 978–990. [CrossRef] [PubMed]

77. Razi, A.; Davis, J.H.; Hao, Y.; Jahagirdar, D.; Thurlow, B.; Basu, K.; Jain, N.; Gomez-Blanco, J.; Britton, R.A.; Vargas, J.; et al. Role of
Era in assembly and homeostasis of the ribosomal small subunit. Nucleic Acids Res. 2019, 47, 8301–8317. [CrossRef]

78. Thurlow, B.; Davis, J.H.; Leong, V.; Moraes, T.F.; Williamson, J.R.; Ortega, J. Binding properties of YjeQ (RsgA), RbfA, RimM and
Era to assembly intermediates of the 30S subunit. Nucleic Acids Res. 2016, 44, 9918–9932. [CrossRef] [PubMed]

79. Guo, Q.; Goto, S.; Chen, Y.; Feng, B.; Xu, Y.; Muto, A.; Himeno, H.; Deng, H.; Lei, J.; Gao, N. Dissecting the in vivo assembly of
the 30S ribosomal subunit reveals the role of RimM and general features of the assembly process. Nucleic Acids Res. 2013, 41,
2609–2620. [CrossRef]

80. Jomaa, A.; Stewart, G.; Martin-Benito, J.; Zielke, R.; Campbell, T.L.; Maddock, J.R.; Brown, E.D.; Ortega, J. Understanding
ribosome assembly: The structure of in vivo assembled immature 30S subunits revealed by cryo-electron microscopy. RNA 2011,
17, 697–709. [CrossRef] [PubMed]

81. Leong, V.; Kent, M.; Jomaa, A.; Ortega, J. Escherichia coli rimM and yjeQ null strains accumulate immature 30S subunits of similar
structure and protein complement. RNA 2013, 19, 789–802. [CrossRef] [PubMed]

82. Boehringer, D.; O’Farrell, H.C.; Rife, J.P.; Ban, N. Structural insights into methyltransferase KsgA function in 30S ribosomal
subunit biogenesis. J. Biol. Chem. 2012, 287, 10453–10459. [CrossRef] [PubMed]

83. Zhang, X.; Yan, K.; Zhang, Y.; Li, N.; Ma, C.; Li, Z.; Zhang, Y.; Feng, B.; Liu, J.; Sun, Y.; et al. Structural insights into the function of
a unique tandem GTPase EngA in bacterial ribosome assembly. Nucleic Acids Res. 2014, 42, 13430–13439. [CrossRef] [PubMed]

84. Bubunenko, M.; Court, D.L.; Al Refaii, A.; Saxena, S.; Korepanov, A.; Friedman, D.I.; Gottesman, M.E.; Alix, J.H. Nus transcription
elongation factors and RNase III modulate small ribosome subunit biogenesis in Escherichia coli. Mol. Microbiol. 2013, 87, 382–393.
[CrossRef]

85. Redko, Y.; Condon, C. Ribosomal protein L3 bound to 23S precursor rRNA stimulates its maturation by Mini-III ribonuclease.
Mol. Microbiol. 2009, 71, 1145–1154. [CrossRef]

86. Stahl, D.A.; Pace, B.; Marsh, T.; Pace, N.R. The ribonucleoprotein substrate for a ribosomal RNA-processing nuclease. J. Biol.
Chem. 1984, 259, 11448–11453. [CrossRef]

87. Oerum, S.; Dendooven, T.; Catala, M.; Gilet, L.; Degut, C.; Trinquier, A.; Bourguet, M.; Barraud, P.; Cianferani, S.; Luisi, B.F.; et al.
Structures of B. subtilis Maturation RNases Captured on 50S Ribosome with Pre-rRNAs. Mol. Cell 2020, 80, 227–236.e225.
[CrossRef]

88. Stiegler, P.; Carbon, P.; Zuker, M.; Ebel, J.P.; Ehresmann, C. Structural organization of the 16S ribosomal RNA from E. coli.
Topography and secondary structure. Nucleic Acids Res. 1981, 9, 2153–2172. [CrossRef]

89. Spitale, R.C.; Incarnato, D. Probing the dynamic RNA structurome and its functions. Nat. Rev. Genet. 2023, 24, 178–196. [CrossRef]
90. Deigan, K.E.; Li, T.W.; Mathews, D.H.; Weeks, K.M. Accurate SHAPE-directed RNA structure determination. Proc. Natl. Acad. Sci.

USA 2009, 106, 97–102. [CrossRef]
91. Siegfried, N.A.; Busan, S.; Rice, G.M.; Nelson, J.A.; Weeks, K.M. RNA motif discovery by SHAPE and mutational profiling

(SHAPE-MaP). Nat. Methods 2014, 11, 959–965. [CrossRef] [PubMed]
92. Adilakshmi, T.; Bellur, D.L.; Woodson, S.A. Concurrent nucleation of 16S folding and induced fit in 30S ribosome assembly.

Nature 2008, 455, 1268–1272. [CrossRef] [PubMed]
93. Stern, S.; Powers, T.; Changchien, L.M.; Noller, H.F. RNA-protein interactions in 30S ribosomal subunits: Folding and function of

16S rRNA. Science 1989, 244, 783–790. [CrossRef] [PubMed]
94. Kim, H.; Abeysirigunawarden, S.C.; Chen, K.; Mayerle, M.; Ragunathan, K.; Luthey-Schulten, Z.; Ha, T.; Woodson, S.A.

Protein-guided RNA dynamics during early ribosome assembly. Nature 2014, 506, 334–338. [CrossRef]
95. Duss, O.; Stepanyuk, G.A.; Grot, A.; O’Leary, S.E.; Puglisi, J.D.; Williamson, J.R. Real-time assembly of ribonucleoprotein

complexes on nascent RNA transcripts. Nat. Commun. 2018, 9, 5087. [CrossRef]
96. Olson, S.W.; Turner, A.W.; Arney, J.W.; Saleem, I.; Weidmann, C.A.; Margolis, D.M.; Weeks, K.M.; Mustoe, A.M. Discovery of

a large-scale, cell-state-responsive allosteric switch in the 7SK RNA using DANCE-MaP. Mol. Cell 2022, 82, 1708–1723.e1710.
[CrossRef]

28



Biomolecules 2023, 13, 866

97. Morandi, E.; Manfredonia, I.; Simon, L.M.; Anselmi, F.; van Hemert, M.J.; Oliviero, S.; Incarnato, D. Genome-scale deconvolution
of RNA structure ensembles. Nat. Methods 2021, 18, 249–252. [CrossRef]

98. Tomezsko, P.J.; Corbin, V.D.A.; Gupta, P.; Swaminathan, H.; Glasgow, M.; Persad, S.; Edwards, M.D.; McIntosh, L.; Papenfuss,
A.T.; Emery, A.; et al. Determination of RNA structural diversity and its role in HIV-1 RNA splicing. Nature 2020, 582, 438–442.
[CrossRef]

99. Homan, P.J.; Favorov, O.V.; Lavender, C.A.; Kursun, O.; Ge, X.; Busan, S.; Dokholyan, N.V.; Weeks, K.M. Single-molecule
correlated chemical probing of RNA. Proc. Natl. Acad. Sci. USA 2014, 111, 13858–13863. [CrossRef]

100. Khoroshkin, M.; Asarnow, D.; Navickas, A.; Winters, A.; Yu, J.; Zhou, S.K.; Zhou, S.; Palka, C.; Fish, L.; Ansel, K.M.; et al. A
systematic search for RNA structural switches across the human transcriptome. bioRxiv 2023. [CrossRef]

101. Mitchell, D., 3rd; Assmann, S.M.; Bevilacqua, P.C. Probing RNA structure in vivo. Curr. Opin. Struct. Biol. 2019, 59, 151–158.
[CrossRef] [PubMed]

102. Watters, K.E.; Strobel, E.J.; Yu, A.M.; Lis, J.T.; Lucks, J.B. Cotranscriptional folding of a riboswitch at nucleotide resolution. Nat.
Struct. Mol. Biol. 2016, 23, 1124–1131. [CrossRef] [PubMed]

103. Lewicki, B.T.; Margus, T.; Remme, J.; Nierhaus, K.H. Coupling of rRNA transcription and ribosomal assembly in vivo. Formation
of active ribosomal subunits in Escherichia coli requires transcription of rRNA genes by host RNA polymerase which cannot be
replaced by bacteriophage T7 RNA polymerase. J. Mol. Biol. 1993, 231, 581–593. [CrossRef] [PubMed]

104. Hulscher, R.M.; Bohon, J.; Rappe, M.C.; Gupta, S.; D’Mello, R.; Sullivan, M.; Ralston, C.Y.; Chance, M.R.; Woodson, S.A. Probing
the structure of ribosome assembly intermediates in vivo using DMS and hydroxyl radical footprinting. Methods 2016, 103, 49–56.
[CrossRef]

105. Mortimer, S.A.; Weeks, K.M. Time-resolved RNA SHAPE chemistry. J. Am. Chem. Soc. 2008, 130, 16178–16180. [CrossRef]
106. Roy, R.; Hohng, S.; Ha, T. A practical guide to single-molecule FRET. Nat. Methods 2008, 5, 507–516. [CrossRef]
107. Feng, X.A.; Poyton, M.F.; Ha, T. Multicolor single-molecule FRET for DNA and RNA processes. Curr. Opin. Struct. Biol. 2021, 70,

26–33. [CrossRef]
108. Lerner, E.; Cordes, T.; Ingargiola, A.; Alhadid, Y.; Chung, S.; Michalet, X.; Weiss, S. Toward dynamic structural biology: Two

decades of single-molecule Forster resonance energy transfer. Science 2018, 359, eaan1133. [CrossRef]
109. Ha, T.; Zhuang, X.; Kim, H.D.; Orr, J.W.; Williamson, J.R.; Chu, S. Ligand-induced conformational changes observed in single

RNA molecules. Proc. Natl. Acad. Sci. USA 1999, 96, 9077–9082. [CrossRef]
110. Abeysirigunawardena, S.C.; Kim, H.; Lai, J.; Ragunathan, K.; Rappe, M.C.; Luthey-Schulten, Z.; Ha, T.; Woodson, S.A. Evolution

of protein-coupled RNA dynamics during hierarchical assembly of ribosomal complexes. Nat. Commun. 2017, 8, 492. [CrossRef]
111. Lai, D.; Proctor, J.R.; Meyer, I.M. On the importance of cotranscriptional RNA structure formation. RNA 2013, 19, 1461–1473.

[CrossRef]
112. Zhang, J.; Landick, R. A Two-Way Street: Regulatory Interplay between RNA Polymerase and Nascent RNA Structure. Trends.

Biochem. Sci. 2016, 41, 293–310. [CrossRef] [PubMed]
113. Uhm, H.; Kang, W.; Ha, K.S.; Kang, C.; Hohng, S. Single-molecule FRET studies on the cotranscriptional folding of a thiamine

pyrophosphate riboswitch. Proc. Natl. Acad. Sci. USA 2018, 115, 331–336. [CrossRef] [PubMed]
114. Chauvier, A.; St-Pierre, P.; Nadon, J.F.; Hien, E.D.M.; Perez-Gonzalez, C.; Eschbach, S.H.; Lamontagne, A.M.; Penedo, J.C.;

Lafontaine, D.A. Monitoring RNA dynamics in native transcriptional complexes. Proc. Natl. Acad. Sci. USA 2021, 118,
e2106564118. [CrossRef] [PubMed]

115. Hua, B.; Panja, S.; Wang, Y.; Woodson, S.A.; Ha, T. Mimicking Co-Transcriptional RNA Folding Using a Superhelicase. J. Am.
Chem. Soc. 2018, 140, 10067–10070. [CrossRef]

116. Wang, M.D.; Schnitzer, M.J.; Yin, H.; Landick, R.; Gelles, J.; Block, S.M. Force and velocity measured for single molecules of RNA
polymerase. Science 1998, 282, 902–907. [CrossRef]

117. Abbondanzieri, E.A.; Greenleaf, W.J.; Shaevitz, J.W.; Landick, R.; Block, S.M. Direct observation of base-pair stepping by RNA
polymerase. Nature 2005, 438, 460–465. [CrossRef]

118. Frieda, K.L.; Block, S.M. Direct observation of cotranscriptional folding in an adenine riboswitch. Science 2012, 338, 397–400.
[CrossRef]

119. Mangeol, P.; Bizebard, T.; Chiaruttini, C.; Dreyfus, M.; Springer, M.; Bockelmann, U. Probing ribosomal protein-RNA interactions
with an external force. Proc. Natl. Acad. Sci. USA 2011, 108, 18272–18276. [CrossRef]

120. Srivastava, A.K.; Schlessinger, D. Coregulation of processing and translation: Mature 5’ termini of Escherichia coli 23S ribosomal
RNA form in polysomes. Proc. Natl. Acad. Sci. USA 1988, 85, 7144–7148. [CrossRef]

121. Mangiarotti, G.; Turco, E.; Ponzetto, A.; Altruda, F. Precursor 16S RNA in active 30S ribosomes. Nature 1974, 247, 147–148.
[CrossRef] [PubMed]

122. Qin, B.; Lauer, S.M.; Balke, A.; Vieira-Vieira, C.H.; Burger, J.; Mielke, T.; Selbach, M.; Scheerer, P.; Spahn, C.M.T.; Nikolay, R.
Cryo-EM captures early ribosome assembly in action. Nat. Commun. 2023, 14, 898. [CrossRef] [PubMed]

123. Desai, V.P.; Frank, F.; Lee, A.; Righini, M.; Lancaster, L.; Noller, H.F.; Tinoco, I., Jr.; Bustamante, C. Co-temporal Force and
Fluorescence Measurements Reveal a Ribosomal Gear Shift Mechanism of Translation Regulation by Structured mRNAs. Mol.
Cell 2019, 75, 1007–1019.e1005. [CrossRef] [PubMed]

29



Biomolecules 2023, 13, 866

124. C-TRAP® Optical Tweezers Fluorescence & Label-Free Microscopy. Available online: https://lumicks.com/products/c-trap-
optical-tweezers-fluorescence-label-free-microscopy/ (accessed on 6 April 2023).

125. Young, G.; Hundt, N.; Cole, D.; Fineberg, A.; Andrecka, J.; Tyler, A.; Olerinyova, A.; Ansari, A.; Marklund, E.G.; Collier, M.P.; et al.
Quantitative mass imaging of single biological macromolecules. Science 2018, 360, 423–427. [CrossRef] [PubMed]

126. Wang, Y.; Zhao, Y.; Bollas, A.; Wang, Y.; Au, K.F. Nanopore sequencing technology, bioinformatics and applications. Nat.
Biotechnol. 2021, 39, 1348–1365. [CrossRef]

127. Smith, A.M.; Jain, M.; Mulroney, L.; Garalde, D.R.; Akeson, M. Reading canonical and modified nucleobases in 16S ribosomal
RNA using nanopore native RNA sequencing. PLoS ONE 2019, 14, e0216709. [CrossRef]

128. Leger, A.; Amaral, P.P.; Pandolfini, L.; Capitanchik, C.; Capraro, F.; Miano, V.; Migliori, V.; Toolan-Kerr, P.; Sideri, T.; Enright,
A.J.; et al. RNA modifications detection by comparative Nanopore direct RNA sequencing. Nat. Commun. 2021, 12, 7198.
[CrossRef]

129. Begik, O.; Mattick, J.S.; Novoa, E.M. Exploring the epitranscriptome by native RNA sequencing. RNA 2022, 28, 1430–1439.
[CrossRef]

130. Begik, O.; Lucas, M.C.; Pryszcz, L.P.; Ramirez, J.M.; Medina, R.; Milenkovic, I.; Cruciani, S.; Liu, H.; Vieira, H.G.S.; Sas-Chen,
A.; et al. Quantitative profiling of pseudouridylation dynamics in native RNAs with nanopore sequencing. Nat. Biotechnol. 2021,
39, 1278–1291. [CrossRef]

131. Hendra, C.; Pratanwanich, P.N.; Wan, Y.K.; Goh, W.S.S.; Thiery, A.; Goke, J. Detection of m6A from direct RNA sequencing using
a multiple instance learning framework. Nat. Methods 2022, 19, 1590–1598. [CrossRef]

132. Mateos, P.A.; Sethi, A.J.; Ravindran, A.; Guarnacci, M.; Srivastava, A.; Xu, J.; Woodward, K.; Yuen, Z.W.S.; Mahmud, S.; Kanchi,
M.; et al. Simultaneous identification of m6A and m5C reveals coordinated RNA modification at single-molecule resolution.
bioRxiv 2023. [CrossRef]

133. Aw, J.G.A.; Lim, S.W.; Wang, J.X.; Lambert, F.R.P.; Tan, W.T.; Shen, Y.; Zhang, Y.; Kaewsapsak, P.; Li, C.; Ng, S.B.; et al.
Determination of isoform-specific RNA structure with nanopore long reads. Nat. Biotechnol. 2021, 39, 336–346. [CrossRef]

134. Wrzesinski, J.; Bakin, A.; Nurse, K.; Lane, B.G.; Ofengand, J. Purification, cloning, and properties of the 16S RNA pseudouridine
516 synthase from Escherichia coli. Biochemistry 1995, 34, 8904–8913. [CrossRef]

135. O’Reilly, F.J.; Xue, L.; Graziadei, A.; Sinn, L.; Lenz, S.; Tegunov, D.; Blotz, C.; Singh, N.; Hagen, W.J.H.; Cramer, P.; et al. In-cell
architecture of an actively transcribing-translating expressome. Science 2020, 369, 554–557. [CrossRef]

136. Ladouceur, A.M.; Parmar, B.S.; Biedzinski, S.; Wall, J.; Tope, S.G.; Cohn, D.; Kim, A.; Soubry, N.; Reyes-Lamothe, R.; Weber, S.C.
Clusters of bacterial RNA polymerase are biomolecular condensates that assemble through liquid-liquid phase separation. Proc.
Natl. Acad. Sci. USA 2020, 117, 18540–18549. [CrossRef] [PubMed]

137. Lelek, M.; Gyparaki, M.T.; Beliu, G.; Schueder, F.; Griffie, J.; Manley, S.; Jungmann, R.; Sauer, M.; Lakadamyali, M.; Zimmer, C.
Single-molecule localization microscopy. Nat. Rev. Methods Primers 2021, 1, 39. [CrossRef] [PubMed]

138. Wang, S.; Moffitt, J.R.; Dempsey, G.T.; Xie, X.S.; Zhuang, X. Characterization and development of photoactivatable fluorescent
proteins for single-molecule-based superresolution imaging. Proc. Natl. Acad. Sci USA 2014, 111, 8452–8457. [CrossRef] [PubMed]

139. Weng, X.; Bohrer, C.H.; Bettridge, K.; Lagda, A.C.; Cagliero, C.; Jin, D.J.; Xiao, J. Spatial organization of RNA polymerase and its
relationship with transcription in Escherichia coli. Proc. Natl. Acad. Sci. USA 2019, 116, 20115–20123. [CrossRef]

140. Lafontaine, D.L.J. Birth of Nucleolar Compartments: Phase Separation-Driven Ribosomal RNA Sorting and Processing. Mol. Cell
2019, 76, 694–696. [CrossRef]

141. Ruland, J.A.; Kruger, A.M.; Dorner, K.; Bhatia, R.; Wirths, S.; Poetes, D.; Kutay, U.; Siebrasse, J.P.; Kubitscheck, U. Nuclear export
of the pre-60S ribosomal subunit through single nuclear pores observed in real time. Nat. Commun. 2021, 12, 6211. [CrossRef]

142. Balzarotti, F.; Eilers, Y.; Gwosch, K.C.; Gynna, A.H.; Westphal, V.; Stefani, F.D.; Elf, J.; Hell, S.W. Nanometer resolution imaging
and tracking of fluorescent molecules with minimal photon fluxes. Science 2017, 355, 606–612. [CrossRef] [PubMed]

143. Deguchi, T.; Iwanski, M.K.; Schentarra, E.M.; Heidebrecht, C.; Schmidt, L.; Heck, J.; Weihs, T.; Schnorrenberg, S.; Hoess, P.; Liu,
S.; et al. Direct observation of motor protein stepping in living cells using MINFLUX. Science 2023, 379, 1010–1015. [CrossRef]

144. Wolff, J.O.; Scheiderer, L.; Engelhardt, T.; Engelhardt, J.; Matthias, J.; Hell, S.W. MINFLUX dissects the unimpeded walking of
kinesin-1. Science 2023, 379, 1004–1010. [CrossRef] [PubMed]

145. Turk, M.; Baumeister, W. The promise and the challenges of cryo-electron tomography. FEBS Lett. 2020, 594, 3243–3261. [CrossRef]
[PubMed]

146. Erdmann, P.S.; Hou, Z.; Klumpe, S.; Khavnekar, S.; Beck, F.; Wilfling, F.; Plitzko, J.M.; Baumeister, W. In situ cryo-electron
tomography reveals gradient organization of ribosome biogenesis in intact nucleoli. Nat. Commun. 2021, 12, 5364. [CrossRef]

147. Earnest, T.M.; Lai, J.; Chen, K.; Hallock, M.J.; Williamson, J.R.; Luthey-Schulten, Z. Toward a Whole-Cell Model of Ribosome
Biogenesis: Kinetic Modeling of SSU Assembly. Biophys. J. 2015, 109, 1117–1135. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

30



Citation: Di Vona, C.; Barba, L.;

Ferrari, R.; de la Luna, S. Loss of the

DYRK1A Protein Kinase Results in

the Reduction in Ribosomal Protein

Gene Expression, Ribosome Mass

and Reduced Translation.

Biomolecules 2024, 14, 31.

https://doi.org/

10.3390/biom14010031

Academic Editors: Brigitte Pertschy

and Ingrid Zierler

Received: 17 November 2023

Revised: 19 December 2023

Accepted: 21 December 2023

Published: 25 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Article

Loss of the DYRK1A Protein Kinase Results in the Reduction in
Ribosomal Protein Gene Expression, Ribosome Mass and
Reduced Translation
Chiara Di Vona 1,2,*,†, Laura Barba 1,2,†, Roberto Ferrari 3 and Susana de la Luna 1,2,4,5,*

1 Centre for Genomic Regulation (CRG), The Barcelona Institute of Science and Technology (BIST),
Dr Aiguader 88, 08003 Barcelona, Spain

2 Centro de Investigación Biomédica en Red en Enfermedades Raras (CIBERER), 28029 Madrid, Spain
3 Department of Chemistry, Life Sciences and Environmental Sustainability, University of Parma, Viale delle

Scienze 23/A, 43124 Parma, Italy; roberto.ferrari1@unipr.it
4 Department of Medicine and Life Sciences, Universitat Pompeu Fabra (UPF), Dr Aiguader 88,

08003 Barcelona, Spain
5 Institució Catalana de Recerca i Estudis Avançats (ICREA), Passeig Lluís Companys 23, 08010 Barcelona, Spain
* Correspondence: chiara.divona@crg.eu (C.D.V.); susana.luna@crg.eu (S.d.l.L.)
† These authors contributed equally to this work.

Abstract: Ribosomal proteins (RPs) are evolutionary conserved proteins that are essential for protein
translation. RP expression must be tightly regulated to ensure the appropriate assembly of ribosomes
and to respond to the growth demands of cells. The elements regulating the transcription of RP genes
(RPGs) have been characterized in yeast and Drosophila, yet how cells regulate the production of RPs
in mammals is less well understood. Here, we show that a subset of RPG promoters is characterized
by the presence of the palindromic TCTCGCGAGA motif and marked by the recruitment of the
protein kinase DYRK1A. The presence of DYRK1A at these promoters is associated with the enhanced
binding of the TATA-binding protein, TBP, and it is negatively correlated with the binding of the
GABP transcription factor, establishing at least two clusters of RPGs that could be coordinately
regulated. However, DYRK1A silencing leads to a global reduction in RPGs mRNAs, pointing at
DYRK1A activities beyond those dependent on its chromatin association. Significantly, cells in which
DYRK1A is depleted have reduced RP levels, fewer ribosomes, reduced global protein synthesis and
a smaller size. We therefore propose a novel role for DYRK1A in coordinating the expression of genes
encoding RPs, thereby controlling cell growth in mammals.

Keywords: ribosomal proteins; TCTCGCGAGA; translation; DYRK1A; transcription

1. Introduction

Ribosomes are cellular machines that translate mRNA into protein, and in mammals,
they are formed by the large 60S subunit and the small 40S subunit. The 60S subunit is
comprised of the 5S, 5.8S and 28S rRNAs associated with 52 ribosomal proteins (RPs), and
the smaller 40S subunit is made up of the 18S rRNA plus 35 RPs. Ribosome biogenesis is
a complex process that involves more than 200 different factors: rRNAs, small nucleolar
RNAs and canonical and auxiliary RPs [1]. The three RNA polymerases (Pol) participate
in the transcription of the ribosomal components, with Pol I responsible for transcribing
the 28S, 18S and 5.8S rRNAs, Pol III transcribing the 5S rRNAs and Pol II responsible
for the transcription of all the protein coding genes involved in ribosome biogenesis,
including the RP genes (RPGs). Therefore, the coordinated expression of these components
is required to ensure the correct assembly and proper functioning of ribosomes [2]. Indeed,
the dysregulation of ribosome biogenesis is associated with a group of human diseases
that are collectively known as ribosomopathies [3]; moreover, alterations to RP expression
contribute to cancer cell growth [4].
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The coding sequences of RPGs have been highly conserved over evolution, unlike the
features of their promoters and the machinery involved in their transcriptional regulation.
As such, RPGs are organized into operons in prokaryotes [5], whereas the situation is
much more complex in the case of eukaryotes, with multiple genes widely scattered
across the genome [6]. The main elements involved in the transcriptional regulation of
RPGs have been characterized thoroughly in Saccharomyces cerevisiae [7], in which the
repressor activator protein 1 (Rap1p) and the Fhl1p forkhead transcription factor (TF)
are constitutively bound to the RPG promoters, coordinating RPG expression [8]. In
higher eukaryotes, most studies have focused on the differential enrichment of TF binding
motifs within RPG promoters [9–12]. In particular, several DNA sequences are found over-
represented in human RPG promoters. The polypyrimidine TCT motif is found close to the
transcription start site (TSS) of RPGs, and it is thought to play a dual role in the initiation of
both transcription and translation [13]. This motif is recognized by the TATA-box-binding
protein (TBP)-related factor 2 (TRF2) in Drosophila [14,15], yet it remains unclear whether
there is functional conservation with its human TBP-like 1 (TBPL1) homolog. Around
35% of the RPG promoters contain a TATA box in the -25 region and an additional 25%
contain A/T-rich sequences in this region [16]. Other motifs frequently found are those
for SP1, the GA-binding protein (GABP) and the yin yang 1 (YY1) TFs [16]. In addition,
the E-box TF MYC is a key regulator of ribosomal biogenesis, enhancing the expression of
RPGs [17]. Finally, a de novo motif (M4 motif) was found enriched in human and mouse
RPG promoters [9]. RPG mRNA expression displays tissue- and development-specific
patterns, both in human and mouse [6,18,19]. Hence, RPG expression could be regulated
by specific combinations of TFs in different organisms and/or physiological conditions.

The M4 motif matches the palindromic sequence that is bound by the dual-specificity
tyrosine-regulated kinase 1A (DYRK1A) protein kinase [20]. DYRK1A fulfills many diverse
functions by phosphorylating a wide range of substrates [21–23], and it is a kinase with
exquisite gene-dosage dependency. On the one hand, DYRK1A overexpression in individu-
als with trisomy 21 has been associated to several of the pathological symptoms associated
with Down syndrome (DS) [24]. On the other hand, de novo mutations in one DYRK1A
allele cause a rare clinical syndrome known as DYRK1A haploinsufficiency syndrome
(OMIM#614104) [25–27]. DYRK1A has also been proposed as a pharmacological target
for neurodegenerative disorders, diabetes and cancer [22,23,28,29]. We have shown that
DYRK1A is a transcriptional activator when recruited to proximal promoter regions of a
subset of genes that are enriched for the palindromic motif TCTCGCGAGA [20]. DYRK1A
phosphorylates serine residues 2, 5 and 7 within the C-terminal domain (CTD) of the
catalytic subunit of Pol II [20]. This activity takes over that of the general TF p-TEFb at
gene loci involved in myogenic differentiation [30]. The interaction of DYRK1A with the
CTD depends on a run of histidine residues in its noncatalytic C-terminus, which also
promotes the nucleation of a phase-separated compartment that is functionally associ-
ated with transcriptional elongation [31]. Here, we have analyzed the occupancy of RPG
promoters by DYRK1A in depth, performing a comprehensive analysis of the promoter
occupancy by other factors whose binding motifs are differentially enriched in human RPG
promoter regions. Our results indicate that most of these factors are found at almost all
RPG promoters, irrespective of the presence of their cognate binding sites. By contrast,
DYRK1A associates with a subset of human and mouse RPG promoters that contain the
TCTCGCGAGA motif. Moreover, physiological levels of DYRK1A are required to maintain
RPG transcript levels independently of the binding of DYRK1A to their promoters, and this
effect could at least in part contribute to the global reduction in ribosome mass and protein
synthesis when DYRK1A is silenced. Therefore, our results expand the functional spectrum
of the DYRK1A kinase, indicating that it contributes to the regulation of cell growth in
mammalian cells.
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2. Materials and Methods
2.1. Cell Culture and Lentivirus-Mediated Transduction

Lentiviral transduction of short hairpin (sh)RNAs was used to downregulate DYRK1A
expression, and the generation of the lentiviral stocks and the infection conditions are
detailed in the Supplementary Methods. The protocols to determine the cell cycle profile
and cell volume are also included in the Supplementary Methods. To analyze global
protein synthesis, T98G cells were incubated for 90 min in methionine-free Dulbecco’s
modified Eagle’s medium (DMEM; GIBCO, Waltham, MA, USA) with 10% dialyzed fetal
bovine serum (FBS; GIBCO), metabolically labeled for 20 min with 35S-Met (50 µCi 35S-Met,
1175 Ci/mmol, Perkin Elmer) and then lysed in SDS lysis buffer. The protein extracts
were resolved by SDS-PAGE and the incorporation of 35S-methionine was detected by
the autoradiography of the dried gel using film or a Phosphoimager (Typhoon Trio, GE
Healthcare, Chicago, IL, USA).

2.2. Preparation of Polysome and Ribosome-Enriched Fractions

Polysome profiles were obtained from approximately 1 × 107 T98G cells. Protein
synthesis was arrested by incubation with cycloheximide (CHX, 100 µg/mL). The cells
were washed in phosphate-buffered saline (PBS) containing CHX (100 µg/mL), collected in
1 mL of polysome lysis buffer (10 mM Tris-HCl with a pH of 7.4, 100 mM NaCl, 10 mM
MgCl2, 1% Triton X-100, 20 mM dithiothreitol [DTT], 100 µg/mL CHX, 0.25% sodium
deoxycholate) and frozen rapidly in liquid nitrogen. Cell debris and nuclei were eliminated
by centrifugation (12,000× g, 5 min, 4 ◦C) and the nucleic acid concentration in the super-
natants was assessed by measuring the A260 in a NanoDrop™ (Thermo Fisher Inc, Waltham,
MA, USA). Samples with A260 ≈ 10 were loaded onto a 10–50% linear sucrose gradient
prepared in polysome gradient buffer (20 mM Tris-HCl with a pH of 7.4, 100 mM NH4Cl,
10 mM MgCl2, 0.5 mM DTT, 100 µg/mL CHX) and centrifuged in a Beckman SW41Ti
rotor (35,000 rpm, 3 h, 4 ◦C). Profiles were obtained by continuous monitoring of the A254
(Econo-UV Monitor and Econo-Recorder model 1327; Bio-Rad Laboratories, Hercules, CA,
USA). To calculate the polysome:monosome ratio, the polysome and monosome area under
the curve was measured with ImageJ (1.50i) [32].

To isolate the total ribosome fraction, cells were collected in sucrose buffer (250 mM
sucrose, 250 mM KCl, 5 mM MgCl2, 50 mM Tris-HCl with a pH of 7.4, 0.7% Nonidet P-40),
the cytosol was isolated by centrifugation (750× g, 10 min, 4 ◦C) and then centrifuged again
to obtain a postmitochondrial supernatant (12,500× g, 10 min, 4 ◦C). The supernatant was
adjusted to 0.5 M KCl, and the volume equivalent to OD260 = 5 was loaded onto a sucrose
cushion (1 M sucrose, 0.5 M KCl, 5 mM MgCl2, 50 mM Tris-HCl with a pH of 7.4) and
centrifuged in a Beckman TLA 100.3 rotor (250,000× g, 2 h, 4 ◦C).

2.3. Mass Spectrometry (MS) Analysis

Proteins in the ribosome-enriched pellets were identified and quantified by free-label
MS analysis using an LTQ-Orbitrap Fusion Lumos (Thermo Fisher Inc) mass spectrometer.
The sample preparation, chromatography and MS analysis are detailed in the Supplemen-
tary Methods. For the peptide identification, a precursor ion mass tolerance of 7 ppm was
used for MS1, with trypsin as the chosen enzyme and up to three miscleavages allowed.
The fragment ion mass tolerance was set to 0.5 Da for MS2. The oxidation of methio-
nine and N-terminal protein acetylation were used as variable modifications, whereas
carbamidomethylation on cysteine was set as a fixed modification. In the analysis of phos-
phorylated peptides, phosphorylation of serine, threonine and tyrosine were also set as
variable modifications. The false discovery rate (FDR) was set to a maximum of 5% in the
peptide identification. Protein quantification was retrieved from the protein TOP3 Area
node from Proteome Discoverer (v2.3). For normalization, a correction factor was applied:
sum TOP3 replicate “n”/average sum TOP3 all replicates. Normalized abundance values
were log2-transformed, and the fold change (FC) and p-values were calculated. Two inde-
pendent experiments, each with three biological replicates, were performed on T98G cells
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transduced with shControl or shDYRK1A lentiviruses, and only those proteins detected
in at least three replicates of any condition were quantified. For the RP stoichiometry, the
intensity of each RP was defined relative to the intensities of all RPs. The RP protein/mRNA
ratios were obtained using the log2-transformed normalized protein abundance and the
log2-transformed normalized RNA counts from RNA-Seq experiments.

2.4. Chromatin Immunoprecipitation (ChIP)

Detailed information on sample preparation is provided in the Supplementary Meth-
ods. DNA libraries were generated with the Ovation® Ultralow Library System V2 (NuGEN
Technologies, San Carlos, CA, USA). Libraries were sequenced with 50 bp single-end reads
on an Illumina Hiseq-2500 sequencer at the CRG Genomics Unit. The ChIP-Seq analysis
was performed as described [33], with few modifications (see Supplementary Methods). To
analyze the RPG promoter occupancy, datasets from The Encyclopedia of DNA Elements
(ENCODE) Consortium were used and are listed in Table S2 [34]. Read numbers were
normalized to reads per million (RPM) in both this work and the ENCODE datasets.

2.5. RNA-Seq

RNA was isolated with the RNeasy extraction kit (Qiagen, Germantown, MD, USA)
and the samples were treated with DNase I (see Supplementary Methods for full details).
For T98G cell spike-in normalization, equal numbers of T98G cells for each condition
were mixed with a fixed number of D. melanogaster Kc167 cells (1:4 ratio). Libraries were
prepared with the TruSeq Stranded mRNA Sample Prep Kit v2 (Illumina, Cambridge, UK)
and sequenced with Illumina Hiseq-2500 to obtain 125 bp pair-ended reads. Differential
gene expression was assessed with the DESeq2 (1.30.1) package in R, filtering genes that
had >10 average normalized counts per million [35]. For the spike-in libraries, the size
factor of each replicate was calculated according to exogenous Drosophila spike-in reads.
Expression was considered to be altered when the p-value ≤ 0.05, and the log2FC was
above 0.7 and below −0.7 for up- and downregulated genes, respectively.

2.6. Quantitative PCR (qPCR)

PCR reactions were performed in triplicate in 384-well plates with SYBR Green (Roche,
Basel, Switzerland) and specific primers using a Roche LC-480 machine. The crossing point
was calculated for each sample with the Lightcycler 480 1.2 software. No PCR products
were observed in the absence of template and all primer sets gave narrow single melting
point curves. For the ChIP-qPCR, a 1/10 dilution of ChIP DNA was used as the template
for the PCR reaction, and a 1/1000 dilution of input DNA was used as the standard for
normalization. For the RT-qPCR, a 1/10 dilution of the cDNAs was used and expression of
the D. melanogaster gene Act42A was used for normalization. The sequences of primers are
listed in Tables S3 and S4.

2.7. Computational Tools and Statistical Analysis

Full details for the computational tools used to analyze the ChIP-Seq, RNA-Seq and
proteomics data are included in the Supplementary Methods. To calculate the statistical
significance, the normality of the samples was evaluated with the Shapiro–Wilk normality
test (Prism 5, v5.0d), and parametric or nonparametric tests were used accordingly. Sta-
tistical significance was calculated with two-tailed Mann–Whitney or Student’s tests for
unpaired samples or with a Wilcoxon matched-pairs signed-ranks test (Prism 5, v5.0d), and
a p-value ≤ 0.05 was considered as significant. All experiments were performed indepen-
dently at least three times.

3. Results
3.1. DYRK1A Is Recruited to the Proximal Promoter Regions of the Canonical RPGs

Our prior analysis of DYRK1A recruitment to chromatin showed an enrichment in
gene-ontology terms related to ribosome biogenesis and translational regulation [20]. In
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addition, a de novo motif analysis found a sequence similar to the DYRK1A-associated
motif to be over-represented in the promoter regions of human RPGs [9]. Accordingly,
we examined whether DYRK1A was recruited to human RPGs, considering the genes
encoding the 80 canonical RPs plus 10 paralogues [6] (a new naming system for RPs has
been proposed [36] and listed in Table S5). In the experiments on different human cell lines,
the ChIP-Seq analysis showed DYRK1A bound upstream of the TSS and, in general, within
500 bp of the TSS of a subset of the RPGs (Figure 1A). No ChIP signal was detected at either
the gene bodies or the transcriptional termination sites (TTS; Figure S1). A clear reduction
in the chromatin-associated DYRK1A was observed at the target RPG promoters in cells
where the levels of DYRK1A were depleted by the lentiviral delivery of a shRNA targeting
DYRK1A, reflecting the specific recruitment of the kinase (Figures 1B and S1). Finally, the
presence of DYRK1A at the RPG promoter regions was further confirmed in independent
ChIP-qPCR experiments (Figure 1C).

Around 25% of the promoters of all the RPGs were occupied by DYRK1A in the
human cell lines analyzed, with considerable overlap among them (Figure 1D,E). No
association with any particular ribosomal subunit was observed, since DYRK1A occupancy
was detected similarly at the promoters of RPGs from both the large- and small-ribosome
subunits (Figure 1E). Furthermore, the DYRK1A ChIP-Seq data from the mESCs also
showed the presence of this kinase at the promoters of a subset of mouse RPGs, which
coincided well with the DYRK1A-positive subset in the human cells (Figure 1F,G). Together,
these results indicate that DYRK1A is recruited to proximal promoter regions of a subset of
RPGs in different human and mouse cell lines, suggesting that the chromatin association of
DYRK1A with these RPGs represents a general and conserved function for the kinase.

3.2. The TCTCGCGAGA Motif Marks the Subset of the RPG Promoters Positive for DYRK1A

Around 25% of the human RPG promoters contain a TCTCGCGAGA motif
(Figure 2A,B), and DYRK1A bound to these in one, two or in all the human cell lines
analyzed, except for RPL10 and RPS5, and the RPG paralogs RPL10L, RPL22L1 and RPS4Y2
(Table S5). Likewise, DYRK1A was almost exclusively detected at RPG promoters contain-
ing the TCTCGCGAGA motif in the mESCs (Table S6), as further evidence of its functional
conservation. A central model motif analysis (CMEA) [37] showed the TCTCGCGAGA mo-
tif to be positioned precisely around the center of the DYRK1A-associated peaks within the
RPG promoters (Figure 2C), suggesting that it serves as a platform for DYRK1A recruitment.
The kinase was also found to associate with a small number of RPG promoters without
this palindromic sequence (Table S5), although its detection was poorer in these cases
(Figure 2D). In conclusion, the TCTCGCGAGA motif appears to be a major determinant
for the efficient recruitment of DYRK1A to the RPGs; moreover, given that the variability in
DYRK1A occupancy in the different cell lines was mostly restricted to the RPG promoters
without the motif, it is possible that DYRK1A associates with promoters containing this
motif independently of the cell type, whereas the occupancy of other RPG promoters might
be context-specific.

The TCTCGCGAGA motif has been shown to work as a promoter element that drives
bidirectional transcription [38]. In around 30% of the RPGs, the TSS lies within a 500 bp
window from the TSS of the genes transcribed in the opposite direction; in these cases,
the RPG is always transcribed more strongly (Table S7). However, no specific bias for
the presence of the TCTCGCGAGA motif could be observed, since some RPGs with
bidirectional transcription contained this motif (RPL12, RPL15, RPL23A), while others did
not (RPL34, RPL9, RPS18; Table S7). The transcriptional repressor zinc finger and BTB
domain containing 33 (ZBTB33, also known as KAISO) binds directly to the TCTCGCGAGA
motif in vitro when methylated [39]. Indeed, this palindromic motif is included in the Jaspar
database of the curated TF binding profiles as a ZBTB33 motif (http://jaspar.genereg.
net/matrix/MA0527.1/ (accessed on 1 January 2021)). The ChIP-Seq experiments in
the T98G cells did detect ZBTB33 at the majority of the RPG promoters containing the
TCTCGCGAGA motif (Figure S2A; Table S8), with signals overlapping those of DYRK1A
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(Figure S2B). Moreover, the TCTCGCGAGA motif is positioned centrally within the ZBTB33-
bound regions of these RPGs (Figure S2C). Thus, this promoter motif might not only favor
DYRK1A recruitment, but also its interaction with other proteins.

1 
 

 

Figure 1. DYRK1A occupies a subset of RPG promoters. (A) Distribution of chromatin-bound
DYRK1A relative to the TSS of human RPGs in T98G, U2OS and HeLa cells. The y-axis represents the
relative protein recruitment (−log10 Poisson p-value) and the offset was set to ±3 kb from the TSS.
(B) DYRK1A occupancy relative to the TSS of human RPGs, comparing the shControl and shDYRK1A
T98G cells (blue and orange lines, respectively). The y-axis represents the relative protein recruitment
quantified as significant (sig) ChIP-Seq tags. The offset was set to ±3 kb from the TSS (Figure S1B
for representative examples). (C) Validation of the selected targets by ChIP-qPCR (percentage of
input recovery; mean ± SD of three technical replicates). (D) Overlap of DYRK1A-associated RPG
promoters in T98G, U2OS and HeLa cells. (E) List of DYRK1A-positive RPGs common to the three
human cell lines. (F) Overlap between common DYRK1A-bound RPGs in the human cell lines and
mESCs. (G) List of RPGs with DYRK1A detected at their promoters in mESCs. The asterisk indicates
the coincident occupancy in mESCs with the three human cell lines analyzed.
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2 

 
 Figure 2. The TCTCGCGAGA motif correlates with significant DYRK1A binding at human RPG

promoters. (A) Distribution of the TCTCGCGAGA motif (DYRK1A motif) in human RPGs (bona fide:
p-value < 10−4; poorly conserved: 10−4 < p-value < 3 × 10−4). (B) List of human RPGs with the bona
fide palindromic motif in their promoters. The RPG promoters containing more than one DYRK1A
motif are in bold. (C) CentriMo plot showing the distribution of the DYRK1A motif for the RPG
promoters that bind DYRK1A. The solid curve shows the positional distribution (averaged over bins
of a 10 bp width) of the best site of the DYRK1A motif at each position in the RPG-ChIP-Seq peaks
(500 bp). The p-value is for the central enrichment of the motif. (D) Box plot and scatter plots (dots
represent the individual RPGs) showing the correlation between DYRK1A ChIP binding (log2 p-value,
x-axis) and the conservation of the DYRK1A motif (q-value, y-axis) in T98G, U2OS and HeLa cells.
The colors represent the motif-classification indicated.

3.3. Low Functional Conservation of the RPG Core Promoter Elements between Drosophila
and Humans

Next, we wondered whether the RPG promoters that bind DYRK1A were characterized
by any other feature. Most studies on the regulation of RPG expression in higher eukaryotes
have used Drosophila as a model system, identifying several sequence elements and TFs
that regulate RPG transcription [13–15]. One of them is the TCT motif that is a specific
promoter element for the expression of RPGs [13]. Using high-confidence human TSS
data, we scanned the human RPG promoters and found the TCT consensus sequence
(YC + 1TYTYY; Figure 3A) in 77 of the 86 promoters analyzed (Table S9). However, we
did not find any correlation between the TCT motif and the presence of DYRK1A at these
promoters (Figure 3B).
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Figure 3. Analysis of the homologs of Drosophila RPG expression regulators in mammalian cells.
(A) Sequence logo of the TCT motif found in human RPGs. (B) Percentage of TCT-positive or
negative human RPG promoters distributed according to the presence of DYRK1A (average ± stdev
of DYRK1A occupancies in T98G, HeLa and U2OS cells). (C) Occupancy of human RPGs by TBPL1
(K562, ENCSR783EPA), ZNF281 (HepG2, ENCSR403MJY) and ZBED1 (K562, ENCSR286PCG). The
genomic region considered is shown on the x-axis. (D) Occupancy of the transcription factors shown
in panel C together with DYRK1A. (E) Sequence of the Drosophila M1 motif at Jaspar and of the DNA
motif enriched in ZNF281-bound regions in human cells. (F) Sequence of the DRE motif in Drosophila
at Jaspar and of the motif enriched in all ZBED1-bound regions in human cells.

In Drosophila, the TCT element drives the recruitment of Pol II and, consequently,
the transcription of RPGs through the coordinated action of TRF2, but not of TBP, and
the TF motif 1 binding protein (M1BP) and DNA-replication-related element (DRE) factor
(DREF) [14,15]. Thus, we asked whether the transcriptional regulators of the RPGs were
functionally conserved between Drosophila and humans, and, if so, how they might be
related to the DYRK1A promoter association. We analyzed the presence of the homologs of
the fly TFs at the human RPG promoters: TBPL1, the homolog of TRF2; zinc finger protein
281 (ZNF281), the homolog of M1BP; and zinc finger BED-type containing 1 (ZBED1), the
homolog of DREF. This analysis showed that TBPL1 binds to the promoter of most RPGs
(68 out of 90 in K562 cells; Figure 3C,D; Table S9), similar to its behavior in Drosophila [14];
no particular enrichment was detected based on the presence or absence of a TATA box
(Figure S3A). The presence of TBPL1 was detected at DYRK1A-positive and negative
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promoters (Figure S3B), and the results from an unbiased clustering analysis did not allow
for the detection of the differential binding of TBPL1 at RPG promoters positive for DYRK1A
(Figure S3C). ZNF281 was only detected at seven RPG promoters (Figure 3C; Table S9);
in this regard, the sequence motif enriched within the ZNF281 ChIP-Seq dataset differed
from the M1BP binding motif (http://jaspar.genereg.net/matrix/MA1459.1/ (accessed
on 1 January 2021); Figure 3E) [10]; thus, we cannot assume that M1BP and ZNF281 are
fully functional homologs. ZBED1 binds to several human RPG promoters and gene bodies
(Figure 3C; Table S9), and the motif enriched in the ChIP-Seq dataset partially overlaps
with the Drosophila DREF motif (http://jaspar.genereg.net/matrix/MA1456.1/ (accessed
on 1 January 2021); Figure 3E). However, no enrichment for this motif was found within
the human RPG promoters. ZBED1 might recognize the TCTCGCGAGA motif [40], yet the
CMEA analysis did not find a unimodal and centered distribution of the TCTCGCGAGA
motif within the ZBED1 ChIP peaks (Figure S3D). Hence, ZBED1 did not appear to bind
directly to the TCTCGCGAGA motif, which is consistent with data suggesting that the
TCTCGCGAGA motif and the human DRE are distinct regulatory elements [38]. No
information on a general transcriptional effect of ZBED1 on RPGs is available other than
that its depletion reduced the transcription of RPS6, RPL10A and RPL12 genes in human
foreskin fibroblasts [40]. Finally, ZBED1 binding to human RPGs showed no particular
correlation with the presence of DYRK1A (Figure S3E). Together, these data suggest that
there is little functional conservation of the core promoter elements of RPGs between
Drosophila and humans, either in cis or trans. Furthermore, the association to chromatin of
the TF homologs to those identified in Drosophila does not appear to depend on the presence
of the TCTCGCGAGA motif or the binding of DYRK1A to human RPG promoters.

3.4. GABP and DYRK1A Are Differentially Distributed at the RPG Promoters

We then asked whether DYRK1A recruitment was associated with the presence of TFs
whose binding sites are known to be over-represented at human RPG promoters, such as
TBP, MYC, SP1, GABP and YY1. Instead of using motif occurrence, as in previous studies
analyzing RPG promoter architecture [11,16], we took advantage of genome-wide mapping
data for each of the TFs. Thus, though TBP was predicted to be differentially enriched at
the human RPG promoters based on the presence of the TATA box [16], the analysis of TBP
occupancy found TBP bound to nearly all human RPG promoters (93%) in the different
cell lines (Figure 4A,B; Table S9). Therefore, TBP appears to be a general component of the
human RPG transcriptional machinery, irrespective of the presence of a TATA consensus, a
TATA-like sequence or the complete absence of such motifs (Figure 4C). Consistent with
a role for TBP in the assembly of the preinitiation complex (PIC) at the RPG promoters,
the presence of the TFIID subunit TBP-associated factor 1 (TAF1) was strongly correlated
with that of TBP (Figure 4A; Table S9). Notably, we observed stronger TBP binding at
the DYRK1A-enriched RPG promoters than at the RPG promoters devoid of DYRK1A
(Figures 4D,E and S4A), suggesting that these two factors might cross-talk.

The presence of YY1, SP1 and MYC was also detected in almost all RPG promoters
irrespective of the presence of cognate binding sites (Figure S4B; Table S9), and an unbiased
clustering analysis showed no differential distribution of any of these factors based on
the presence of DYRK1A (Figure S4C). By contrast, DYRK1A and GABP were distributed
into one cluster that included those RPG promoters with a high DYRK1A occupancy and
a low GABP presence (Figures 4F and S4D, cluster 1), and another in which promoters
were depleted of DYRK1A with a strong GABP occupation ( Figures 4F and S4D, cluster 2).
Indeed, while the DYRK1A-associated TCTCGCGAGA motif was mostly over-represented
in cluster 1, the GABP motif is a hallmark of cluster 2 (Figure 4G). These results suggest
that the presence of DYRK1A labels a specific subset of RPGs that might respond distinctly
to those labeled by GABP.
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Figure 4. Analysis of TFs whose binding sites are over-represented at human RPG promoters. (A) TBP
and TAF1 occupancy in human RPGs, showing the genomic region considered on the x-axis (K562
cells, GSE31477 and ENCSR000BKS). (B) Overlap of TBP occupancy at RPGs in different human cell
lines (GSE31477). (C) Relationship of the presence of a TATA box or TA-like sequences in human RPG
promoters according to Perry et al. (2005) [16] and TBP binding in HeLa cells (ND, not determined).
(D) Unbiased k-mean clustering of the average binding of DYRK1A (HeLa, this work) and TBP (HeLa,
GSE31477) on human RPGs. The color scale bar indicates the binding score and the genomic region
considered is shown on the x-axis. (E) Metagene plot showing TBP occupancy relative to human
RPGs in HeLa cells according to the clusters shown in Figure 4D. The y-axis represents the relative
protein recruitment quantified as ChIP-Seq reads. (F) Unbiased k-mean clustering of the average
binding of DYRK1A (T98G, this work), GABP and YY1 (SK-N-SH, GSE32465) to the RPGs. The
color scale bar indicates the binding score and the genomic region considered is shown on the x-axis.
(G) Percentage of RPG promoters containing a DYRK1A or a GABP motif in each of the clusters
shown in Figure 4F.
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3.5. The Expression of RPGs Is Sensitive to DYRK1A Depletion

Based on the ability of DYRK1A to regulate transcription when recruited to chro-
matin [20], we wondered whether the transcription of the RPGs might be modulated by
DYRK1A. Indeed, the TCTCGCGAGA motif is a cis element for the regulation of the
expression of several RPGs, such as RPL7A [41], RPS6, RPL10A, RPL12 [40] and RPS11 [20].
Furthermore, we demonstrated that the RPS11 promoter responds to DYRK1A in a kinase-
and motif-dependent manner [20]. As described in Drosophila [14], the transcripts of most
human RPGs were in the group of the top 5% most strongly transcribed genes in the
cell lines analyzed (Figure S5A–F). Globally, the expression of genes that have promoters
occupied by DYRK1A is stronger than that of the genes in which DYRK1A is absent (Figure
S5G). The same tendency towards a stronger expression of DYRK1A-bound targets was
observed when assessing the RPGs, although the differences were not statistically signifi-
cant in any of the cell lines analyzed (Figures 5A and S5H,I). The ChIP-Seq data of Pol II for
RPGs revealed a profile corresponding to actively transcribed genes, with Pol II occupancy
detected all along the gene bodies, with the exception of those RPGs not expressed in
the cell line analyzed (Figure 5B). No differences in the distribution of Pol II were found
between the DYRK1A-positive and negative RPGs (Figure 5B).

We assessed next whether the absence of DYRK1A affected the expression of its target
genes by comparing the RNA expression of cells infected with a control lentivirus or a
lentivirus expressing a shRNA to DYRK1A, and we used Drosophila RNA for the spike-in
normalization. The majority of the differentially expressed genes were downregulated in
response to DYRK1A depletion (Figure S6A). Indeed, these downregulated genes were
enriched in the subset of genes with DYRK1A at their promoters (Figure S6B), supporting
a role for DYRK1A in transcriptional activation. A general reduction in RPG transcripts
was observed in DYRK1A-silenced cells (Figure 5C), and the analysis indicated that RPGs
whose promoters were occupied by DYRK1A and those without DYRK1A were affected to
a similar extent (Figure 5C,D), suggesting that the effect of DYRK1A on RPG expression
goes beyond its direct binding to promoters. The reduction in the transcript levels of
the selected DYRK1A target and nontarget RPGs was validated by RT-qPCR using two
different shRNAs directed against DYRK1A (Figure S7A,C). The analysis of the occupancy
of Pol II at the RPGs showed a general decrease in Pol II along the RPG gene bodies upon
DYRK1A depletion at both the DYRK1A-positive and DYRK1A-negative RPGs (Figure 5E),
pointing to a transcriptional effect as responsible for the reduction in the RPG transcript
steady-state levels. All these results depict a complex scenario in which the physiological
levels of DYRK1A are important for maintaining RPG mRNA levels through at least two
different, although not necessarily exclusive, mechanisms: on the one hand, through its
recruitment to the proximal promoter regions of a subset of RPGs; on the other hand,
through a not-yet-identified mechanism that impacts the levels of transcribing Pol II at
the RPGs.

3.6. DYRK1A Depletion Causes a Reduction in the Ribosome Content

We next wondered whether the downregulation of the RPG transcript levels induced
by DYRK1A silencing would be reflected at the protein level. As such, we used MS to
quantify the ribosome composition in the control cells and in DYRK1A-depleted cells using
a cytosolic fraction enriched in ribosomes from T98G cells (see Materials and Methods
for details). Our dataset had a strong overlap with other studies defining the human
riboproteome [42,43] (Figure S8A) with the biological functions enriched related to protein
synthesis (Figure S8B; Table S10). Other functions, such as oxidative phosphorylation,
RNA transport/processing or endocytosis, probably reflect cosedimenting complexes;
the enrichment in nuclear proteins related with splicing has also been described [44].
Nevertheless, core RPs represent more than 75% of the protein mass in the fraction analyzed
(Figure 6A).
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Figure 5. Depletion of DYRK1A causes a general reduction in RPG expression. (A) RNA levels of
human RPGs (normalized counts) separated into two clusters according to the DYRK1A presence
at their promoters (unpaired two-tailed Mann–Whitney test, ns = not significant). (B) Bottom panel,
DYRK1A and Pol II chromatin occupancy of human RPGs depicted as metagenes and separated into
two clusters according to the presence/absence of DYRK1A at the promoters. The binding score
(−log10 Poisson p-value) is indicated by the color scale bar. Top panel, density plot corresponding
to the mean value of the heatmap (blue and light-blue lines correspond to DYRK1A-positive or
DYRK1A-negative RPGs, respectively). The binding score (−log10 Poisson p-value) is indicated on the
y-axis. (C) Expression of RPGs (normalized counts) in T98G cells classified according to the presence
(positive) or absence (negative) of DYRK1A at their promoters, and comparing shRNA Control cells
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(blue and light-blue, respectively) or shDYRK1A (orange and light-orange, respectively; Wilcoxon
matched-pairs signed-ranks test, *** p < 10−5). The reduction in DYRK1A is shown in Figure S7B.
(D) The graph presents the log2FC for the RPG mRNAs (adj p-value < 0.05) in shDYRK1A vs.
shControl and clusterized according to DYRK1A presence at their promoters (two-tailed Mann–
Whitney test, ns = not significant). (E) Density plots corresponding to the mean value of Pol II binding
in RPGs clusterized as positive and negative for DYRK1A binding in shControl (blue and light-blue
lines) and shDYRK1A conditions (orange and light-orange lines).

The MS data allowed for the detection and quantification of all RPs except for RPL10L
and RPL39L, which showed low mRNA levels or which were not expressed at all in T98G
cells, and for RPL41 that is usually not detected by MS approaches [42]. In addition,
the data indicated a lower relative abundance of the RPS27L, RPL3L, RPL7L1, RPL22L1,
RPL26L1 and RPL36AL paralogs than their corresponding pairs (Figure S9A,B; Table S11),
suggesting that they are under-represented in the ribosomes from T98G cells. However, we
cannot rule out that the variation in stoichiometry could be due to some RPs being loosely
bound to the ribosome; thus, their presence may be affected by the method for the cell
extract preparation or because the pools of RPs performing extraribosomal functions might
not be present in the cell fraction analyzed. We observed variability in the protein/mRNA
ratio in the T98G cells, with extreme cases for most of the weakly expressed paralogs, like
RPL3L, RPL7L1 or RPL22L1 (Figure S9C). Although we cannot rule out that some RPs are
under-represented in the fraction analyzed, the results are consistent with published data
showing that the amounts of RPs correlate poorly with their corresponding mRNA levels
in other cellular contexts [45]. In agreement with the RNA data, our analysis did not reveal
significant differences in the relative abundance of RPs encoded by DYRK1A-positive or
DYRK1A-negative genes (Figure 6B).

We next focused on the alterations induced by silencing DYRK1A. The datasets re-
vealed significant differences in proteins associated with specific functional categories in
the ribosomal-enriched fractions from the control and DYRK1A-depleted cells. Proteins
in the oxidative phosphorylation category were enriched in the shDYRK1A cell fraction
(Figure 6C), including components of the mitochondrial electron transport chain (COX6B1,
COX7A2L, SDHB) or mitochondrial ATP synthases (Table S10). Conversely, the ribosome
category was enriched in the protein dataset reduced in the fraction from shDYRK1A cells
(Figure 6C; Table S10). Indeed, DYRK1A depletion significantly reduced the total ribosome
mass when calculated relative to the total amount of protein in the fraction analyzed by
MS (Figure 6A). In accordance with the general effect of DYRK1A on the RPG transcript
levels, less RP amounts were found for the RPGs containing or lacking DYRK1A at their
promoters (Figures 6B and S9A,B). Notably, the rRNA content tended to fall (Figure S9D),
supporting the decrease in the ribosome amounts. The protein/mRNA ratios correlated
strongly between the control and DYRK1A-silenced cells (Figure 6D), suggesting that
changes in the protein abundance were largely due to the changes in the RNA abundance
upon DYRK1A depletion. Finally, no big differences in the RP stoichiometry were observed
between the shControl and shDYRK1A cells (Figure 6E; RPL22L1, p-value = 0.022; RPL27,
p-value = 0.0411; two-tailed unpaired Mann–Whitney). All these results indicate that cells
respond to DYRK1A depletion by reducing the steady-state levels of the RPs, and that this
effect occurs, at least in part, at the transcript level.
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Figure 6. DYRK1A depletion causes a reduction in the ribosome content. (A) The relative RP values
(the sum of all RP TOP3 values/the sum all TOP3 values) for each sample of shControl (blue) and
shDYRK1A (brown) T98G cells are represented, also showing the median and IQRs (n = 6, two-tailed
Mann–Whitney test). (B) Levels of the RPs (log2 of normalized peptide intensities) separated into
two clusters according to the presence of DYRK1A at the promoters of their corresponding genes,
both in shDYRK1A and shControl T98G cells (Wilcoxon matched-pairs signed-rank test, *** p < 10−4).
The reduction in DYRK1A is shown in Figure S9E. (C) Functional categorization of the proteins
found more abundant in the shDYRK1A cells (UP) or in the shControl cells (DOWN) (proteins with a
p-value < 0.05 in the comparisons or present in only one of the conditions were used). The number
of proteins identified in each category is shown; see also Table S10. (D,E) Correlation analysis of
the ratio of RP protein and mRNA abundances (D) and RP stoichiometry (E) of the shControl and
shDYRK1A T98G cells. RP stoichiometry is defined as the intensity of each RP relative to the intensity
of all RPs. A color code was used to indicate the presence (+)/absence (−) of DYRK1A at the RPG
promoter regions. The Spearman’s correlation coefficient is shown for each subset. In (E), the value
for the adjusted R2 for each set is also included.

3.7. DYRK1A Plays a Role in Cell-Size Control by Regulating Protein Synthesis

Altered ribosome biogenesis can lead to major defects in translation; thus, we as-
sessed the impact of DYRK1A on the translational status of cells. The functional status of
ribosomes was first analyzed by polysome profiling on sucrose gradients upon DYRK1A
silencing. The downregulation of DYRK1A diminished the polysome fractions, which
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corresponded to those ribosomes engaged in active translation, with a concomitant increase
in the monosome peak (Figure 7A,B). These results indicate that DYRK1A depletion leads
to polysome disorganization. Indeed, there was a significant reduction in the translational
rates in the DYRK1A-depleted cells when measured through radiolabeled 35S-methionine
incorporation (Figure 7C). This effect was specific, as it was clearly observed with two
distinct shRNAs targeted to DYRK1A (Figure 7D).

In eukaryotes, cell growth is coupled to cell cycle progression; therefore, the global
translation rates change during the cell cycle [46]. Defects in the cell cycle have been
associated with alterations in DYRK1A levels in different cellular environments [47]. Indeed,
we found that DYRK1A silencing alters the cell cycle balance in T98G cells, augmenting
the population of cells in the G1 phase (Figure S10A). Thus, we next checked whether the
shift in the cell cycle phases was associated with the reduced translation rates. As such,
the T98G cells were arrested in G1 by serum deprivation (Figure S10B), which led to a
strong reduction in the rate of translation (Figure 7D). Serum addition for 30 min induced
protein synthesis (Figure 7D), with no changes in the cell cycle profiles (Figure S10B). In
these conditions, lower rates of translation persisted in the cells with silenced DYRK1A
relative to the control cells (Figure 7D), suggesting that the reduction in protein synthesis
upon DYRK1A silencing is independent of the alterations in the cell cycle.

As DYRK1A is a highly pleiotropic kinase, we wondered whether the reduction in
translation could be due to an effect of DYRK1A on other signaling pathways that regulate
protein synthesis. Therefore, we analyzed the effect of DYRK1A on one of the major signal-
ing pathways that regulates protein translation, the mechanistic target of rapamycin (mTOR)
pathway [48], assessing Thr389 phosphorylation of the RPS6 kinase beta-1 (RPS6KB1 or
p70S6K) that represents a late event in mTOR pathway activation. DYRK1A depletion did
not alter Thr389–p70S6K phosphorylation (Figure S10C,D); likewise, the MS data showed
no differences in the amount of RPS6 peptides phosphorylated at Ser235, Ser236 and Ser240
(Figure S10E), all targets of p70S6K downstream of mTOR [48]. Accordingly, DYRK1A does
not appear to affect the mTOR pathway under regular growth conditions. Other signal-
ing pathways, like the cellular stress and unfolded protein response, can inhibit protein
synthesis through the Ser51 phosphorylation of the translation initiation factor eIF2α [49].
However, the levels of Ser51–eIF2α phosphorylation remained unchanged in the absence
of the DYRK1A (Figure S10F,G), indicating that the DYRK1A-dependent inhibition of trans-
lation is not mediated by eIF2α phosphorylation. Moreover, DYRK1A was not detected in
the ribosome-enriched fraction by MS or in immunoblots of polysome-associated fractions
(Figure S10H), suggesting that it is not tightly bound to actively translating ribosomes and
that it probably does not act directly on polysomes. We would like to point out that our
results are based on the behavior of tumor cell lines as experimental systems. Therefore,
the functional interaction of DYRK1A with cell growth regulators in other physiological
backgrounds cannot be excluded. In fact, a reduced soma size of cortical layer V neurons
has been observed in a conditional Dyrk1a null mouse model, which was related to mTOR
dysregulation [50].

Finally, as reduced protein synthesis might affect cell mass, we checked whether the
cell size was affected by the loss of DYRK1A activity. Indeed, DYRK1A-silenced HeLa
and T98G cells were both significantly smaller than their controls in terms of cell volume
(Figure 7E,F). Hence, the fine-tuning of cellular DYRK1A levels is important to assure the
proper size of human cells is maintained.
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Figure 7. DYRK1A-dependent regulation of protein synthesis might impact cell size. (A) Polysome
profile of T98G cells in shDYRK1A (orange line) and shControl (blue line) conditions. The position of the
40S, 60S, 80S and polysome peaks is indicated. The y-axis shows absorbance at 254 nm in arbitrary units
and the x-axis corresponds to the different fractions. (B) The area under the curve for polysomes and
monosomes was measured from the polysome profiles of paired shControl and shDYRK1A experiments,
and the polysome:monosome ratio was calculated (the values for each condition in each biological
replicate are represented with a color-coded dot and connected with lines; n = 5, shDYRK1A.1 [3] and
shDYRK1A.2 [2]; Wilcoxon matched-pairs signed-ranks test, * p < 0.05). (C) Protein synthesis assays
were performed by metabolic 35S-methionine labeling in shDYRK1A or shControl T98G cells. DYRK1A
levels were analyzed by WB (Supplementary Materials). Quantification of the average radioactive
intensity of independent experiments is shown at the bottom of the images (mean ± SEM, n = 3;
Wilcoxon matched-pairs signed-ranks test, p < 10−3). (D) Autoradiography of protein extracts prepared
from proliferating, serum-starved cells for 48 h (SS) or serum-starved cells reincubated with FBS for
30 min (SS + FBS) and pulse-labeled with 35S-Met for 20 min. Equal numbers of T98G cells infected
with the indicated shRNA lentivectors were used. The reduction in DYRK1A was assessed in WB
(Supplementary Materials) and a Coomassie-stained gel as a loading control is also shown. Cell cycle
profiles are shown in Figure S10B. (E) Cell volume represented in arbitrary units with the control cells
set as 1 (mean ± SEM; Mann–Whitney test, * p < 0.05, ** p < 0.01). (F) Cell volume of T98G cells infected
with lentivirus expressing two independent shRNAs against DYRK1A or a shRNA Control (n = 2).
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4. Discussion

In this study, we show that there is a subset of RPGs in mammals whose promoters
are marked by the palindromic TCTCGCGAGA motif and the presence of the protein
kinase DYRK1A, as shown by the chromatin recruitment analysis in different human and
mouse cell lines. A motif enrichment analysis did not find the TCTCGCGAGA motif
within the RPG promoters in yeast, basal metazoa or plants [11], although a similar motif
(CGCGGCGAGACC) was found within the proximal promoter regions of 28 RPGs in
Caenorhabditis elegans [12]. In Drosophila, no similar motifs were enriched in the RPG
promoters [10], though the DRE sequence has been proposed to mirror such a motif [40].
By contrast, the TCTCGCGAGA motif is conserved in vertebrates and it is generally found
in DNAse I-accessible regions [38,51], leading to the proposal that it serves as a core
promoter element in TATA-less promoters associated with CpG islands [38]. These findings
would suggest that the TCTCGCGAGA motif is a cis-regulatory element that arose later
in evolution and that it might be linked to coevolution with regulatory factors acting in
trans. Besides DYRK1A, the transcriptional repressor ZBTB33, the T-cell factors Tcf7l2
and Tcf1 and the BTG3-associated nuclear protein (BANP) have been shown to use the
TCTCGCGAGA motif as a chromatin recruitment platform [39,51–53], and we confirm
here the presence of ZBTB33 at the RPG promoters that contain this motif. Whether the
TCTCGCGAGA motif interacting proteins compete or collaborate in the regulation of
common target genes, including RPGs, is an issue that merits further exploration.

In Drosophila, RPG expression is regulated by a combination of two TFs, M1BP and
DREF, which are associated with distinct subsets of RPGs through binding to their corre-
sponding DNA-sequence motifs. These two proteins are responsible for recruiting TRF2,
which substitutes for TBP in the assembly of the PIC [13–15]. Our analysis shows no
evidence of such a regulatory network in humans. On the one hand, we observe TBP
binding to almost all RPG promoters, regardless of whether or not they contain a TATA
sequence, which indicates that TBP would be responsible for PIC assembly in human RPGs,
as supported by the presence of the largest subunit of TFIID, TAF1. It is worth noting
that the presence of DYRK1A at RPG promoters is correlated with more TBP binding,
opening the question on the existence of a functional cross-talk between DYRK1A and TBP.
TBPL1, a TRF2 homolog, also binds to almost all RPGs, consistent with the finding that
TBPL1 is recruited to the PIC, not as a substitute for TBP but rather along with it, in mouse
testis [54]. In Drosophila, the depletion of TBP or TBPL1 individually does not affect the
expression of the TCT-promoter-bearing RPGs [55], suggesting that these two core TFs
might function redundantly. Whether this is the case in mammalian cells is yet unknown.
No correlation between DYRK1A presence at RPG promoters and more TBPL1 binding has
been detected, though, in this case, we were unable to use datasets from the same cell type
and we cannot exclude the impact of cell-type specificity. By contrast, we do not detect
significant enrichment of the human M1BP and DREF homologs ZNF281 and ZBED1 at the
human RPG promoters. Therefore, a completely different set of regulators must exist in
mammals to interpret and to respond dynamically to growth and stress cues.

With the exception of the TCT motif, most of the sequences implicated in regulating
the expression of RPGs in humans are only present in a subset of RPGs [13], including the
binding motifs for the SP1, GABP, MYC and YY1 TFs. We have extended these results by
analyzing the presence of these TFs at RPG promoter regions, revealing a more general
distribution than that inferred through the presence of their binding sites. Therefore, no
specific bias was found for the recruitment of TFs, like SP1, YY1 or MYC, to promoters
containing the TCTCGCGAGA motif or positive for DYRK1A recruitment. By contrast,
the RPGs that associate with DYRK1A are characterized by reduced GABP binding. The
distinct distribution of DYRK1A and GABP could allow for the differential regulation of
subsets of RPGs in response to a variety of stimuli. Notably, both DYRK1A and GABP
are located on human chromosome 21 and, when in trisomy, their overexpression might
contribute to the general increase in RPG mRNA transcripts in the brain of individuals with
DS (Table S12). We are aware that a limitation of our study is that the comparative analysis
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of DYRK1A and TFs’ occupancies has been performed using data from different sources.
When possible, datasets from the same cell line have been used (for instance, HeLa for
TBP) or from a similar origin (for instance, neural cell lines T98G and SK-N-SH for GABP
and YY1).

The depletion of the DYRK1A results in the downregulation of RPG transcripts,
affecting both RPGs with DYRK1A bound at their promoters and RPGs devoid of DYRK1A.
These results resemble those found with the manipulation of MYC levels, resulting in
changes in RPG transcripts not directly associated to the presence of MYC at the promoter
regions of those genes [56,57]. In the case of RPGs bound by DYRK1A within their promoter,
this reduction could be a direct effect of the loss of DYRK1A at their proximal promoters
and the subsequent reduction in Pol II CTD phosphorylation, as shown for RPS11 [20], with
the reduction in transcript levels being a combination of alterations at both the initiation
and elongation steps. However, additional mechanisms must exist to explain that the
decrease in the RPG mRNA levels occurs in a general manner. The reduction in Pol II
occupancy at the RPGs upon DYRK1A depletion would suggest that transcription might
be a target. Even so, we cannot exclude that the reduction in DYRK1A levels may induce
post-transcriptional effects acting on RPG mRNA steady-state levels, or may alter the
complex interactions between RPG mRNA synthesis/degradation and ribosome biogenesis
that have been described in yeast directed to ensure fidelity in ribosome assembly [58–60].
Finally, the DYRK1A-dependent effect on increasing the population of cells in G1 could
also be at play.

Our results demonstrate that the production of RPs and, ultimately, the number of
ribosomes in proliferating cells depends on the physiological levels of DYRK1A. This
could be a direct consequence of the alterations in the RPG transcript levels, since the
protein/mRNA ratios are not significantly affected upon DYRK1A silencing. Additionally,
compensating mechanisms at the level of ribosome biogenesis might also operate [1]. In
either case, the shortage of ribosomes upon a loss of DYRK1A provokes translational
dysfunction, with the cell size reduction as one of the possible phenotypic outputs. As
mentioned above for the DYRK1A-dependent impact on the mRNA steady-state levels,
the increase in the G1 population could also be a contributing factor, or, alternatively, a
consequence of delayed growth; however, a DYRK1A-dependent reduction in cell size
in postmitotic neurons has been described [50]. The reduction in ribosomes could either
globally affect translation or may result in transcript-specific translational control. In
this context, the pool of mRNAs associated with polysomes that respond differentially to
DYRK1A downregulation still needs to be characterized. Together with the identification of
cis-regulatory elements in these transcripts, this information will surely help to discriminate
between the two possibilities and establish a mechanistic framework. Nonetheless, our
findings do not rule out the existence of other DYRK1A-dependent effectors that contribute
to altered ribosome biogenesis and/or translation: such a multilayer regulatory effect is
not uncommon in growth regulators, as it is the case of the mTOR protein kinase [48].

The physiological context for the activity of DYRK1A on translational control remains
a matter of speculation at this stage. For instance, DYRK1A has been associated with the
regulation of cell proliferation, and given that cell growth and proliferation are intimately
linked [46,61], this kinase could couple the cell cycle with protein synthesis by maintaining
the amounts of RPs. In addition, DYRK1A plays essential roles in central nervous system
development, not only influencing cell numbers but also their differentiation [21]. Indeed, a
reduction in the size of the soma of cortical layer V neurons has been shown in conditional
Dyrk1a-null mice [50]. The authors showed reduced mTOR-dependent signaling, but the RP
accumulation dysregulation, as we have observed in tumor cell lines, might also represent
a contributing factor. It is also possible that the effects of DYRK1A on cell mass may affect
other tissues, particularly since heterozygous mouse models exhibit a global reduction in
body size [62]. In this regard, DYRK1A has been shown to phosphorylate Pol II at gene loci
involved in myogenic differentiation [30], a process that requires increased protein synthetic
rates [46]. In a different context, defects in protein production are closely related to cancer,
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since enhanced translation is required to boost cell proliferation [3,4] and DYRK1A has both
positive and negative effects on cell proliferation, depending on the tumor context [22,23].
Finally, mutations in specific RPGs produce very unique phenotypes [3], including cranio-
facial anomalies and urogenital malformations [63]. In addition, RPL10 mutations have
been linked to neurodevelopmental conditions, including autism spectrum disorders and
microcephaly [64], and, indeed, translation is a process targeted in autism-associated disor-
ders [65]. All of these features are hallmarks of DYRK1A haploinsufficiency syndrome in
humans or in animal models with Dyrk1a dysregulation [26,66].

5. Conclusions

In summary, our findings have uncovered the protein kinase DYRK1A as a novel
player in the regulation of translation and cell growth in mammals. This discovery adds
complexity to our understanding of DYRK1A’s role in cellular biology. The study also raises
questions about the mechanisms by which mammalian cells regulate the transcription of
ribosomal protein genes, prompting comparisons with existing knowledge from studies
in yeast or flies. Furthermore, the findings create opportunities for future investigations
to explore the connections between the mechanistic aspects of DYRK1A activity and the
pathological consequences that arise from its dysregulation.
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Baranašić, D.; et al. JASPAR 2020: Update of the open-access database of transcription factor binding profiles. Nucleic Acids Res.
2020, 48, D87–D92. [CrossRef]

80. Kuleshov, M.V.; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F.; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.; Jagodnik, K.M.;
Lachmann, A.; et al. Enrichr: A comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 2016, 44,
W90–W97. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

53



Citation: Steiner, A.; Favre, S.; Mack,

M.; Hausharter, A.; Pillet, B.; Hafner,

J.; Mitterer, V.; Kressler, D.; Pertschy,

B.; Zierler, I. Dissecting the Nuclear

Import of the Ribosomal Protein Rps2

(uS5). Biomolecules 2023, 13, 1127.

https://doi.org/10.3390/

biom13071127

Academic Editor: Leonard B.

Maggi, Jr.

Received: 20 April 2023

Revised: 6 July 2023

Accepted: 12 July 2023

Published: 14 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Article

Dissecting the Nuclear Import of the Ribosomal Protein
Rps2 (uS5)
Andreas Steiner 1,2 , Sébastien Favre 3, Maximilian Mack 1,2, Annika Hausharter 1, Benjamin Pillet 3,
Jutta Hafner 1,2, Valentin Mitterer 1,2 , Dieter Kressler 3 , Brigitte Pertschy 1,2,* and Ingrid Zierler 1,2,*

1 Institute of Molecular Biosciences, University of Graz, Humboldtstrasse 50, 8010 Graz, Austria;
andreas.steiner23@yahoo.com (A.S.); maximilian.mack@uni-graz.at (M.M.);
valentin.mitterer@uni-graz.at (V.M.)

2 BioTechMed-Graz, Mozartgasse 12/II, 8010 Graz, Austria
3 Unit of Biochemistry, Department of Biology, University of Fribourg, Chemin du Musée 10,

1700 Fribourg, Switzerland; sebastien.favre@unifr.ch (S.F.); benjamin.pillet@unifr.ch (B.P.);
dieter.kressler@unifr.ch (D.K.)

* Correspondence: brigitte.pertschy@uni-graz.at (B.P.); ingrid.zierler@uni-graz.at (I.Z.)

Abstract: The ribosome is assembled in a complex process mainly taking place in the nucleus.
Consequently, newly synthesized ribosomal proteins have to travel from the cytoplasm into the
nucleus, where they are incorporated into nascent ribosomal subunits. In this study, we set out to
investigate the mechanism mediating nuclear import of the small subunit ribosomal protein Rps2.
We demonstrate that an internal region in Rps2, ranging from amino acids 76 to 145, is sufficient
to target a 3xyEGFP reporter to the nucleus. The importin-β Pse1 interacts with this Rps2 region
and is involved in its import, with Rps2 residues arginine 95, arginine 97, and lysine 99 being
important determinants for both Pse1 binding and nuclear localization. Moreover, our data reveal a
second import mechanism involving the N-terminal region of Rps2, which depends on the presence
of basic residues within amino acids 10 to 28. This Rps2 segment overlaps with the binding site
of the dedicated chaperone Tsr4; however, the nuclear import of Rps2 via the internal as well as
the N-terminal nuclear-targeting element does not depend on Tsr4. Taken together, our study has
unveiled hitherto undescribed nuclear import signals, showcasing the versatility of the mechanisms
coordinating the nuclear import of ribosomal proteins.

Keywords: ribosomal protein; ribosome assembly; nuclear import; Rps2; uS5; importin; Pse1; Kap121;
dedicated chaperone; yeast

1. Introduction

The ribosome is a remarkable and extremely efficient macromolecular RNA–protein
machine that synthesizes all proteins in the cytoplasm of the eukaryotic cell and is com-
posed of a small 40S and a large 60S subunit. With the help of several hundred different
assembly factors, the two subunits are assembled from ribosomal RNAs (rRNAs) and
ribosomal proteins (r-proteins) in a highly conserved and complex maturation pathway
called ribosome biogenesis, which is best studied in the yeast Saccharomyces cerevisiae. This
assembly and maturation process starts in the nucleolus, a non-membrane-enclosed sub-
compartment of the nucleus, progresses in the nucleoplasm, and ends in the cytoplasm,
where the two mature subunits form the translation-competent 80S ribosome [1–4].

R-proteins have to overcome two major obstacles before they are assembled into pre-
ribosomal particles in the nucle(ol)us. First, as they contain highly basic regions as well as
unstructured N- or C-terminal extensions and internal loops, which engage in interactions
with the negatively charged rRNA in the ribosome, r-proteins are prone to aggregation as
long as they are not assembled into (pre-)ribosomal subunits [5]. Second, since r-proteins
are synthesized in the cytoplasm but most of them are incorporated into pre-ribosomes
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in the nucle(ol)us, they need to be imported into the nucleus through the nuclear pore
complex (NPC) before becoming available for ribosome biogenesis [6].

Two classes of proteins are specialized in helping to overcome these obstacles and to
ensure the safe delivery of r-proteins at their site of assembly with the rRNA: (1) Dedicated
chaperones of r-proteins: More than ten r-proteins were found to require protection by these
specialized chaperones [5,7–10]. Most dedicated chaperones bind r-proteins already co-
translationally and protect them from aggregation, presumably through shielding positively
charged surfaces [5,7,11]. (2) Importins of the karyopherin superfamily: Besides mediating
the nuclear import of many diverse substrate proteins (cargoes) across the hydrophobic
channel of the NPC [6], selected importins have also been shown to facilitate nuclear import
of r-proteins and to prevent their aggregation [12,13].

Importins usually recognize their cargo proteins by binding to basic nuclear localiza-
tion sequences (NLSs). All importin-ßs have the ability to interact with the hydrophobic
FG-repeat meshwork in the central channel of the NPC. Additionally, most importin-ßs,
including Pse1 (also called Kap121), Kap123, and Kap104, can recognize the NLS of their
cargoes directly; only the importin-ß Kap95 requires an adaptor, the importin-α Srp1 (also
called Kap60), for binding to the NLS-containing cargo protein. Importin-α recognizes
classical NLS sequences, which can be either monopartite (consensus K-K/R-X-K/R; where
X can be any amino acid) or bipartite (K/R-K/R-X10–12 K/R3/5; with K/R3/5 being five
residues containing at least three Ks or Rs). The importin-ß Kap104 recognizes PY-NLSs
containing an N-terminal basic (or hydrophobic) motif and a C-terminal R/K/H-X2–5-P-
Y/L/F motif. Additionally, Kap104 can bind to RGG regions (RG-rich NLSs). Pse1 binds to
IK-NLSs with the consensus K-V/I-X-K-X1–2-K/H/R. Importantly, however, many cargoes
of the above-named importins do not harbor sequences following the so-far-described NLS
consensus sequences, and, moreover, for many importins, no targeting signals have been
defined at all [6].

After nuclear import, the importins release their cargo proteins by binding to the
small GTPase Ran in its GTP-bound form (RanGTP), which is highly concentrated in the
nucleus, thereby controlling the directionality of transport [6]. Nuclear import of r-proteins
is believed to be mainly performed by the non-essential importin-β Kap123, with some
redundant contribution of the essential Pse1 [13].

In contrast to that notion, studies in recent years by us and others on the coordination
of chaperoning and nuclear import of r-proteins revealed that several r-proteins employ
importins other than Kap123. Rps3 is imported into the nucleus as a dimer, with one
N-terminal domain protected by its dedicated chaperone Yar1 and the second one bound
by the Srp1/Kap95 importin-α/importin-β dimer [14,15]. Rpl5 and Rpl11 are imported
in complex with their dedicated chaperone Syo1, which functions as a transport adaptor
for Kap104 [16]. Rpl4 contains at least five different NLS sequences and is imported into
the nucleus in complex with its dedicated chaperone Acl4 by importin Kap104 [17–19].
Last but not least, Rps26 can be imported into the nucleus by Kap123, Kap104, or Pse1,
and is then released from the importin in a RanGTP-independent manner by its dedicated
chaperone Tsr2 [20].

We are interested in the nuclear import of r-protein Rps2 (also called uS5 [21]). Rps2
has an evolutionarily conserved dedicated chaperone, Tsr4 (PDCD2 in humans), which
binds co-translationally to its unstructured N-terminal extension [7,10,22]. In the absence
of Tsr4, Rps2 accumulates in the nucleus, suggesting that Tsr4 is required for the efficient
incorporation of Rps2 into pre-ribosomes [7]. How Rps2 is imported into the nucleus has,
however, remained elusive.

In this study, we uncovered that an internal fragment of Rps2, Rps2(76–145), interacts
with the importin-β Pse1 and is sufficient to target a 3xyEGFP reporter into the nucleus,
indicating that it contains a functional NLS. Nuclear import of Rps2(76–145)-3xyEGFP
was blocked in a pse1-1 mutant or upon changing three basic residues in Rps2, arginine
95 (R95), R97, and lysine 99 (K99), to alanines (As), suggesting that these residues are part
of the NLS. Surprisingly, when fusing a larger N-terminal Rps2 fragment, Rps2(1–145), to
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the 3xyEGFP reporter, nuclear targeting was no longer disturbed by the R95A, R97A, and
K99A exchanges. Moreover, we identified a sequence in the N-terminal part of Rps2 (amino
acids 10–28), whose basic residues are essential for the nuclear targeting of the Rps2(1–145)-
3xyEGFP fusion protein bearing the R95A, R97A, and K99A mutations, strongly suggesting
the presence of a second NLS in the eukaryote-specific N-terminal extension of Rps2. Our
results moreover revealed that import, both via the internal and the N-terminal nuclear
targeting region, also occurs in the absence of Tsr4.

2. Methods
2.1. Yeast Strains and Genetic Methods

All S. cerevisiae strains used in this study are listed in Supplementary Table S1. Yeast
plasmids were constructed using standard recombinant DNA techniques and are listed in
Supplementary Table S2. All DNA fragments amplified by PCR were verified by sequencing.

The KAP104 shuffle strain was transformed with the YCplac22-KAP104 or the pRS314-
kap104-16 plasmid (TRP1), respectively, and transformed cells were streaked on 5-FOA
(Thermo Scientific) plates to counter-select against the pRS316-KAP104 (URA3) shuffle
plasmid. After plasmid shuffling, cells were grown on plates lacking tryptophan (SDC-trp)
and transformed with the LEU2 plasmid expressing Rps2(76–145)-3xyEGFP.

2.2. Fluorescence Microscopy

Yeast strains were grown at 30 ◦C in SDC media lacking leucine (SDC-leu) to an OD600
of ~0.5 (logarithmic growth phase). Cells were imaged by fluorescence microscopy using a
Leica DM6 B microscope, equipped with a DFC 9000 GT camera, using the PLAN APO
100× objective, narrow-band GFP or RHOD ET filters, and LasX software. Full-length
Rps2 as well as fragments and variants thereof were expressed with a C-terminal 3xyEGFP
tag under the transcriptional control of the ADH1 promoter from a centromeric LEU2
plasmid. Plasmids expressing these 3xyEGFP reporter proteins were transformed into a
Nop58-yEmCherry expressing strain, the C303 wild-type strain, rps2∆ and tsr4∆ rps2∆
strains containing a centromeric URA3-RPS2 plasmid, or the indicated importin mutant
strains. Since Rps2 is an essential protein, we investigated the localization of the different
Rps2-3xyEGFP fusion proteins in strains harboring the wild-type RPS2 gene either at the
chromosomal locus or on a plasmid.

2.3. Yeast Two-Hybrid (Y2H) Assays

Protein–protein interactions between Rps2 (and fragments/variants thereof) and
Pse1/Pse1.302C or Tsr4 were analyzed by yeast two-hybrid (Y2H) assays using the reporter
strain PJ69-4A. This Y2H strain allows for the detection of both weak (HIS3 reporter) and
strong interactions (ADE2 reporter). Two plasmids were co-transformed into PJ69-4A,
whereby one plasmid was expressing fusions to the Gal4 DNA-binding domain (G4BD,
BD, TRP1 marker) and the other fusions to the Gal4 transcription activation domain
(G4AD, AD, LEU2 marker). For the Rps2-Tsr4 Y2H interaction assays, Rps2 variants,
C-terminally fused to the G4BD, and full-length Tsr4, C-terminally fused to the G4AD,
were expressed from centromeric (CEN, low-copy) plasmids (pG4BDC22 and pG4ADC111,
respectively). For the Rps2-Pse1 Y2H interaction assays, Rps2 variants, either N- or C-
terminally fused to the G4BD, and Pse1 or Pse1.302C, C-terminally fused to the G4AD,
were expressed from episomal (2µ, high-copy) plasmids (pG4BDN112, pGAG4BDC112,
and pGAG4ADC181, respectively).

After the selection of transformants on plates lacking leucine and tryptophan (SDC-leu-
trp, -LT), cells were spotted onto SDC-leu-trp plates as well as onto plates lacking histidine,
leucine, and tryptophan (SDC-his-leu-trp, -HLT), and lacking adenine, leucine, and trypto-
phan (SDC-ade-leu-trp, -ALT), respectively. Plates were incubated for 3 days at 30 ◦C.
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2.4. Tandem Affinity Purification (TAP)

For TAP purifications, plasmids expressing Rps2(76–145) or Rps2(76–145).R95R97K99>A,
C-terminally fused to the TAP tag, or a plasmid expressing the TAP tag alone were trans-
formed into a haploid W303-derived wild-type strain. Cells were grown in 4 l yeast extract
peptone dextrose medium (YPD) to an optical density (OD600) of 2 at 30 ◦C.

TAP purifications were performed in a buffer containing 50 mM Tris-HCl (pH 7.5),
100 mM NaCl, 1.5 mM MgCl2, 0.1% NP-40, 1 mM dithiothreitol (DTT), and 1x Protease
Inhibitor Mix FY (Serva). Cells were lysed by mechanical disruption using glass beads and
the cell lysate was incubated with 300 µL IgG SepharoseTM 6 Fast Flow (GE Healthcare,
Chicago, IL, USA) for 60 min at 4 ◦C. After incubation, the IgG SepharoseTM beads were
transferred into Mobicol columns (MoBiTec, Göttingen, Germany) and washed with 10 mL
buffer. Then, TEV protease was added and elution from the beads was performed under
rotation for 90 min at room temperature. After the addition of 2 mM CaCl2, TEV eluates
were incubated with 300 µL Calmodulin SepharoseTM 4B beads (GE Healthcare) for 60 min
at 4 ◦C. After washing with 5 mL buffer containing 2 mM CaCl2, proteins were eluted
from Calmodulin SepharoseTM with elution buffer consisting of 10 mM Tris-HCl (pH 8.0),
5 mM EGTA, and 50 mM NaCl under rotation for 20 min at room temperature. The protein
samples were separated on NuPAGETM 4–12% Bis-Tris gels (Invitrogen, Carlsbad, CA,
USA) followed by Western blotting.

2.5. Western Blotting

Western blot analysis was performed using the following antibodies: α-CBP antibody
(1:5000; Merck-Millipore, Burlington, MA, USA, cat. no. 07-482), α-Pse1 antibody (1:500;
Matthias Seedorf [22]), secondary α-rabbit horseradish peroxidase-conjugated antibody
(1:15,000; Sigma-Aldrich, St. Louis, MO, USA, cat. no. A0545). Protein signals were
visualized using the ClarityTM Western ECL Substrate Kit (Bio-Rad, Hercules, CA, USA)
and captured by the ChemiDocTM Touch Imaging System (Bio-Rad).

2.6. TurboID-Based Proximity Labeling

Plasmids expressing C-terminal TurboID-tagged bait proteins under the control of the
copper-inducible CUP1 promoter were transformed into the wild-type strain YDK11-5A.
Transformed cells were grown at 30 ◦C in 100 mL SDC-leu medium, prepared with copper-
free yeast nitrogen base (FORMEDIUM), to an OD600 between 0.4 and 0.5. Then, copper
sulfate, to induce expression from the CUP1 promoter, and freshly prepared biotin (Sigma-
Aldrich, St. Louis, MO, USA) were added to a final concentration of 500 µM, and cells were
grown for an additional hour, typically reaching a final OD600 between 0.6 and 0.8, and
harvested by centrifugation at 4000 rpm for 5 min at 4 ◦C. Then, cells were washed with
50 mL ice-cold H2O, resuspended in 1 mL ice-cold lysis buffer (LB: 50 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1.5 mM MgCl2, 0.1% SDS, and 1% Triton X-100) containing 1 mM PMSF,
transferred to 2 mL safe-lock tubes, pelleted by centrifugation, frozen in liquid nitrogen,
and stored at −80 ◦C. Extracts were prepared, upon the resuspension of cells in 400 µL lysis
buffer containing 0.5% sodium deoxycholate and 1 mM PMSF (LB-P/D), by glass bead lysis
with a Precellys 24 homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) set
at 5000 rpm using a 3 × 30 s lysis cycle with 30 s breaks in between at 4 ◦C. Lysates were
transferred to 1.5 mL tubes. For complete extract recovery, 200 µL LB-P/D was added to
the glass beads and, after brief vortexing, combined with the already transferred lysate.
Cell lysates were clarified by centrifugation for 10 min at 13,500 rpm at 4 ◦C, transferred to
a new 1.5 mL tube. Total protein concentration in the clarified cell extracts was determined
with the Pierce™ BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA) using a
microplate reader (BioTek 800 TS). To reduce non-specific binding, 100 µL of Pierce™ High
Capacity Streptavidin Agarose Resin (Thermo Scientific) slurry, corresponding to 50 µL of
settled beads, were transferred to a 1.5 mL safe-lock tube, blocked by incubation with 1 mL
LB containing 3% BSA for 1 h at RT, and then washed four times with 1 mL LB. For the
affinity purification of biotinylated proteins, 2 mg of total protein in an adjusted volume
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of 800 µL LB-P/D was added to the blocked and washed streptavidin beads, and binding
was carried out for 1 h at RT on a rotating wheel. Beads were then washed once for 5 min
with 1 mL of wash buffer (50 mM Tris-HCl (pH 7.5), 2% SDS), five times with 1 mL LB,
and finally five times with 1 mL ABC buffer (100 mM ammonium bicarbonate (pH 8.2)).
Bound proteins were eluted by two consecutive incubations with 30 µL 3× SDS sample
buffer, containing 10 mM biotin and 20 mM DTT, for 10 min at 75 ◦C. The eluates were
combined in one 1.5 mL safe-lock tube and stored at –20 ◦C. Upon reduction with DTT and
alkylation with iodoacetamide, samples were separated on NuPAGE 4–12% Bis-Tris gels
(Invitrogen, Carlsbad, CA, USA), run in NuPAGE 1× MES SDS running buffer (Novex)
at 200 V for a total of 12 min. The gels were incubated with Brilliant Blue G Colloidal
Coomassie (Sigma-Aldrich) until the staining of proteins was visible. Each lane was cut,
from slot to the migration front, into three gel pieces that were, upon their fragmentation
into smaller pieces, transferred into separate 1.5 mL low-binding tubes.

Gel pieces were covered with 100–150 µL of ABC buffer, prepared in HPLC-grade
H2O, and incubated for 10 min at RT in a thermoshaker set to 1000 rpm. Then, gel pieces
were covered with 100–150 µL of HPLC-grade absolute EtOH and incubated for 10 min
at RT in a thermoshaker set to 1000 rpm. These two wash steps were repeated two more
times. For the in-gel digestion of proteins, gel pieces were covered with 120 µL of ABC
buffer containing 1 µg sequencing-grade modified trypsin (Promega Madison, WI, USA)
and incubated overnight at 37 ◦C with shaking at 1000 rpm. To stop the digestion and
recover the peptides, 50 µL of a 2% trifluoroacetic acid (TFA) solution was added, and, after
a 10 min incubation at RT with shaking at 1000 rpm, the supernatant was transferred to
a new 1.5 mL low-binding tube. The gel pieces were then incubated, again for 10 min at
RT with shaking at 1000 rpm, another two times with 100–150 µL EtOH, and these two
supernatants were combined with the first supernatant. Finally, using a SpeedVac, the
organic solvents were evaporated and the volume was reduced to around 50 µL. Then,
200 µL of buffer A (0.5% acetic acid) were added, and the samples were applied to C18
StageTips [23], equilibrated with 50 µL of buffer B (80% acetonitrile, 0.3% TFA) and washed
twice with 50 µL of buffer A, for desalting and peptide purification. StageTips were washed
once with 100 µL of buffer A, and the peptides were eluted with 50 µL of buffer B. The
solvents were completely evaporated using a SpeedVac. Peptides were resuspended by first
adding 3 µL buffer A* (3% acetonitrile, 0.3% TFA) and then 17 µL buffer A*/A (30% buffer
A*/70% buffer A), with each solvent addition being followed by vortexing for 10 s. Samples
were stored at –80 ◦C.

LC-MS/MS measurements were performed on a Q Exactive HF-X (Thermo Scientific)
coupled to an EASY-nLC 1200 nanoflow-HPLC (Thermo Scientific). HPLC-column tips
(fused silica) with 75 µm inner diameter were self-packed with ReproSil-Pur 120 C18-AQ,
1.9 µm particle size (Dr. Maisch GmbH, Ammerbuch, Germany) to a length of 20 cm.
Samples were directly applied onto the column without a pre-column. A gradient of
A (0.1% formic acid in H2O) and B (0.1% formic acid in 80% acetonitrile in H2O) with
increasing organic proportion was used for peptide separation (loading of sample with
0% B; separation ramp: from 5–30% B within 85 min). The flow rate was 250 nL/min and
for sample application, it was 600 nL/min. The mass spectrometer was operated in the
data-dependent mode and switched automatically between MS (max. of 1 × 106 ions)
and MS/MS. Each MS scan was followed by a maximum of ten MS/MS scans using a
normalized collision energy of 25% and a target value of 1000. Parent ions with a charge
state form z = 1 and unassigned charge states were excluded for fragmentation. The mass
range for MS was m/z = 370–1750. The resolution for MS was set to 70,000 and for MS/MS
to 17,500. MS parameters were as follows: spray voltage 2.3 kV, no sheath and auxiliary
gas flow, ion-transfer tube temperature 250 ◦C.

The MS raw data files were analyzed with the MaxQuant software package version
1.6.2.10 [24] for peak detection, generation of peak lists of mass-error-corrected peptides,
and database searches. The UniProt Saccharomyces cerevisiae database (version March 2016),
additionally including common contaminants, trypsin, TurboID, and GFP, was used as
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reference. Carbamidomethylcysteine was set as fixed modification and protein amino-
terminal acetylation, oxidation of methionine, and biotin were set as variable modifications.
Four missed cleavages were allowed, enzyme specificity was Trypsin/P, and the MS/MS
tolerance was set to 20 ppm. Peptide lists were further used by MaxQuant to identify
and relatively quantify proteins using the following parameters: peptide and protein
false discovery rates, based on a forward–reverse database, were set to 0.01, minimum
peptide length was set to seven, and minimum number of unique peptides for identification
and quantification of proteins was set to one. The ‘match-between-run’ option (0.7 min)
was used.

For quantification, missing iBAQ (intensity-based absolute quantification) values in
the two control purifications from cells expressing either the GFP-TurboID or the NLS-
GFP-TurboID bait were imputed in Perseus [25]. For normalization of intensities in each
independent purification, iBAQ values were divided by the median iBAQ value, derived
from all nonzero values, of the respective purification. To calculate the enrichment of a
given protein compared to its average abundance in the two control purifications, the
normalized iBAQ values were log2-transformed and those of the control purifications were
subtracted from the ones of each respective bait purification. For graphical presentation,
the normalized iBAQ value (log10 scale) of each protein detected in a given bait purification
was plotted against its relative abundance (log2-transformed enrichment compared to the
control purifications). To visualize the effects of the RRK>A mutations on the proximal
protein neighborhood of Rps2, the normalized iBAQ value (log10 scale) of each protein
detected in the purification from cells expressing a wild-type Rps2 bait protein (full-length
Rps2, Rps2(1–145), or Rps2(76–145)) was plotted against its relative abundance (log2-
transformed enrichment) compared to the purification from cells expressing the respective
RRK>A mutant protein (with prior imputation of missing iBAQ values).

3. Results
3.1. Rps2 Amino Acids 76–145 Are Sufficient to Target the Protein to the Nucleus

Like most other r-proteins, Rps2 assembles into pre-ribosomal particles in the nu-
cleus [26], necessitating nuclear import of newly synthesized Rps2. Yeast Rps2 is recognized
co-translationally by its dedicated chaperone Tsr4 in the cytoplasm [7,10]; however, the
mechanism by which Rps2 is imported into the nucleus has so far remained elusive.

We first aimed to narrow down the part of Rps2 that is capable of targeting the protein
to the nucleus. Since full-length Rps2 is imported into the nucleus, incorporated into pre-
ribosomal particles, and subsequently, as a component of these, exported to the cytoplasm,
the majority of all cellular Rps2 is present in cytoplasmic 40S subunits. We reasoned,
however, that small sub-fragments of Rps2 would most likely not become incorporated
into pre-ribosomes and could hence be visualized in the nucleus in case they carry an
NLS. We designed a series of Rps2 fragments with overlapping regions, and constructed
plasmids encoding these Rps2 fragments (Figure 1A, Supplementary Figure S1A,B), each
fused to a 3xyEGFP tag at the C-terminus. In order to differentiate between different
types of nuclear localization, we utilized a strain expressing the nucleolar marker protein
Nop58 fused to mCherry (Nop58-yEmCherry) from the genomic locus. A localization of
3xyEGFP reporter fusion proteins exclusively in the nucleolus, the site where ribosome
biogenesis starts, would result in a perfect overlap with the Nop58-yEmCherry signal.
Conversely, a nucleoplasmic localization of the 3xyEGFP reporter fusions would result in a
signal adjacent to the Nop58-yEmCherry nucleolar signal with no overlap. Finally, reporter
fusions localizing to both nuclear subcompartments would exhibit a larger oval-shaped
GFP signal and partially overlap with the Nop58-yEmCherry marker.
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Figure 1. Rps2 residues 76–145 are sufficient to target a 3xyEGFP reporter to the nucleus. (A) Schematic
representation of Rps2 with secondary structure elements and overview of fragments tested in (B).
Indicated domains according to the Rps2 structure shown in Supplementary Figure S1B are as
follows: N, eukaryote-specific N-terminal extension; 3H, three-helix element; D1, domain one; D2,
domain two; C, C-terminal extension. The Tsr4-binding site, as previously determined [7], is indicated
on top of the schematic representation. (B) Fluorescence microscopy of a strain expressing Nop58-
yEmCherry (nucleolar marker) as well as 3xyEGFP fusions of Rps2 or the indicated truncated Rps2
fragments. DIC, differential interference contrast.

60



Biomolecules 2023, 13, 1127

We transformed the Nop58-yEmCherry-expressing strain with plasmids encoding the
Rps2 fragment 3xyEGFP fusions, and inspected the localization of the reporter proteins
by fluorescence microscopy (Figure 1B). As expected, full-length Rps2-3xyEGFP showed
a predominantly cytoplasmic signal. Additionally, we occasionally observed, as previ-
ously described [7], small dot-like structures that likely correspond to aggregates. The
occurrence and size of these dot-like structures was strongly increased for several of the
3xyEGFP-fused Rps2 fragments, particularly for Rps2(118–218) and to a lesser extent also
for Rps2(23–75) and Rps2(175–254). Moreover, the localization of Rps2(118–218)-3xyEGFP
might correspond to a mitochondrial staining. We speculate that the above Rps2 fragments,
as they are no longer embedded in the full-length protein context, are especially prone to
misfolding, which may lead to their aberrant localization and/or increase their aggregation.
Among these, Rps2(23–75)3xyEGFP localized to the entire nucleus and the cytoplasm, with
a stronger signal in the nucleus. Last but not least, we identified two 3xyEGFP-fused Rps2
fragments that did not exhibit, when compared to full-length Rps2, increased aggregate
formation: Rps2(1–42)-3xyEGFP localized both to the cytoplasm and the entire nucleus,
with a slightly stronger signal in the nucleus. More strikingly, Rps2(76–145)-3xyEGFP
localized exclusively to the nucleus, suggesting that this Rps2 fragment is sufficient to
target the 3xyEGFP reporter to the nucleus (Figure 1B). The nuclear Rps2(76–145)-3xyEGFP
signal appeared weaker in the area overlapping with Nop58-yEmCherry compared to
the rest of the nucleus. To conclude, our data suggest that the Rps2(76–145)-3xyEGFP
fragment contains a functional NLS, which mediates the targeting of this fragment to
the nucleoplasm.

3.2. Rps2 Residues R95, R97, and K99 Are Essential for Nuclear Targeting of
Rps2(76–145)-3xyEGFP

As attempts to narrow down the sequence responsible for nuclear targeting by further
N- or C-terminal truncation of the Rps2(76–145) fragment resulted in mitochondrial staining
or increased aggregate formation, respectively, suggesting misfolding of the resulting
3xyEGFP fusion proteins, we instead used the Rps2(76–145)-3xyEGFP fusion as a starting
point to introduce the selected amino acid exchanges into potential NLS segments.

As the sequence of the Rps2(76–145) fragment does not contain any obvious so-
far-described NLS, we searched for clusters of basic amino acids that are conserved in
eukaryotic Rps2. We considered Rps2 residues 95 to 99 (95-RTRFK-99), notably containing
three basic amino acids, as a candidate sequence that might contribute to a non-classical
NLS (Figure 2A, Supplementary Figure S1A).

To address whether R95, R97, and K99 indeed contribute to the nuclear import
of the Rps2(76–145) fragment, we constructed a plasmid expressing the Rps2(76–145).
R95R97K99>A-3xyEGFP variant (abbreviated as 76–145 RRK>A in Figures) in which all
three basic amino acids were exchanged to As. Next, we compared the localization of
Rps2(76–145).R95R97K99>A-3xyEGFP with the one of Rps2(76–145)-3xyEGFP in the yeast
strain expressing Nop58-yEmCherry by fluorescence microscopy (Figure 2B, Supplemen-
tary Figure S2). Indeed, the R95A, R97A, and K99A exchanges (95-ATAFA-99 sequence
instead of 95-RTRFK-99) resulted in an almost complete shift of the otherwise nuclear
Rps2(76–145)-3xyEGFP fragment to the cytoplasm. We conclude that Rps2 contains a
functional NLS within amino acids 76–145, with residues R95, R97, and K99 being essential
features of this NLS. Importantly, considering that Tsr4 interacts with the very N-terminal
part of Rps2 [7], which is not present in the tested Rps2(76–145) fragment (Figure 2A),
import via this sequence has to be independent of Tsr4.
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Figure 2. Residues R95, R97, and K99 are essential for nuclear targeting of Rps2(76–145). (A) Overview
of the main Rps2 fragments tested in this study. (B) Fluorescence microscopy of a strain expressing
Nop58-yEmCherry as well as Rps2-3xyEGFP or Rps2(76–145)-3xyEGFP with or without exchanges of
the three basic residues (R95R97K99>A, abbreviated RRK>A), comprised in the 95-RTRFK-99 stretch
that are part of the putative NLS. In this experiment, the intensities of the GFP fluorescence signals
were adjusted for better comparison. The original, identically processed pictures of the adjusted
images are shown in Supplementary Figure S2.

3.3. Import of Rps2(76–145) Is Mediated by Pse1

To gain better insight into the nuclear import of Rps2 mediated by amino acids 76–145,
we aimed to identify the importin(s) that recognize the novel Rps2 NLS. To this end,
we analyzed the localization of the Rps2(76–145)-3xyEGFP reporter in different importin
mutant strains (Figure 3A, Supplementary Figure S3A). The nuclear localization of the
Rps2(76–145)-3xyEGFP fusion protein remained largely unaffected in srp1-31, kap95-ts,
and kap104-16 importin mutants (Supplementary Figure S3A). Rps2(76–145)-3xyEGFP
appeared to show a reduced nuclear localization in some cells in the kap123∆ strain
(Supplementary Figure S3A). To better distinguish whether or not kap123∆ cells have
a slight Rps2(76–145)-3xyEGFP import defect, we transformed the cells with a plasmid con-
taining the KAP123 wild-type gene and assessed whether this would result in an increased
nuclear signal, which would be an indication for complementation of a potential import
defect. As reported before [22], kap123∆ cells did not display any growth defects, and as
expected, growth was unaltered upon transformation of the KAP123-containing plasmid
(Supplementary Figure S3B). Moreover, Rps2(76–145)-3xyEGFP displayed a similar local-
ization in kap123∆ cells either transformed with KAP123-containing or empty plasmid;
hence, no complementation of a potential defect was observed (Supplementary Figure S3C).
We conclude that kap123∆ cells do not show an Rps2(76–145)-3xyEGFP import defect.
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Figure 3. Pse1 mediates nuclear import of Rps2(76–145). (A) Localization of Rps2(76–145)-3xyEGFP
visualized by fluorescence microscopy in the wild-type strain and the importin mutant strain pse1-1.
The localization of the fusion protein in additional importin mutant strains is shown in Supplementary
Figure S3A. (B) Complementation assay. The pse1-1 strain was transformed with a PSE1-harboring
URA3 plasmid or the empty control plasmid, as well as with the Rps2(76–145)-3xyEGFP LEU2
reporter plasmid, and transformants were inspected by fluorescence microscopy. Growth assays of
the same strains are shown in Supplementary Figure S3D. (C) Pse1 co-purifies with Rps2 in vivo.
Rps2(76–145)-TAP with and without the R95R97K99>A exchanges, as well as the TAP tag alone as
negative control (-), were expressed from plasmids in a wild-type strain. After TAP purification, lysates
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and TAP eluates were analyzed by Western blotting using α-CBP and α-Pse1 antibodies. (D) TurboID-
based proximity labeling with Rps2(76–145) and Rps2(76–145).R95R97K99>A as baits. The normalized
abundance value (iBAQ, intensity-based absolute quantification; y-axis) of each protein detected in
the respective purification is plotted against its relative abundance (log2-transformed enrichment;
x-axis). Relative abundance was calculated compared to the averaged protein abundance in the two
control purifications (derived from cells individually expressing the GFP-TurboID and the NLS-GFP-
TurboID bait, which accounts for the cytoplasmic and nuclear background, respectively). Proteins
that are enriched compared to the negative controls can be found on the right side of the Christmas
tree plot. The names of proteins that are particularly enriched, as well as importins Pse1, Kap123,
and Kap104 are indicated. The bait proteins and Pse1 are highlighted by bold letters.

Last but not least, a strong reduction in nuclear accumulation of Rps2(76–145)-3xyEGFP
was observed in pse1-1 mutant cells (Figure 3A). Importantly, transformation of the pse1-1
mutant with a plasmid containing the PSE1 wild-type gene complemented the growth de-
fect of pse1-1 mutant cells (Supplementary Figure S3D), as well as their defect in the nuclear
import of the Rps2(76–145)-3xyEGFP reporter protein (Figure 3B). Altogether, our data
suggest that the NLS within Rps2(76–145) is mainly recognized by the importin-β Pse1.

To further confirm the interaction between Pse1 and Rps2(76–145) and to address
whether R95, R97, and K99 are required for this interaction, we performed tandem affin-
ity purification of C-terminally TAP-tagged Rps2(76–145) and Rps2(76–145).R95R97K99>A,
both expressed from plasmid in a wild-type strain, and compared the extent of Pse1 co-
purification (Figure 3C). As expected, Pse1 co-purified with Rps2(76–145)-TAP in a two-step
affinity purification, but not with the TAP tag alone (-). Pse1 was also co-purified with
Rps2(76–145).R95R97K99>A-TAP; however, the enrichment of Pse1 relative to the amounts of the
purified bait was clearly less pronounced in the case of the Rps2(76–145).R95R97K99>A protein.

To obtain additional evidence for a preferential binding of Pse1 to wild-type Rps2(76–145)
in vivo, we performed TurboID-based proximity labeling to identify the proteins that are in phys-
ical proximity of C-terminally TurboID-tagged Rps2(76–145) and Rps2(76–145).R95R97K99>A,
both expressed from plasmid under the transcriptional control of the copper-inducible CUP1
promoter (Figure 3D, Supplementary Figure S4 (panels in first row), Supplementary Table S3).
Indeed, Pse1 was among the most strongly enriched proteins in the affinity purification
of biotinylated proteins from cells expressing wild-type Rps2(76–145), while Pse1 was not
enriched when the TurboID experiment was performed with the Rps2(76–145).R95R97K99>A
mutant protein. These results suggest that the R95, R97, and K99 exchanges in Rps2(76–145)
reduce the binding of Pse1. The reduced binding of Pse1 is most likely the reason for the
nuclear import defect observed in pse1-1 mutant cells. We conclude that Pse1 drives the
nuclear import of Rps2(76–145), with R95, R97, and K99 being important determinants for
full Pse1 binding.

3.4. Rps2 Contains a Second NLS in Its N-Terminal Extension

Having established that Rps2 contains a functional NLS in an internal region of the r-
protein, we went on to test the localization of an Rps2 fragment containing both the NLS and the
Tsr4-binding site and constructed a reporter plasmid for the expression of Rps2(1–145)-3xyEGFP
(Figure 2A). Fluorescence microscopy of a wild-type strain transformed with the plasmid re-
vealed that Rps2(1–145)-3xyEGFP was, similarly to Rps2(76–145)-3xEGFP, localized in the
nucleus (Figure 4A). Next, we assessed the localization of the Rps2(1–145)-3xyEGFP fusion
protein additionally carrying the R95R97K99>A exchanges in the wild-type strain. Strikingly,
in contrast to the strong shift to the cytoplasm of the Rps2(76–145).R95R97K99>A-3xEGFP re-
porter, Rps2(1–145).R95R97K99>A-3xEGFP was still mainly found in the nucleus (Figure 4A,
Supplementary Figure S5), suggesting that an element within amino acids 1–75 of Rps2 en-
sures the nuclear targeting of Rps2(1–145), even when the above-identified Pse1-dependent
NLS is rendered non-functional by the mutation of residues R95, R97, and K99.
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Figure 4. Rps2 contains a second NLS in its N-terminal extension. (A) Fluorescence microscopy of a
wild-type as well as a pse1-1 mutant strain expressing 3xyEGFP fusions of the indicated wild-type
or mutated Rps2 fragments. In this experiment, the intensities of the GFP fluorescence signals were
adjusted for better comparison. The original, identically processed pictures of the adjusted images
are shown in Supplementary Figure S5. (B) TurboID-based proximity labeling with Rps2(1–145)
and Rps2(1–145).R95R97K99>A as baits. The normalized abundance value (iBAQ) of each protein
detected in the respective purification is plotted against its relative abundance (log2-transformed
enrichment) compared to the averaged abundance in the control purifications (GFP-TurboID and
NLS-GFP-TurboID). The names of proteins that are particularly enriched, as well as importins Pse1,
Kap123, and Kap104, are indicated. The bait proteins, Tsr4, and Pse1 are highlighted by bold letters.
(C) Yeast two-hybrid (Y2H) interaction assay between Pse1 lacking the 301 N-terminal amino acids
(Pse1.302C), C-terminally fused to the Gal4 activation domain (AD), and Rps2 and the indicated
fragments thereof (including, when indicated, the RRK>A exchanges) containing the Gal4 DNA-
binding domain (BD) at the N-terminal end. Growth on SDC-his-leu-trp plates (labeled -HLT)
indicates a weak interaction; growth on SDC-ade-leu-trp plates (labeled -ALT) indicates a strong Y2H
interaction. SDC-leu-trp (labeled -LT) served as growth control. For Y2H assays with the same Rps2
proteins containing the Gal4 DNA-binding domain at the C-terminal end, as well as the Y2H assays
between the N- or C-terminally-fused Rps2 variants and full-length Pse1 or the Gal4 activation domain
alone (negative control), see Supplementary Figure S6.
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We also investigated the localization of the above Rps2-3xyEGFP reporter fusions
in the pse1-1 mutant strain. As described above (Figure 3A), Rps2(76–145)-3xEGFP was
shifted to the cytoplasm in the pse1-1 mutant strain compared to the wild-type strain
(Figure 4A). As expected, also the Rps2(76–145).R95R97K99>A-3xEGFP reporter showed a
predominantly cytoplasmic signal in the pse1-1 mutant, similar to the wild-type strain. The
Rps2(1–145)-3xyEGFP reporter, although still showing the highest signal intensity in the
nucleus, was slightly shifted to the cytoplasm, as opposed to the exclusively nuclear signal
of the same fragment in the wild-type strain (Figure 4A). An even stronger shift to the
cytoplasm was observed for the Rps2(1–145).R95R97K99>A-3xEGFP reporter in the pse1-1
strain (Figure 4A). These results indicate that Pse1 contributes to the nuclear import of the
Rps2(1–145) fragment even when R95, R97, and K99 are mutated, suggesting that there has
to be a second Pse1-dependent NLS within amino acids 1 to 75 of Rps2. However, none
of the fragments was completely shifted to the cytoplasm in the pse1-1 mutant; therefore,
other importins have to contribute to some extent to Rps2(1–145) nuclear import, at least in
the absence of Pse1.

Next, we performed TurboID experiments to identify proteins in close proximity to
Rps2(1–145) and Rps2(1–145).R95R97K99>A (Figure 4B, Supplementary Figure S4,
Supplementary Table S3). In both cases, as expected due to the presence of the N-terminal
Tsr4-binding region, Tsr4 was strongly enriched in the affinity purification of biotinylated
proteins. Pse1 was detected as well, although it was much less enriched than upon expres-
sion of TurboID-tagged Rps2(76–145) (Figure 3D). Moreover, the R95R97K99>A exchanges
only had a minor effect on the extent of Pse1 enrichment in the context of Rps2(1–145)
(Figure 4B). TurboID with full-length Rps2 (wild-type or containing the R95R97K99>A ex-
changes) yielded a similar extent of Tsr4 enrichment as observed in the case of Rps2(1–145)
wild-type and R95R97K99>A mutant protein, while an enrichment of Pse1 could not be
observed, potentially due to the short duration of the Rps2–Pse1 interaction compared to in-
teractions of Rps2 in the context of the ribosome (Supplementary Figure S4 and Table S3).
To further characterize the effects of the R95R97K99>A exchanges on the interaction of
the different Rps2 fragments with Pse1, we performed yeast two-hybrid (Y2H) analyses
(Figure 4C, Supplementary Figure S6). No interaction of any of the Rps2 variants was
detected with full-length Pse1 (Supplementary Figure S6), which was not surprising as
importin–cargo interactions are generally only very short-lived in the nucleus due to the fact
that the binding of RanGTP to the N-terminal arch of importins mediates cargo release [6].
To prevent cargo dissociation and hence enable productive importin–cargo Y2H interac-
tions in the nucleus, we generated a Pse1 variant with a partial deletion of its N-terminal
RanGTP-binding surface (Pse1.302C; starting with amino acid 302) [27]. As anticipated, uti-
lization of the Pse1.302C variant permitted the detection of Y2H interactions between Pse1
and Rps2, Rps2(1–145), and Rps2(76–145) (Figure 4C, Supplementary Figure S6). While the
R95R97K99>A exchanges almost completely abolished the interaction of Rps2(76–145) with
Pse1.302C, they only reduced the interaction of both Rps2 and Rps2(1–145) with Pse1.302C
(Figure 4C, Supplementary Figure S6).

Taken together, the above results indicate that the mutant Rps2(1–145) R95R97K99>A
protein is still capable, albeit less efficiently than the wild-type counterpart, of interacting
with Pse1 and can thus still be imported into the nucleus via Pse1. On the other hand, the
mutant Rps2(76–145).R95R97K99>A protein interacts with Pse1 only poorly and its nuclear
import is strongly impaired. We conclude that amino acids 1–75 of Rps2 must harbor a
second import signal, which could also be recognized by Pse1.

3.5. Tsr4 Is Not Required for Import Mediated by the N-Terminal Rps2 Region

Considering that Tsr4 binds to the N-terminal region of Rps2 (Figure 2A, Ref. [7]), we
speculated that Tsr4 might be involved in this second Rps2 import mechanism. To address
this possibility, we examined the localization of Rps2(1–145).R95R97K99>A-3xyEGFP in the
absence of Tsr4. This analysis is complicated by the fact that Tsr4 is an essential protein;
however, in our previous study we found that tsr4∆ cells are viable, although displaying a
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severe slow-growth phenotype, when RPS2 is provided on a low-copy number plasmid
in a rps2∆ strain, presumably resulting in an increased RPS2 copy number compared to
the single-copy presence of RPS2 in a wild-type strain [7]. Building on this knowledge, we
transformed the 3xyEGFP reporter plasmids into a tsr4∆ rps2∆ strain complemented by a
URA3-RPS2 plasmid and, as a control, into a Tsr4-expressing rps2∆ URA3-RPS2 strain. As
previously observed, the Rps2-3xyEGFP reporter accumulated in the nucleus in cells lacks
Tsr4 (tsr4∆ rps2∆ [RPS2] strain) (Figure 5, Supplementary Figure S7), suggesting that the
nuclear import of Rps2 can occur in the absence of Tsr4, and that, moreover, efficient Rps2
incorporation into pre-ribosomes is dependent on Tsr4 [7].

Notably, a strong nuclear accumulation was also observed for Rps2.R95R97K99>A-
3xyEGFP in the absence of Tsr4, while Rps2(1–145)-3xyEGFP and Rps2(1–145).R95R97K99>A-
3xyEGFP localized to the nucleus, mostly within intense dot-like structures outside the
nucleolus that could correspond to aggregates, both in cells containing or lacking Tsr4
(Figure 5). We conclude that the second import mechanism also utilized by Rps2, involving
amino acids 1–75, does not depend on Tsr4.

3.6. The N-Terminal Rps2 NLS Overlaps with the Tsr4-Binding Region

The partial nuclear localization of the Rps2(1–42)-3xyEGFP fusion protein (Figure 1B),
together with the occurrence of an RG-rich sequence within the 28 N-terminal amino acids
of Rps2 (Supplementary Figures S1A and S8B), which might potentially represent an RG-
NLS, prompted us to test whether the very N-terminal region of Rps2 is required for the nu-
clear import of Rps2(1–145).R95R97K99>A-3xyEGFP. Notably, Tsr4 binds approximately to
the same region, as suggested by our previous study in which we mapped the Tsr4-binding
site to amino acids 1–42 of Rps2 [7]. We reasoned that it might be possible to map the
Tsr4-binding site to an even shorter Rps2 fragment by generating further N- and C-terminal
truncation variants and testing their capacity to interact with Tsr4 in Y2H assays (Figure 6A,
Supplementary Figure S8A). Indeed, Rps2 missing the N-terminal five or ten amino acids
still showed full interaction with Tsr4. Moreover, the 33 or 28 N-terminal residues alone
were sufficient to confer a robust Y2H interaction with Tsr4, while, as already previously
described [7], Rps2(1–22) interacted only weakly with Tsr4. Finally, we combined the above
N- and C-terminal truncations which supported full interaction, and found that all tested
combinations still interacted equally well with Tsr4, with the shortest tested fragment
displaying full interaction being Rps2(10–28) (Figure 6A, Supplementary Figure S8A).

Next, we wanted to address whether mutation of the Tsr4-binding site would hamper
the putative N-terminal NLS. To this end, we generated constructs expressing 3xyEGFP
fusions of either a variant lacking the 28 N-terminal amino acids of Rps2 (Rps2(29–145)) or
a Rps2(1–145) fragment, termed Rps2(1–145).KR10–28>A, having all basic residues within
amino acids 10 to 28 (one K and seven R residues; see Supplementary Figure S8B) ex-
changed to As. Moreover, both variants were generated with and without the R95R97K99>A
exchanges. The variants containing only the N-terminal manipulations (Rps2(29–145)-
3xyEGFP and Rps2(1–145).KR10–28>A-3xyEGFP) still showed a nuclear localization similar
to (Rps2(1–145)-3xyEGFP, with a stronger signal in the nucleoplasm than in the nucleolus
(Figure 6B, Supplementary Figure S9). In contrast, both variants additionally carrying
the exchanges affecting the internal Rps2 NLS (Rps2(29–145).R95R97K99>A-3xyEGFP and
Rps2(1–145).KR10–28>A/R95R97K99>A-3xyEGFP) failed to accumulate in the nucleus. We
conclude that besides the NLS within amino acids 76–145, to which R95, R97, and K99
make an essential contribution, Rps2 contains a second NLS in its N-terminal region, which
overlaps with the Tsr4-binding site and critically depends on the presence of several basic
residues within a short stretch ranging from amino acid 10 to 28. Notably, this sequence
stretch is present in the Rps2(1–42)-3xyEGFP reporter fusion, which localizes to both the
cytoplasm and nucleus (Figure 1B). We hypothesized that the binding of Tsr4 might affect
the nuclear import of this fragment through the N-terminal NLS by potentially modulating
the efficiency of importin binding. To test this hypothesis, we again utilized a tsr4∆ rps2∆
strain complemented by a URA3-RPS2 plasmid and, as a control, a rps2∆ [URA3-RPS2]
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strain. Both strains were transformed with the Rps2(1–42)-3xyEGFP reporter plasmid. In
contrast to the wild-type strain, where the Rps2(1–42)-3xyEGFP signal was stronger in
the nucleus compared to the cytoplasm (Figure 1B), the rps2∆ [URA3-RPS2] strain dis-
played an even distribution of Rps2(1–42)-3xyEGFP between the cytoplasm and the nucleus
(Figure 6C). Interestingly, the tsr4∆ rps2∆ [URA3-RPS2] strain, lacking Tsr4, exhibited a
slight accumulation of the Rps2(1–42)-3xyEGFP reporter fusion in the nucleus, suggesting that
nuclear import via the N-terminal NLS of Rps2 might be more efficient in the absence of Tsr4.
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Figure 5. Tsr4 is not required for import mediated by the N-terminal Rps2 region. Fluorescence
microscopy of rps2∆ and tsr4∆ rps2∆ strains, containing a URA3-RPS2 plasmid, expressing the
indicated Rps2-3xyEGFP fusion proteins from LEU2 plasmids, and a chromosomal C-terminal
RedStar2 fusion of Nop58. Each panel was processed individually to make the observed phenotypes
more apparent. To allow for the evaluation of the differences in signal intensities, the same panels,
but all identically processed, are shown in Supplementary Figure S7.
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Figure 6. The N-terminal Rps2 NLS overlaps with the Tsr4-binding region. (A) Yeast two-hybrid
(Y2H) assays between full-length Tsr4, C-terminally fused to the Gal4 activation domain (AD), and
Rps2 and fragments thereof, and C-terminally fused to the Gal4 DNA-binding domain (BD). For more
details, see the legend of Figure 4C. For results with additional fragments as well as negative controls,
see Supplementary Figure S8A. (B) Fluorescence microscopy of a strain expressing Nop58-yEmCherry
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as well as 3xyEGFP fusions of the indicated wild-type or mutated Rps2 fragments. In this experiment,
the intensities of the GFP fluorescence signals were adjusted for better comparison. The original,
identically processed pictures of the adjusted images are shown in Supplementary Figure S9. (C) Flu-
orescence microscopy of rps2∆ and tsr4∆ rps2∆ strains, containing a URA3-RPS2 plasmid, expressing
Rps2(1–42)-3xyEGFP from an LEU2 plasmid.

4. Discussion

With this study, we have provided insights into the intricate mechanisms underlying
nuclear import of the r-protein Rps2. We found that amino acids 76 to 145 are sufficient
to target the protein to the nucleus, with residues R95, R97, and K99 being essential for
the nuclear localization of this fragment. The main importin responsible for import via
Rps2(76–145) is Pse1. Hence, the preference of Rps2 for Pse1 deviates from the common
preference of r-proteins for Kap123, with Pse1 stepping in place mainly in the absence
of Kap123 [13]. Our data moreover demonstrate that the mutation of R95, R97, and K99
in the Rps2(76–145) fragment greatly reduces the interaction with Pse1, suggesting that
these residues are critical determinants for Pse1 binding. Previous structural analyses
of Pse1 in complex with NLS sequences of three different Pse1 cargoes have led to the
definition of the IK-NLS with the consensus K-V/I-X-K-X1–2-K/H/R [27,28]. The segment
ranging from residues 95 to 99 of Rps2 (RTRFK), however, does not match this consensus.
Moreover, it is positioned within a beta-sheet (Supplementary Figure S1B), while IK-NLSs
are unstructured [27,28]. Hence, Rps2 likely uses a binding mode that differs from the one
reported for the interaction of Pse1 with IK-NLSs, and seems to involve structured elements.
In our tandem affinity purification experiment, where we expressed either Rps2(76–145)-
TAP or Rps2(76–145).R95R97K99>A-TAP from plasmids in a wild-type strain, we observed
higher levels of the Rps2 fragment carrying the substitutions in cell lysates compared to
the wild-type fragment (Figure 3C). This observation suggests that the substitutions of
R95, R97, and K99 to A might induce structural changes that enhance the stability of the
Rps2(76–145) fragment. These altered structural features might impede the efficient binding
of Pse1, despite promoting protein stability.

The Rps2(1–145) fragment, containing in addition to the above-discussed nuclear-
targeting domain also the N-terminal part of Rps2, enters the nucleus as well, even when
the residues critical for the nuclear targeting of the Rps2(76–145) fragment are mutated.
Moreover, R95A, R97A, and K99A mutation reduces the Y2H interaction of the Rps2(1–145)
fragment with Pse1 only slightly, while the interaction of Rps2(76–145) with Pse1 is severely
reduced by these exchanges. This suggests that Pse1 may possess an additional binding site
within amino acids 1–75 of Rps2. Indeed, Rps2(1–145).R95R97K99>A-3xEGFP displayed an
increased cytoplasmic signal in pse1-1 mutant cells compared to wild-type cells, indicating
that even if the internal NLS is not available for interaction with Pse1, Pse1 is capable of
importing the Rps2(1–145) fragment. It is worth noting that none of the tested Rps2 frag-
ment 3xEGFP fusions showed complete import inhibition in the pse1-1 mutant, implying
that, as also suggested in previous studies (see for example [29–31]), other importins can
compensate for the loss of one importin. Nevertheless, the significant defects observed in
the pse1-1 mutant strongly indicate that Pse1 is the primary importin binding to the two
Rps2 NLS elements described in this study.

Nuclear import via this N-terminal nuclear-targeting region requires basic residues
within the RG-rich, unstructured N-terminal part (amino acids 10–28) of Rps2. It is al-
ready known that such RGG regions can function as NLSs for Kap104 [32,33]; however,
recognition of RG-rich NLSs by Pse1 has not been reported so far. Although our findings
suggest that Rps2(1–145) can still be imported into the nucleus by Pse1 when either the
N-terminal or the internal NLS is mutated, it remains unclear whether Pse1 interacts si-
multaneously with both binding sites in the wild-type scenario, or if it only utilizes one
of them at a time. It will be interesting to further define and map the two Pse1-binding
regions of Rps2 in the future, which might lead to the definition of novel NLS consensus
motifs for Pse1. Notably, while the N-terminal and internal NLSs share some sequence
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similarities, such as positively charged amino acids with similar spacing (e.g., 95-RTRFK-99
and 17-RNRGR-21), they are embedded in entirely different structural contexts. The N-
terminal NLS resides within an unstructured region, whereas the internal NLS lies within a
beta-sheet (Supplementary Figure S1B). Consequently, the two NLSs may employ distinct
binding modes for Pse1 interaction.

It is important to acknowledge that the basic residues within amino acids 10–28 of
Rps2, although being necessary for the nuclear targeting of a Rps2(1–145) fragment with
a mutated internal NLS (Figure 6B), are not sufficient for efficient import, as concluded
from the fact that a small Rps2 fragment containing these amino acids, Rps2(1–42), does
not exclusively localize to the nucleus (Figures 1B and 6C). Hence, additional sequence
elements are required for the complete functionality of the N-terminal NLS. Furthermore, it
is possible that not all eight positively charged amino acids within Rps2(10–28) are essential
for the function of the N-terminal NLS. It is plausible that a few specific residues within
this range are crucial for the import via the N-terminal NLS, or that multiple clusters of
positively charged amino acids within this sequence can fulfill this function alternatively,
as recently reported for the NLS of the viral protein HIV-1 Tat [34]. Future in-depth
biochemical and structural studies might provide further insights into the binding modes
and interplay between the two Rps2 NLSs.

Importantly, the amino acids required for the function of the N-terminal NLS of Rps2
overlap with the binding site of its dedicated chaperone, Tsr4. Therefore, it was important
to investigate whether the presence of Tsr4 affects the nuclear targeting of Rps2 via the
N-terminal NLS.

We can exclude the possibility that import mediated by Rps2 amino acids 10–28 oc-
curs via a ‘piggyback’ mechanism in which Tsr4 binds Rps2 and provides the NLS for
the nuclear import of the Rps2-Tsr4 complex, as our data revealed that the presence of
Tsr4 is not required for the import involving the N-terminal region of Rps2 (Figure 5).
Rps2(1–42)-3xyEGFP even exhibited a stronger nuclear signal in the absence of Tsr4
(Figure 6C), suggesting that its import is less efficient when Tsr4 is present. One potential
explanation for this effect is that Tsr4 shields the N-terminal NLS, thereby reducing the
efficiency of importin binding. It is yet to be determined whether Tsr4 accompanies Rps2
into the nucleus or dissociates from Rps2 already in the cytoplasm, e.g., upon the binding
of importin. Tsr4-GFP does not accumulate in the nucleus upon inhibition of the main
exportin Crm1 [10]. However, the human Tsr4 homolog PDCD2 accompanies human RPS2
into the nucleus [35], as does the closely related PDCD2L [36]. Further, our data demon-
strate that in the absence of Tsr4, Rps2 accumulates in the nucleolus (Figure 5 and [7]),
suggesting that Rps2’s efficient incorporation into pre-ribosomal particles is prevented. The
simplest explanation for this phenotype would be that Tsr4 functions in promoting Rps2
pre-ribosome incorporation in the nucleus. On the other hand, the more efficient import of
the Rps2(1–42) fragment in the absence of Tsr4 suggests that nuclear import might occur
after the release of Tsr4. Alternatively, the interaction of Pse1 with the internal NLS of
Rps2 may be sufficient to mediate the nuclear targeting of Rps2 bound to Tsr4, even if the
N-terminal NLS is not fully accessible to the importin.

The binding of Pse1 to Rps2 could serve a second function beside nuclear import as im-
portins have been implicated in functioning as chaperones for exposed basic domains [12].
The richness in positive charges, together with the flexibility of the Rps2 N-terminal region,
might make Rps2 particularly prone to aggregation, which could be the reason why two dif-
ferent, potentially redundant mechanisms for chaperoning of this region have evolved, with
the main one relying on a dedicated chaperone and the second one involving an importin.

Interestingly, the N-terminal RG-rich region of Rps2 is absent in bacteria and archaea
(Supplementary Figure S1A), suggesting that it serves a eukaryote-specific function, as is the
case for a targeting sequence for nuclear import. In contrast, parts of the internal positively
charged NLS residues are also found in archaea and bacteria. For instance, Pyrococcus
furiosus uS5 contains all three of these residues, while Sulfolobus and Bacillus subtilis have two
positively charged amino acids in the corresponding region (Supplementary Figure S1A).
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NLS-type motifs have been observed in archaea before, suggesting that NLS sequences
may have originated from sequences that originally served other functions [37,38].

Intriguingly, Rps2’s unstructured N-terminal region seems to be a hub for the binding
of multiple interaction partners (elaborated in detail in a review article by the Bachand
group within this Special Issue [39]). Besides the binding partners investigated in this
study (Tsr4 and importins), the N-terminal part of Rps2 also likely interacts (at least
transiently) with Hmt1, as this enzyme methylates an arginine in the N-terminal region
of Rps2 [40,41]. In the human system, RPS2 is bound by PDCD2 or PDCD2L, and is
additionally stably bound by the arginine methyl transferase PRMT3, which competes with
the zinc finger protein ZNF277 for RPS2 binding [22,36,42,43]. The investigation of the
timing and coordination of these manifold interactions will be an interesting subject for
future studies.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/biom13071127/s1: Figure S1: Sequence and structure [44] of Rps2;
Figure S2: Localization of Rps2(76–145).R95R97K99>A-3xyEGFP; Figure S3: Nuclear import of
Rps2(76–145)-3xyEGFP; Figure S4: TurboID-based proximity labeling using Rps2, Rps2(1–145), and
Rps2(76–145), all with and without the R95R97K99>A exchanges, as baits; Figure S5: Localization
of Rps2-3xyEGFP variants in the wild-type and pse1-1 mutant strain; Figure S6. Yeast two-hybrid
(Y2H) interaction of Rps2 and Pse1; Figure S7: Localization of Rps2-3xyEGFP reporter constructs in
the absence of Tsr4; Figure S8. Mapping of the Tsr4-binding region on Rps2; Figure S9: Localization of
Rps2-3xyEGFP variants containing the R95R97K99>A exchanges; Table S1: Yeast strains [7,15,18,23,45–49];
Table S2: S. cerevisiae plasmids [7,16,43,50,51]; Table S3: TurboID proximity labeling data.
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33. Gonzalez, A.; Mannen, T.; Çağatay, T.; Fujiwara, A.; Matsumura, H.; Niesman, A.B.; Brautigam, C.A.; Chook, Y.M.; Yoshizawa, T.
Mechanism of karyopherin-β2 binding and nuclear import of ALS variants FUS(P525L) and FUS(R495X). Sci. Rep. 2021, 11, 3754.
[CrossRef] [PubMed]

73



Biomolecules 2023, 13, 1127

34. Kurnaeva, M.A.; Zalevsky, A.O.; Arifulin, E.A.; Lisitsyna, O.M.; Tvorogova, A.V.; Shubina, M.Y.; Bourenkov, G.P.; Tikhomirova, M.A.;
Potashnikova, D.M.; Kachalova, A.I.; et al. Molecular Coevolution of Nuclear and Nucleolar Localization Signals inside the Basic
Domain of HIV-1 Tat. J. Virol. 2022, 96, e0150521. [CrossRef] [PubMed]

35. Landry-Voyer, A.-M.; Bergeron, D.; Yague-Sanz, C.; Baker, B.; Bachand, F. PDCD2 functions as an evolutionarily conserved
chaperone dedicated for the 40S ribosomal protein uS5 (RPS2). Nucleic Acids Res. 2020, 48, 12900–12916. [CrossRef] [PubMed]

36. Landry-Voyer, A.-M.; Bilodeau, S.; Bergeron, D.; Dionne, K.L.; Port, S.A.; Rouleau, C.; Boisvert, F.-M.; Kehlenbach, R.H.; Bachand,
F. Human PDCD2L Is an Export Substrate of CRM1 That Associates with 40S Ribosomal Subunit Precursors. Mol. Cell Biol. 2016,
36, 3019–3032. [CrossRef]

37. Melnikov, S.; Ben-Shem, A.; Yusupova, G.; Yusupov, M. Insights into the origin of the nuclear localization signals in conserved
ribosomal proteins. Nat. Commun. 2015, 6, 7382. [CrossRef]

38. Melnikov, S.; Kwok, H.-S.; Manakongtreecheep, K.; van den Elzen, A.; Thoreen, C.C.; Söll, D. Archaeal ribosomal proteins possess
nuclear localization signal-type motifs: Implications for the origin of the cell nucleus. Mol. Biol. Evol. 2020, 37, 124–133. [CrossRef]

39. Landry-Voyer, A.-M.; Mir Hassani, Z.; Avino, M.; Bachand, F. Ribosomal Protein uS5 and Friends: Protein-Protein Interactions
Involved in Ribosome Assembly and Beyond. Biomolecules 2023, 13, 853. [CrossRef]

40. Lipson, R.S.; Webb, K.J.; Clarke, S.G. Rmt1 catalyzes zinc-finger independent arginine methylation of ribosomal protein Rps2 in
Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 2010, 391, 1658–1662. [CrossRef]

41. Young, B.D.; Weiss, D.I.; Zurita-Lopez, C.I.; Webb, K.J.; Clarke, S.G.; McBride, A.E. Identification of Methylated Proteins in
the Yeast Small Ribosomal Subunit: A Role for SPOUT Methyltransferases in Protein Arginine Methylation. Biochemistry 2012,
51, 5091–5104. [CrossRef] [PubMed]

42. Dionne, K.L.; Bergeron, D.; Landry-Voyer, A.-M.; Bachand, F. The 40S ribosomal protein uS5 (RPS2) assembles into an extra-
ribosomal complex with human ZNF277 that competes with the PRMT3-uS5 interaction. J. Biol. Chem. 2019, 294, 1944–1955.
[CrossRef] [PubMed]

43. Swiercz, R.; Person, M.D.; Bedford, M.T. Ribosomal protein S2 is a substrate for mammalian PRMT3 (protein arginine methyl-
transferase 3). Biochem. J. 2005, 386, 85–91. [CrossRef] [PubMed]

44. Ben-Shem, A.; Garreau de Loubresse, N.; Melnikov, S.; Jenner, L.; Yusupova, G.; Yusupov, M. The structure of the eukaryotic
ribosome at 3.0 Å resolution. Science 2011, 334, 1524–1529. [CrossRef]

45. Thomas, B.J.; Rothstein, R. Elevated recombination rates in transcriptionally active DNA. Cell 1989, 56, 619–630. [CrossRef]
46. Kressler, D.; Doère, M.; Rojo, M.; Linder, P. Synthetic lethality with conditional dbp6 alleles identifies Rsa1p, a nucleoplasmic

protein involved in the assembly of 60S ribosomal subunits. Mol. Cell Biol. 1999, 19, 8633–8645. [CrossRef]
47. James, P.; Halladay, J.; Craig, E.A. Genomic libraries and a host strain designed for highly efficient two-hybrid selection in yeast.

Genetics 1996, 144, 1425–1436. [CrossRef]
48. Loeb, J.D.; Schlenstedt, G.; Pellman, D.; Kornitzer, D.; Silver, P.A.; Fink, G.R. The yeast nuclear import receptor is required for

mitosis. Proc. Natl. Acad. Sci. USA 1995, 92, 7647–7651. [CrossRef]
49. Goffin, L.; Vodala, S.; Fraser, C.; Ryan, J.; Timms, M.; Meusburger, S.; Catimel, B.; Nice, E.C.; Silver, P.A.; Xiao, C.-Y.; et al. The

unfolded protein response transducer Ire1p contains a nuclear localization sequence recognized by multiple beta importins. Mol.
Biol. Cell 2006, 17, 5309–5323. [CrossRef]

50. Bhutada, P.; Favre, S.; Jaafar, M.; Hafner, J.; Liesinger, L.; Unterweger, S.; Bischof, K.; Darnhofer, B.; Siva Sankar, D.; Rech-
berger, G.; et al. Rbp95 binds to 25S rRNA helix H95 and cooperates with the Npa1 complex during early pre-60S particle
maturation. Nucleic Acids Res. 2022, 50, 10053–10077. [CrossRef]

51. Sikorski, R.S.; Hieter, P. A system of shuttle vectors and yeast host strains designed for efficient manipulation of DNA in
Saccharomyces cerevisiae. Genetics 1989, 122, 19–27. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

74



Citation: Landry-Voyer, A.-M.; Mir

Hassani, Z.; Avino, M.; Bachand, F.

Ribosomal Protein uS5 and Friends:

Protein–Protein Interactions Involved

in Ribosome Assembly and Beyond.

Biomolecules 2023, 13, 853. https://

doi.org/10.3390/biom13050853

Academic Editors: Brigitte Pertschy

and Ingrid Rössler

Received: 26 April 2023

Revised: 15 May 2023

Accepted: 16 May 2023

Published: 18 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Review

Ribosomal Protein uS5 and Friends: Protein–Protein
Interactions Involved in Ribosome Assembly and Beyond
Anne-Marie Landry-Voyer †, Zabih Mir Hassani †, Mariano Avino and François Bachand *

Dept of Biochemistry & Functional Genomics, Université de Sherbrooke, Sherbrooke, QC J1E 4K8, Canada;
anne-marie.landry-voyer@usherbrooke.ca (A.-M.L.-V.); zabihullah.mir.hassani@usherbrooke.ca (Z.M.H.);
mariano.avino@usherbrooke.ca (M.A.)
* Correspondence: f.bachand@usherbrooke.ca
† These authors contributed equally to this work.

Abstract: Ribosomal proteins are fundamental components of the ribosomes in all living cells. The
ribosomal protein uS5 (Rps2) is a stable component of the small ribosomal subunit within all three
domains of life. In addition to its interactions with proximal ribosomal proteins and rRNA inside
the ribosome, uS5 has a surprisingly complex network of evolutionarily conserved non-ribosome-
associated proteins. In this review, we focus on a set of four conserved uS5-associated proteins: the
protein arginine methyltransferase 3 (PRMT3), the programmed cell death 2 (PDCD2) and its PDCD2-
like (PDCD2L) paralog, and the zinc finger protein, ZNF277. We discuss recent work that presents
PDCD2 and homologs as a dedicated uS5 chaperone and PDCD2L as a potential adaptor protein for
the nuclear export of pre-40S subunits. Although the functional significance of the PRMT3–uS5 and
ZNF277–uS5 interactions remain elusive, we reflect on the potential roles of uS5 arginine methylation
by PRMT3 and on data indicating that ZNF277 and PRMT3 compete for uS5 binding. Together, these
discussions highlight the complex and conserved regulatory network responsible for monitoring the
availability and the folding of uS5 for the formation of 40S ribosomal subunits and/or the role of uS5
in potential extra-ribosomal functions.

Keywords: uS5; dedicated chaperone; PDCD2; PDCD2L; PRMT3; ZNF277; ribosome biogenesis

1. Introduction

Despite the expanding number of roles played by noncoding RNAs, proteins remain
key actors involved in nearly every operation required for cellular life, from proliferation
to differentiation, internal organization, intercellular communication, and cell death. In
order to set in motion the synthesis of new proteins, the information encoded by genes as
messenger RNAs (mRNAs) is decoded into polymers of amino acids by a highly complex
cellular machine, the ribosome, in a process known as translation. The ribosome is one of
the most important ribonucleoprotein complexes in the cell, as demonstrated by its essential
role in protein synthesis, its highly conserved nature, and its dominating abundance in
most cell types. In fact, the fundamental structure and function of the ribosome were highly
conserved throughout the evolution from bacteria to humans [1,2]. Since the topic of this
review will focus on eukaryotes, the following paragraphs will refer to the eukaryotic
ribosome unless otherwise indicated.

The 80S ribosome is a large RNA–protein complex with a molecular mass of 4.3 megadal-
ton in humans [3] and is composed of two independent subunits: the 40S (or small) and 60S
(or large) ribosomal subunits. The 40S ribosomal subunit consists of 33 different ribosomal
proteins (RPs) and a single ribosomal RNA (rRNA), the 1869-nt-long 18S rRNA, whereas the
60S ribosomal subunit contains 47 RPs and three different RNA molecules: the 5S (121-nt),
5.8S (157-nt), and 28S (5070-nt) rRNAs [3]. While the 40S subunit contains the decoding
center that monitors the complementarity of mRNA and tRNA during translation, the
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peptidyl-transferase center and the exit tunnel, in which the nascent polypeptide emerges
out the ribosome, are at the heart of the 60S ribosomal subunit [4].

The synthesis of new ribosomes is one of the most energy demanding and complex
processes occurring in eukaryotic cells. In addition to the four rRNAs and 80 RPs, ribo-
some biogenesis involves the coordinated action of the three cellular RNA polymerases,
several hundred ribosome biogenesis factors (RBFs), as well as about 200 small nucleolar
RNAs (snoRNAs) [5]. Ribosome synthesis begins in the nucleolus, where nascent rRNA
is transcribed by RNA polymerase I (RNAPI) and assembled co-transcriptionally into
a 90S pre-ribosomal particle via the spatio-temporal recruitment of several RPs, RBFs,
and snoRNPs. Following endonucleolytic cleavage of the primary transcript between
18S and 5.8S rRNAs sequences, pre-40S and pre-60S particles will subsequently follow
distinct maturation pathways. Whereas this endonucleolytic cleavage step mainly occurs
co-transcriptionally in budding yeast [6], the extent to which this internal cleavage step
is co-transcriptional in mammalian cells remains unclear. RNAPIII transcribes the fourth
rRNA, the 5S rRNA, which joins the pre-60S particle in the nucleolus as part of the 5S RNP
complex [7]. After transiting through the nucleoplasm, pre-40S and pre-60S particles are
independently exported to the cytoplasm where they will be further processed to ultimately
become competent for translation [5,7,8].

While the main role of the 80 RPs is to assist in the folding of the four rRNA molecules
into a three-dimensional structure required for the precise interaction of mRNA codons
with tRNA anticodons, the coordinated incorporation of RPs into their corresponding
pre-ribosomal particle is critical for the stepwise assembly of mature ribosomal subunits.
Specifically, functional studies in yeast and human cells show that deficiency of most RPs
affects specific steps of pre-rRNA processing associated with pre-90S, pre-40S, and/or
pre-60S maturation, which usually coincides with the timing of RP incorporation into
pre-ribosomes [9–12]. Accordingly, most genes that code for RPs are essential for cel-
lular proliferation and viability as well as for embryonic development in multi-cellular
organisms [4].

The eukaryotic ribosomal protein uS5 (also referred as RPS2), which is homologous
to the prokaryotic 30S ribosomal protein S5 (RPS5/rpsE), is one of the largest RPs of the
40S ribosomal subunit. Interestingly, the past 20 years has seen the identification of several
evolutionarily conserved uS5-associated proteins. However, the biological significance of
the interaction of uS5 with many of these proteins remains to be defined. In this review, we
begin by revising the knowledge on the functional role of uS5 in the late stages of pre-40S
maturation as well as evidence supporting that uS5 contributes to translation fidelity. We
next outline the considerable list of conserved uS5-associated proteins and discuss their
functions in ribosome biogenesis and beyond.

2. Structural Features of Eukaryotic uS5 and Role in Translation

Human uS5 is a 293-amino-acids-long protein with a molecular mass of approximately
31 kDa that shows cytoplasmic expression in most tissues [13]. Analyses of actively
translating ribosomes by cryo-electron microscopy (cryo-EM) [14] reveal that uS5 is located
on the solvent-exposed side of the 40S ribosomal subunit (Figure 1A). Specifically, in the
context of the mature 40S ribosomal subunit, uS5 is physically connected with ribosomal
proteins eS21, uS2, uS8, uS4, and uS3. Residues of uS5 also interact with the 18S rRNA
via a double-stranded RNA-binding-like domain (Figure 1B, magenta; PROSITE entry
PS50881) and the conserved S5 C-terminal domain (Figure 1B, orange; PROSITE entry
PS00585). Like many other ribosomal proteins, uS5 adopts a globular structure that is
associated with disordered N- and C-terminal extensions [4,14] (Figure 1B). More precisely,
the first 56 and last 14 amino acids of uS5 were not modeled from the cryo-EM analysis
of active ribosomes [14] and show very low structural confidence scores as predicted
by AlphaFold [15], consistent with disordered regions (Figure 1B). Notably, both N- and
C-terminal extensions are unique to eukaryotic uS5 and absent in the E. coli homolog
(Figure 1C). As shown in Figure 1D, the eukaryotic-specific N-terminal extension of uS5
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is rich in arginine and glycine residues. Arginine-glycine (RG)-rich motifs have been
associated with mediating interactions with RNA and protein as well as contributing to
nuclear localization [16]. Interestingly, several arginine residues in the N-terminal RG-rich
extension of uS5 are targeted by asymmetric dimethylation (see section on PRMT3), a uS5
post-translational modification that appears to be evolutionarily conserved [17–19]. Finally,
human uS5 would include an unconventional nuclear localization signal (NLS), between
lysine-159 and threonine-232, which would allow uS5 to be transported to the nucleus by
various import receptors [20].
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Figure 1. Structural characteristics of the 40S ribosomal protein uS5. (A) Cryo-EM structure of the
actively translating 40 ribosomal subunit (PDB entry 5AJ0), left, and rotated 90 degrees, right. uS5 is
shown in cyan, while the other 40S ribosomal proteins are colored in grey. The 18S rRNA is shown in
orange. (B) Superposition of the tertiary structures of uS5 extracted from the active 40S ribosomal
subunit (PDB entry 5AJ0; dark blue, magenta, and orange colors) and predicted by AlphaFold (pale
blue). Note that the uS5 structure from the 40S subunit (PDB 5AJ0) represents only amino acids D57
to T278. The double-stranded RNA-binding-like domain and the conserved S5 C-terminal domain
are shown in pink and orange, respectively, while the N- and C-terminal extensions are only seen
in the AlphaFold model (pale blue). (C) Superposition of the AlphaFold tertiary structures of uS5
from E. coli (lime, P0A7W1), S. cerevisiae (magenta, P25443), and human (cyan, P15880) showing
eukaryotic-specific N- and C-terminal extensions. (D) Motifs and functional domains of uS5 are
shown. Numbers indicate the amino acid positions of each domain. Alignment and shading were
generated using ClustalW and Boxshade software. Sequences are from Homo sapiens (H.s.), Drosophila
melanogaster (D.m.), Caenorhabditis elegans (C.e.). Arabidopsis thaliana (A.t.), Saccharomyces cerevisiae
(S.c.), and Schizosaccharomyces pombe (S.p.). The FXXXFG and FG motifs are boxed in red.
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uS5 has been shown to be important for translation fidelity in E. coli, especially for
a conserved glycine at position 28 [21–24]. E. coli uS5, together with uS3 and uS4, form
part of the tunnel through which mRNA enters the small subunit of the ribosome to reach
the interface between the two subunits [25]. While uS3 and uS4 act as RNA helicases,
uS5 orients the incoming mRNA for proper codon reading in the ribosome A site [26].
In eukaryotes, based on cryo-EM structures of the yeast pre-initiation complex following
AUG recognition [27], recent findings using Saccharomyces cerevisiae also support a role for
eukaryotic uS5 in translation fidelity, especially at the level of translational initiation [28].
Accordingly, substitutions of uS5 residues identified as proximal to mRNA nucleotides 8 to
13 downstream of the AUG start codon [27] were shown to enhance translation initiation at
suboptimal start codons [28], suggesting that uS5–mRNA contacts may contribute to the
stability and thermodynamics of the eukaryotic preinitiation complex. Recent studies in
mammals also support the role of uS5 in translation fidelity, as a substitution of alanine-226
for a tyrosine in uS5 leads to increased mistranslation in human cells [29] and muscle
atrophy in mice [30].

3. uS5 Is an Essential Protein Required for 40s Ribosomal Subunit Production

Whereas most yeast RPs are encoded by duplicated paralogous genes, uS5 is one of
the few RPs encoded by a single gene in both budding and fission yeast. uS5 is an essential
gene in budding yeast as its deletion in S. cerevisiae yields inviable spores [31]. Accordingly,
uS5 expression is required for ribosome biogenesis. A conditional mutant strain of uS5
in S. cerevisiae results in the accumulation of 20S rRNA precursors; yet, it also shows a
reduction in newly made 20S pre-rRNA molecules in the cytoplasm, suggesting a role for
uS5 in the export of pre-40S particles [10]. As for budding yeast, uS5 is also essential for cell
viability in fission yeast, and knockdown of uS5 results in the complete inhibition of 40S
ribosomal subunit production [32]. Notably, Schizosaccharomyces pombe cells depleted of uS5
showed only a small fraction of pre-rRNA matured into 20S precursors, suggesting that a
large fraction of pre-40S is actively turned-over in the absence of uS5 [32]. In Drosophila,
uS5 was identified as the allele associated with the “string of pearl (sop)” recessive female
sterile mutants [33]. The sop allele is associated with reduced uS5 mRNA levels, oogenesis
and early development defects, larval lethality, and a Minute-like phenotype [33]. The
Minute syndrome in Drosophila—which includes delayed development, low fertility and
viability, and decreased body size—is thought to arise as a consequence of suboptimal
protein synthesis that results from reduced levels of cellular ribosomes [34]. In mammals,
most of our knowledge about uS5 comes from studies performed on immortalized cell
lines. Consistent with findings in yeast and Drosophila, uS5 is an essential gene in most
tested human cancer cell lines [35], thereby making uS5 a potentially interesting target
for cancer vulnerabilities [36]. Biochemical and structural data obtained from human
cells indicate that uS5 is incorporated at late stages of pre-40S particle assembly prior to
nuclear export [11,37]. Accordingly, knockdown of uS5 in human cell lines results in the
accumulation of 21S pre-rRNA, suggesting the uncoupling of cleavage at sites A0–1 in
the 5′ external transcribed spacer sequence [11,38], as well as increase detection of 18S-E
precursors in the nucleus, consistent with delayed nuclear export of pre-40S particles [11].

Collectively, the current data support a conserved role for uS5 in the late stages of 40S
ribosomal subunits assembly. Consistent with this conclusion, recent cryo-EM analyses of
pre-40S intermediates isolated prior to nuclear export suggest that uS5 is incorporated into
nucleoplasmic pre-40S particles [37]. Interestingly, although data generally support that the
ribosome assembly process is largely conserved between yeast and human cells [7], recent
results suggest that uS5 may incorporate pre-40S particles at different time points between
yeast and humans [37]. Specifically, S. cerevisiae uS5 was detected in pre-40S particles
before the incorporation of uS2 and eS21, whereas, in human cells, the timing of uS5
incorporation coincided with the insertion of uS2 and eS21, suggesting that uS2–uS5–eS21
are incorporated as a cluster in humans [37].
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A Multifaceted Network of uS5-Associated Proteins

The identification of evolutionarily conserved uS5-associated proteins has been the
focus of several studies in the past two decades. Such studies have provided new insights
into the processes and mechanisms that promote uS5 expression and incorporation into
ribosomes, as well as possible yet-to-be-defined extra-ribosomal functions. The next sec-
tions will focus on the best-characterized and -conserved uS5-associated proteins: PDCD2,
PDCD2L, PRMT3, and ZNF277.

4. PDCD2 and PDCD2L: uS5-Associated Paralogs That Take Part in Human
Ribosome Assembly

During the process of establishing that the uS5–PRMT3 complex, which was originally
identified in fission yeast [17], is conserved in humans, a set of novel and highly specific
PRMT3 interactors were identified in addition to uS5, including strong enrichments of the
PDCD2 and PDCD2-like (PDCD2L) proteins [39]. Biochemical assays further demonstrated
that uS5 bridges the association between PRMT3 and PDCD2/PDCD2L, as depletion of
uS5 totally prevented the copurification of PRMT3 and PDCD2/PDCD2L [39]. PDCD2 and
PDCD2L are paralogous genes conserved through evolution, with homologs from bacteria
to animals but not in archaebacteria. Based on sequence analysis, PDCD2 is thought to
have arisen from the duplication of the PDCD2L gene prior to the divergence of animals,
fungi, and plants from a common ancestor [40]. Homologs of human PDCD2 and PDCD2L
paralogs are also found in mice (Pdcd2 and Pdcd2l), in Drosophila (Zfrp8 and Trus), and
in fission yeast (Trs401 and Trs402); however, a single homolog is found in budding yeast
(Tsr4). As shown in Figure 2A, PDCD2 and PDCD2L (34% identical; 52% similar) belong to
a family of proteins containing N- and C-terminal TYPP (Tsr4, YwqG, PDCD2L, PDCD2)
domains [40], each consisting of GGxP and Cx1-2C-like motifs as well as a highly conserved
glutamine (Q) residue (see Figure 2A). In PDCD2, the N- and C-terminal TYPP motifs
are interrupted by the insertion of a MYND-type zinc finger, which was shown to be
involved in transcriptional repression via protein–protein interactions [41,42]. On the
other hand, PDCD2L lacks the MYND zinc finger but contains a leucine-rich nuclear export
sequence (NES) that enables PDCD2L to exit the nucleus in a CRM1-dependent manner [39]
(Figure 2A). While the MYND domain is conserved in Drosophila Zfrp8 (Figure 2B), it is
not found in the S. cerevisiae homolog of PDCD2 (Tsr4). The C-terminal TYPP domain also
appears to be degenerated in yeast Tsr4 (Figure 2B, note lack of Cx1-2C motif), resulting in
a predicted structure that is markedly different from other PDCD2 homologs (Figure 2C).
The functional role of the TYPP domain has not been well studied, though it is thought to
facilitate chaperoning activity and protein–protein interactions [40]. Indeed, substitutions
that modify key residues conserved in the TYPP domain of PDCD2 completely abolish the
association between PDCD2 and uS5 in human cells [38].
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sequence alignment of human PDCD2 and PDCD2L. Both proteins harbor N- and C-terminal TYPP
domains (highlighted in red and blue, respectively) with conserved GxxP, Cx1-2C, and Q residues
highlighted with circles. Whereas PDCD2 contains a MYND zinc finger domain (in magenta with
critical cysteine and histidine residues indicated by circles marked above), PDCD2L harbors a
leucine-rich NES consensus sequence (green), Φx2-3Φx2-3ΦxΦ, where Φ represents large hydrophobic
residues (indicated by green circles marked underneath). (B) S. cerevisiae Tsr4 lacks the MYND zinc
finger domain and its C-terminal TYPP domain is degenerated. (C) AlphaFold structures for human
PDCD2 (Q16342), human PDCD2L (Q9BRP1), yeast Tsr4 (P25040), and Drosophila Zfrp8 (Q9W1A3).
Red: N-terminal TYPP domain; Blue: C-terminal TYPP domain; Magenta: MYND domain.

5. PDCD2 Is a Conserved Dedicated Chaperone for uS5

The PDCD2 gene was originally identified in a screen for mRNAs upregulated upon
apoptosis in rat cells [43]. However, subsequent experiments failed to support a correlation
between PDCD2 mRNA expression and apoptosis [44,45]. Since then, PDCD2 has been
associated with the pathogenesis of several disorders, including cancer [44,46–52], Parkin-
son’s disease [53], and fragile X syndrome [54]. Along with its potential role in diseases,
PDCD2 is also implicated in development. In mice, PDCD2 is essential for stem cell viability
and proliferation, and its absence leads to early embryonic lethality [55]. Although the
aforementioned studies establish a clear role for PDCD2 in the development of human
disorders as well as during embryonic development, the molecular function of PDCD2
had remained largely elusive until recently. Indeed, a set of elegant studies in budding
yeast and human cell lines both support the conclusion that Tsr4/PDCD2 functions as an
evolutionarily conserved chaperone dedicated for uS5 [38,56,57].
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Previous work had already suggested the involvement of the yeast homolog of
PDCD2/PDCD2L in ribosome biogenesis. Specifically, a screen for candidate genes in-
volved in ribosome biogenesis identified TSR4 (Twenty S rRNA accumulation 4) as a gene
required for 40S ribosomal subunit production [58]. A few years later, it was reported
that Zfrp8 (Tsr4/PDCD2/PDCD2L homolog in Drosophila) depletion results in reduced
cytoplasmic level of three RPs, including uS5 [59]. Consistent with these observations,
PDCD2 copurifies with uS5 in both yeast and human cells and show binding via two-
hybrid assays [38,56,57], suggesting a direct interaction between PDCD2 and uS5 that is
evolutionarily conserved. Although the structure of the uS5–PDCD2 complex remains to
be determined experimentally, we used AlphaFold-Multimer [60] to generate models of
the human uS5–PDCD2 complex. Figure 3A shows the best confident relaxed structure
with the highest predicted Local Distance Difference Test (pLDDT). Alternative predicted
models showed highly similar pLDDT values, indicating uniformity among the predicted
structures. Whereas the overall globular structure of uS5 remained largely unchanged in
the context of the uS5–PDCD2 heterodimer relative to the uS5 monomer, residues 20–50 in
the N-terminal disordered region of uS5 exhibited an increased confidence score and a
considerably reduced predicted position error in the uS5–PDCD2 complex compared to the
same region in the uS5 monomer (Figure 3B). In contrast, the C-terminal region of uS5 (aa
273–293) appears to be more disordered in the context of the uS5–PDCD2 complex relative
to the uS5 monomer (Figure 3B). Interestingly, the disordered N-terminal extension of uS5
(see Figure 1B) is predicted to fold into a hydrophobic pocket located in the N-terminal half
of human PDCD2 (Figure 3C). Notably, two phenylalanine residues of human uS5 (Phe25
and Phe29) are buried inside hydrophobic core regions of PDCD2 (Figure 3D). Consistent
with this model, an FXXXFG motif can be found in the N-terminal extension of uS5 from
humans, fruit flies, nematodes, and plants, whereas a single phenylalanine-glycine (FG mo-
tif) is found in uS5 from budding and fission yeasts (see Figure 1D). Although this remains
a predicted model, the rearrangement of the uS5 unstructured N-terminal extension into a
relatively stable structure in the context of the uS5–PDCD2 heterodimer is consistent with
data in yeast showing that the first 42 amino acids of uS5 appear sufficient for interaction
with S. cerevisiae Tsr4 [56,57]. The minimal PDCD2 interaction domain of uS5 in metazoans
remains to be determined. The AlphaFold-Multimer prediction of the human uS5–PDCD2
complex also suggests the insertion of the uS5 dsRBD into a C-shaped opening formed by
amino acids 204 to 239 of PDCD2 (Figure 3A,E), which is likely to stabilize the heterodimer.

Studies in both yeast and human cells indicate that Tsr4/PDCD2 recognizes uS5 co-
translationally and that Tsr4/PDCD2 is required for the accumulation of newly synthesized
uS5 [38,56,57]. Consistent with the view that Tsr4/PDCD2 recognizes nascent uS5 is the
fact that the N-terminal disordered region of uS5 is required for the formation of a stable
Tsr4–uS5 complex in yeast [56,57], which is also suggested by the prediction of the human
PDCD2–uS5 complex shown in Figure 3. The underlying mechanism of the specific co-
translational recruitment remains unclear, however. It is possible that PDCD2/Tsr4 might
have some degree of affinity for the uS5 mRNA, and thus, that the recruitment is initiated
prior to uS5 translation initiation. The loss of function of PDCD2/Tsr4 phenocopies that of
uS5 deficiency: reduced 40S production; 20S and 21S pre-rRNA accumulation in yeast and
humans, respectively; and reduced incorporation of uS5 into pre-40S particles [38,56,57].
These findings, the co-translational binding of PDCD2 to nascent uS5, and the lack of
identification of ribosome assembly factors in the interaction network PDCD2 support a
conserved role of PDCD2 as a dedicated chaperone to uS5 [38,56,57].
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Figure 3. Predicted model of the human uS5–PDCD2 complex. (A) AlphaFold-Multimer [60] prediction
of the human uS5 (cyan)–PDCD2 (orange) complex, left, and rotated 180 degrees, right. (B) AlphaFold-
predicted aligned error plot for the uS5 monomer (left) and uS5–PDCD2 complex (right), highlighting
residues 20–50 of uS5 confidently predicted to interact with PDCD2 and residues 273–293 that show
reduced predicted position error. (C) Surface representation of PDCD2 lipophilicity with ribbon-like
structure of uS5 (green), left, and rotated 90 degrees, right. Residues 20–50 of uS5 are colored in magenta.
(D) Phe25 and Phe29 residues of human uS5 are predicted to be embedded in hydrophobic core regions
of PDCD2. (E) Surface representation of the uS5 (cyan)–PDCD2 (orange) complex, left, and rotated
180 degrees, right. A C-shaped region of PDCD2 (aa 204–239) wraps around the S5 dsRBD of uS5.

How does PDCD2 promote the incorporation of uS5 into the pre-40S particle? In hu-
man cells, the model (Figure 4, see steps 1–4) suggests that once the complex is formed
co-translationally, PDCD2 escorts uS5 until it is incorporated into pre-40S particles in the
nucleolus. In support of this model, the PDCD2–uS5 complex can be found in the cytoplasm,
the nucleus, and the nucleolus in human cells [38]. Furthermore, upon depletion of PDCD2,
reduced levels of uS5 are detected in the nucleolus [38]. Interestingly, the chaperoning function
of Tsr4 appears to be restricted to the cytoplasm in S. cerevisiae [56], suggesting some differ-
ences in the mechanism of action of yeast Tsr4 and human PDCD2. Despite the essential role of
PDCD2/Tsr4 in chaperoning nascent uS5, the mechanism of uS5 nuclear import and whether
PDCD2/Tsr4 is required for this process remain unclear. Yet, recent work from the Pertschy lab
(Brigitte Pertschy, personal communication) suggests the presence of two independent nuclear
localization signals (NLS) in S. cerevisiae uS5, one located in the arginine-rich region between
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residues 10 through 28, which overlap with the Tsr4 binding site, and a second NLS between
residues 76 through 145 that interacts with the importin Pse1 (human IPO5). Although we
now have a reasonable understanding of how PDCD2/Tsr4 promotes uS5 incorporation into
pre-40S particles by forming a stable complex with uS5, the mechanism by which this complex
is disassembled remains to be determined. As structures of the eukaryotic ribosome show a
connection between the N- and C-terminal region of uS5 [14,61], Black et al. [56] proposed the
possibility that an intramolecular interaction between the N- and C-terminal regions of uS5
could destabilize the interaction between the N-terminal region of uS5 and PDCD2/Tsr4.
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Figure 4. Model of how human PDCD2 and PDCD2L contribute to 40S ribosomal subunit biogenesis
via interaction with uS5. (1) PDCD2 binds nascent uS5 co-translationally. (2) Interaction between
uS5 and PDCD2 takes place in the cytoplasm and the (3) nucleolus. The role of PDCD2 in the
nuclear import of uS5 remains to be determined. (4) In the nucleolus, PDCD2 would promote the
incorporation of uS5 into the pre-40S ribosomal subunit. (5) PDCD2L binds to pre-40S subunits in the
nucleolus via interaction with uS5. (6) The leucine-rich NES of PDCD2L promotes the recruitment
of XPO1/CMR1 to the pre-40S particles. (7) Once pre-40S particles are exported to the cytoplasm,
(8) PDCD2L and XPO1/CRM1 would dissocociate from 40S precursors.
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6. Conserved Role of PDCD2 in Stem Cell Biology and Embryonic Development

As mentioned previously, several studies using different multicellular model organ-
isms report important roles for PDCD2 and homologs in stem cells and embryonic de-
velopment. Zfrp8, the ortholog of PDCD2 in fruit flies, is important for the maintenance
of two types of stem cells found in the Drosophila ovary: germ stem cells (GSC) and fol-
licle stem cells (FSC). When Zfrp8 function is lost, GSCs and FSCs stop dividing, while
differentiated cells show no growth phenotype [62]. Hematopoietic stem cells (HSC) are
also greatly affected by the loss of Zfrp8 in Drosophila, as a Zfrp8 deficiency impedes
self-renewal of HSCs but has no effect on pluripotent precursors [63]. In humans, PDCD2
was shown to be important for hematopoietic stem/progenitor cells viability and essential
for erythroid differentiation and development [64]. Hematopoiesis is also impaired by
the knockdown of PDCD2 in zebrafish embryos. Specifically, loss of pdcd2 expression
prevents HSC emergence/initiation and maintenance, in addition to causing erythroid
differentiation arrest [65]. In human cells and zebrafish, ineffective hematopoiesis resulting
from PDCD2 deficiency is associated with cell cycle defects [64,65]. As mentioned earlier,
embryonic stem cells’ viability and proliferation are dependent on PDCD2 in mice. A
PDCD2 deletion leads to embryonic development defects, with fertilized eggs attaining
morula or blastocyst stages but not developing further [55]. zfrp8-null Drosophila also show
abnormal development phenotypes consisting of developmental delay and lethality at
larval stages [66]. In the silkworm (Bombyx mori), it was recently shown that BmZfrp8, the
PDCD2 homolog, is expressed at different days, with a peak of expression in the middle of
embryonic development [67], and this led the authors to suggest that BmZfrp8 is essential
for the regulation of growth and development. Collectively, the aforementioned studies
underline the importance of PDCD2 and its orthologs in stem cells’ survival and embryonic
development. More studies are therefore needed to elucidate the molecular mechanisms
underlying the critical role of PDCD2 in stem cell biology and development and whether
this role depends on the function of PDCD2 as a dedicated RP chaperone.

7. PDCD2L: A Paralog of Human PDCD2 That Associates with uS5

As will be discussed below, the ancestral duplication of the PDCD2L gene appears to
be beneficial to organisms, as PDCD2L and PDCD2 paralogs participate in complementary
functions involved in ribosome biogenesis in human cells [39]. As for PDCD2, PDCD2L
physically associates with uS5. Specifically, affinity purification of GFP-PDCD2L from hu-
man cells coupled with mass spectrometry (AP-MS) revealed uS5 to be a strong interacting
protein [39], and, reciprocally, PDCD2L copurifies with uS5 [68]. Interestingly, PDCD2 and
PDCD2L show a mutually exclusive interaction with uS5, as the AP-MS assays of PDCD2L
do not identify PDCD2 as a binding partner and vice versa [39]. However, and in contrast
to PDCD2, the analysis of PDCD2L interactions revealed its association with several late
40S maturation factors [39]. Furthermore, one of the last precursors of the mature 18S
rRNA, namely the 18S-E pre-rRNA, also specifically copurifies with PDCD2L, strongly
suggesting that PDCD2L associates with late pre-40S particles [39]. Interestingly, analysis
of the PDCD2L amino acid sequence revealed the presence of a leucine-rich nuclear export
signal (NES), which was confirmed to act as a functional NES since (i) PDCD2L associates
with XPO1/CRM1 and (ii) mutations in the PDCD2L NES prevents its association with
XPO1/CRM1 and cause the accumulation of PDCD2L in the nucleus [39]. Notably, human
cells deficient in PDCD2L show a marked accumulation of free 60S ribosomal subunits,
a hallmark of 40S subunit deficiency. The absence of PDCD2L alone does not affect the
maturation of 18S rRNA precursors, however, but clearly makes human cells more sensitive
to the depletion of PDCD2, as the absence of both PDCD2 and PDCD2L exacerbates the
ribosome biogenesis defects associated with the single PDCD2 depletion [39]. Together,
the current data suggest that PDCD2L could act as a protein adapter for XPO1/CRM1 in
the nuclear export of the pre-40S subunit. Yet, because PDCD2L is not essential for the
export of 40S subunit precursors [39], it likely shares that function with one or several other
ribosome maturation factors.
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In contrast to the PDCD2 and TSR4 genes, PDCD2L is not essential for cell viability.
As shown by the cancer dependency map, most cancer cell lines survive a deletion of
PDCD2L [35]. However, PDCD2L seems to be required for embryonic development in
mice, as Pdcd2l-null embryos were resorbed at mid and late gestation and no homozygous
offsprings were born from heterozygous breeding [69]. In agreement with these results,
knockdown of trus, the ortholog of PDCD2L in Drosophila melanogaster, causes a high rate
of lethality at the third instar larval stage [69]. These results therefore suggest an important
role for PDCD2L during embryogenesis. Further studies will be necessary in order to
determine whether the role of PDCD2L during development depends on its association
with uS5 and its function in ribosome biogenesis.

In summation, the available data indicate that the sequential interaction of PDCD2 and
PDCD2L with uS5 contributes to different steps in 40S ribosomal subunit production, which
is consistent with the additive ribosome biogenesis defects caused by the double depletion
of PDCD2 and PDCD2L compared to single depletions [39]. Accordingly, as shown in
Figure 4, we propose a working model of how PDCD2 and PDCD2L function in ribosome
biogenesis via their mutually exclusive association with uS5. Specifically, published work
supports a model (Figure 4) wherein human PDCD2 functions as a dedicated chaperone by
recruiting uS5 co-translationally and by facilitating its incorporation into nucleolar pre-40S
particles. Subsequently, PDCD2L would associate with nucleolar pre-40S particles via
binding to uS5 and contribute to the efficient nuclear export of 40S precursors.

8. uS5 Arginine Methylation and uS5–PRMT3 Complex

An outstanding question in the field of ribosome function and regulation is the biolog-
ical role of RP post-translational modifications (PTMs). Indeed, whereas RPs are subject
to a variety of PTMs [70–73], few RP-modifying enzymes have been identified and stud-
ied to date. Arginine is the predominant methylated amino acid in both the eukaryotic
40S and 60S ribosomal subunits [74]. Methylation of RPs at arginines is evolutionarily
conserved [75–77] and fluctuates during the cell cycle [78]. Although the methylation of
arginine residues is not expected to alter the net charge of RPs, it can, however, change
protein hydrophobicity and influence interactions with proteins and nucleic acids, thereby
affecting functional properties such as stability, subcellular localization, complex assem-
bly/disassembly, etc. [79]. Yet, the functional roles of RP methylation remain poorly
understood. Arginine methylation is catalyzed by protein arginine methyltransferases
(PRMTs), an evolutionarily conserved family of enzymes divided into two major classes
depending on the type of dimethylarginine they generate: type I PRMTs modify proteins
through the catalysis of asymmetric dimethylarginine, whereas type II PRMTs catalyze the
formation of symmetric dimethylarginine [79,80]. Studies in the fission yeast S. pombe have
led to the identification of PRMT3 as the first eukaryotic RP methyltransferase via arginine
methylation of uS5 [17]. uS5 methylation by PRMT3 was subsequently demonstrated in
human cells and in mice [19,81]. Although PRMT3 has no homolog in S. cerevisiae [80],
budding yeast uS5 is arginine methylated by Hmt1 (homolog of human PRMT1) [18],
and uS5 arginine methylation levels were found to increase during the stationary phase
of S. cerevisiae [82]. In all of these species, uS5 was shown to be methylated on arginine
residues located in its N-terminal RG-rich region [18,19,83].

PRMT3 is a primarily cytosolic type I arginine methyltransferase which possesses, in
addition to its methyltransferase domain, a C2H2 zinc finger domain [84]. Although the zinc
finger domain of PRMT3 is not required for methylation of an artificial substrate in vitro,
it is necessary for the recognition of substrates in cell extracts [85]. Accordingly, the zinc
finger domain of PRMT3 is necessary for binding uS5 in yeast and human cells [19,83]. As
the structure of the PRMT3–uS5 complex has not yet been determined, we used AlphaFold-
Multimer to visualize a predicted model of the human complex (Figure 5A). Here again, the
best confident relaxed structure with the highest pLDDT score is presented, and the alterna-
tive predicted models showed highly similar pLDDT values. Surprisingly, direct physical
contacts between the zinc finger domain of PRMT3 and residues of uS5 are not predicted in

85



Biomolecules 2023, 13, 853

the model of the PRMT3–uS5 complex (Figure 5B), suggesting that the single zinc finger
domain of PRMT3 is critical to fold its N-terminus into a structure that stably recognizes
uS5. With regard to uS5 methylation by PRMT3, the model nicely predicts the arrangement
of the uS5 RG-rich region proximal to the catalytic center of PRMT3 (Figure 5C) with a
conserved glutamic acid residue involved in catalysis [83] located near arginine residues
known to be methylated in uS5 (Figure 5D). Although arginine-methylated versions of
uS5 appear to be part of actively translating ribosomes [81], it remains unclear when and
where uS5 gets methylated by PRMT3: before or after incorporation into pre-40S ribosomal
subunits. Whereas S. pombe and human uS5 form a complex with PRMT3 that is sufficiently
stable to be easily isolated by affinity purification [17,19,39,83], only a small proportion of
PRMT3 appears to co-sediment with the free 40S subunit [17,19].
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Figure 5. Predicted model of the human uS5–PRMT3 complex.(A) AlphaFold-Multimer [60] pre-
diction of the human uS5 (grey)–PRMT3 (magenta) complex, left, and rotated 180 degrees, right.
The C2H2 zinc finger (aa 48–71) and methyltransferase (aa 217–531) domains are shown in green
and red, respectively. (B) The zinc finger domain of PRMT3 does not contact uS5. Shown is the
zinc finger (green) of PRMT3 (magenta) with critical cysteine and histidine residues. Human uS5
is shown in grey. (C) The RG-rich region of human uS5 (aa 34–52, shown in dark blue) is located
proximally to the catalytic center of the methyltransferase domain (red) of PRMT3. (D) Internal view
of the PRMT3 methyltransferase domain with the Glu-338 critical for catalysis shown in yellow and
arginine residues 42, 44, and 46 of uS5 shown in dark blue. (E) Western blot analysis using total
extracts prepared from three independent clonal lines of HeLa cells deleted for PRMT3 (lanes 2–4
and 6–8) and wild-type (lanes 1 and 5) HeLa cells. Lanes 1–4 were analyzed for total uS5, while lanes
5–8 were analyzed for arginine-methylated uS5 (uS5-mRG).

The biological significance of uS5 arginine methylation by PRMT3 remains poorly
understood. In the past decade, there has been increasing interest in the idea that decoration
of RPs with various modifications could customize ribosomes to translate a subset of func-
tionally related mRNAs [86,87]. Our data in yeast and human cells show that the absence
of uS5 methylation in PRMT3 knockout cells results in a global shift in uS5 migration as
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analyzed by SDS-PAGE (Figure 5E, compare lanes 2–4 to lane 1) [83]. Although these results
do not exclude the idea that uS5 methylation could contribute to ribosome heterogeneity,
they suggest that the large majority of uS5 gets arginine methylated by PRMT3. Several
studies have investigated the functional role of uS5 methylation via genetic alteration
of PRMT3 in various model organisms. In S. pombe, the deletion of rmt3 results in in-
creased levels of free 60S subunits, although pre-rRNAs processing is not disturbed [17].
Interestingly, the imbalance in free ribosomal subunits in rmt3-null S. pombe is not the
consequence of deficient uS5 methylation but is rather due to the absence of uS5–Rmt3
interaction, as a methyltransferase-dead version of Rmt3 rescues the increased levels of free
60S subunits observed in rmt3-null cells [83]. Consistent with the view that the PRMT3–uS5
interaction is functionally important, studies in human cells indicate that PRMT3 stabilizes
uS5 by inhibiting its ubiquitination and degradation by the proteasome [88]. Conversely,
siRNA-mediated depletion of uS5 in humans cells considerably reduces the total cellular
abundance of PRMT3 [68], suggesting that the uS5–PRMT3 interaction reciprocally sta-
bilizes PRMT3. In mice, a targeted insertion in intron 14 of PRMT3 that is predicted to
remove the last 34 amino acids results in embryos that are smaller in size, but intriguingly,
this size difference is lost by weaning age [81]. In contrast to the imbalance in free ribo-
somal subunits observed in rmt3-deleted fission yeast cells, mouse embryonic fibroblasts
cultured from PRMT3 mutant embryos showed a normal level of free ribosomal subunits,
80S monosomes, and polysomes [81]. The impact of the deletion of the PRMT3 homolog
was also studied in the plant Arabidopsis thaliana. In this species, the absence of AtPRMT3
alters the polysome profile and affects ribosome biogenesis [89]. More recently, the same
group reported that the function of AtPRMT3 in ribosome biogenesis is primarily mediated
by the physical interaction with RPS2B (one of four proteins encoded by genes orthologs of
uS5 in Arabidopsis), but independent of its methyltransferase activity [90], consistent with
previous findings using fission yeast [83]. Although the underlying mechanism by which
the AtPRMT3–RPS2B interaction contributes to ribosome biogenesis remains to be defined,
the authors propose that AtPRMT3 acts as a chaperone for RPS2B, preventing non-specific
interactions of RPS2B and promoting its incorporation into pre-ribosomes [90].

9. ZNF277: The Newest Member among Conserved uS5-Associated Proteins

The discovery of PDCD2 and PDCD2L as novel uS5-associated proteins [38,39] beyond
PRMT3 stimulated a comprehensive analysis of the human uS5 interactome. In addition
to PRMT3, PDCD2, PDCD2L, RPs, and 40S maturation factors (MFs), we have recently
identified a poorly characterized zinc finger protein, ZNF277, among the top 10% of uS5-
associated proteins [68]. Importantly, the uS5 mRNA is specifically enriched in ZNF277
precipitates [68], suggesting that ZNF277 is recruited co-translationally by nascent uS5, a
frequent feature of dedicated RP chaperones [91,92]. A complex between ZNF277 and uS5
is also supported by independent studies that used high-throughput affinity purifications
coupled with mass spectrometry in human cells [93] as well as analysis in Drosophila [94]
and C. elegans [95]. These findings therefore support the existence of an evolutionarily
conserved physical connection between ZNF277 and uS5.

Human ZNF277 contains five C2H2 zinc finger motifs, two featuring the typical
amino acid consensus sequence (C-x(2,4)-C-x(3)-[LIVMFYWC]-x(8)-H-x(3,5)-H) and three
containing atypical consensus motifs. Similar to PRMT3, the interaction between uS5
and ZNF277 depends on the integrity of its zinc finger domains, especially the two most
C-terminal zinc fingers of ZNF277 [68]. Furthermore, current data support the view that
ZNF277 and PRMT3 compete for uS5 binding: overexpression of wild-type PRMT3 in
human cells inhibited the formation of the ZNF277–uS5 complex, whereas knockdown
of ZNF277 resulted in increased levels of uS5 in PRMT3 precipitates [68]. These results
therefore suggest that PRMT3 and ZNF277 have a common binding site on uS5. Although
current proteomics data indicate that the PRMT3–uS5 complex is more abundant compared
to the ZNF277–uS5 complex in human embryonic kidney cells [38,68], this stoichiometry
may be different in other cell types.
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To date, the molecular and cellular function of ZNF277 remains unclear. The homolog
of human ZNF277 in mice, Zfp277, was shown to function as a transcriptional regulator [96]
and to impact cellular proliferation and senescence [97]. In human cells, the depletion of
ZNF277 does not appear to affect ribosome profiles as determined by polysome assays,
despite direct physical interaction with uS5 and the localization of a fraction of ZNF277
to nucleoli in human cells [68]. Recent work in the nematode C. elegans shows that the
homolog of human ZNF277, ZTF-7, as well as 40S RPs are required for the nucleolar
depletion of the RNA exosome after a cold shock [95]. As the RNA exosome is a key
complex required for pre-rRNA processing [7], these results suggest that ZNF277 may
be involved in the regulation of ribosome biogenesis. It is also interesting to note that,
similarly to PRMT3 conservation, S. cerevisiae does not appear to code for a protein with
homology to ZNF277, whereas a ZNF277 homolog is found in the S. pombe genome.

10. Conclusions and Outlook

Since the initial discovery of the first non-ribosomal uS5-associated protein in fission
yeast almost twenty years ago [17], studies have now identified a set of four evolutionarily
conserved uS5-interacting partners: PDCD2, PDCD2L, PRMT3, and ZNF277. In this review,
we highlighted the complex and conserved regulatory network responsible for monitoring
the availability and the folding of uS5 for the formation of 40S ribosomal subunits. To
our knowledge, uS5 is the RP with the greatest extent of conserved associated proteins
outside of the ribosome. While PDCD2 and PDCD2L (and their homologs) contribute to
the function of uS5 inside the ribosome, the functional significance of the PRMT3–uS5 (as
well as uS5 arginine methylation by PRMT3) and ZNF277–uS5 complexes remains to be
established. As ZNF277 overexpression is associated with improved prognosis of human
cancers according to the Human Protein Atlas Project [98], whereas PRMT3 overexpression
appears to be associated with poor prognosis, uncovering the process by which ZNF277
and PRMT3, two C2H2-type zinc finger proteins, compete for uS5 binding is likely to have
relevance to cancer biology. As the PRMT3–uS5 complex is exclusively cytosolic [68], why
would cells benefit from retaining a fraction of uS5 in the cytoplasm? Could this allow for
the repair of damaged ribosomes, exchange between methylated and unmethylated uS5
in 40S subunits, or produce uS5-deficient ribosomes, as was recently shown for eS26 in
yeast [99]?

Further studies will also be required to clarify the role of uS5 in the nuclear export of
pre-40S particles [9,11,32] and whether PDCD2L functions as an adaptor protein for the
CRM1-mediated export of pre-40S subunits [39] in specific cell types, thereby explaining its
critical role during embryonic development [69]. Establishing the functional contribution
of PDCD2 in stem cell biology and embryonic development and whether the critical role
of PDCD2 in these processes is linked to its role in ribosome biogenesis via uS5 will also
be very interesting. Ultimately, the ecosystem of uS5-associated proteins is complicated
by the fact that these five proteins likely also form different trimers with uS5 acting as a
bridging protein: PRMT3–uS5–PDCD2, PRMT3–uS5–PDCD2L, ZNF277–uS5–PDCD2, and
ZNF277–uS5–PDCD2L [68]. Further research will therefore be essential to understand how
these complexes coexist, cooperate, or antagonize each other.
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Abstract: Two of the four human ubiquitin-encoding genes express ubiquitin as an N-terminal fusion
precursor polypeptide, with either ribosomal protein (RP) RPS27a or RPL40 at the C-terminus. RPS27a
and RPL40 have been proposed to be important for the induction of the tumour suppressor p53 in
response to defects in ribosome biogenesis, suggesting that they may play a role in the coordination of
ribosome production, ubiquitin levels and p53 signalling. Here, we report that RPS27a is cleaved from
the ubiquitin-RP precursor in a process that appears independent of ribosome biogenesis. In contrast
to other RPs, the knockdown of either RPS27a or RPL40 did not stabilise the tumour suppressor
p53 in U2OS cells. Knockdown of neither protein blocked p53 stabilisation following inhibition of
ribosome biogenesis by actinomycin D, indicating that they are not needed for p53 signalling in
these cells. However, the knockdown of both RPS27a and RPL40 in MCF7 and LNCaP cells robustly
induced p53, consistent with observations made with the majority of other RPs. Importantly, RPS27a
and RPL40 are needed for rRNA production in all cell lines tested. Our data suggest that the role of
RPS27a and RPL40 in p53 signalling, but not their importance in ribosome biogenesis, differs between
cell types.

Keywords: ribosomal proteins; ribosome; ubiquitin; p53; ribosome biogenesis

1. Introduction

The production of ribosomes, the most energetically consuming process in the cell,
is up-regulated in cancer, down-regulated in differentiated cells and blocked by many
forms of cellular stress [1–3]. As expected for such an important pathway, ribosome
production is controlled by and also controls the major signalling pathways in the cell,
such as mTOR, c-Myc and p53 [4]. Even though ribosome production appears to be
upregulated in cancer, ribosome biogenesis defects are also linked to multiple types of
cancer [5–7]. Defects in ribosome biogenesis are further found in more than 20 genetic
diseases, termed ribosomopathies, which include Diamond Blackfan anaemia and Treacher–
Collins syndrome [8,9]. Interestingly, in several cases, some or all of the ribosomopathy
symptoms have been shown to be p53-dependent [10,11]. Therefore, understanding how
ribosome production is coupled to cellular signalling is key to understanding how defects
in ribosome production cause disease.

Ribosomes consist of two ribosomal subunits (small (SSU, 40S) and large (LSU, 60S))
that contain four ribosomal (r)RNAs and about 80 ribosomal proteins. The 18S, 5.8S and 28S
rRNAs are transcribed as part of a long precursor rRNA (pre-rRNA) by RNA polymerase
I in the nucleolus. The 47S pre-rRNA undergoes extensive endo- and exonucleolytic
processing to generate the mature rRNAs [12,13]. The fourth rRNA, the 5S rRNA, is
transcribed by RNA polymerase III and joins the LSU as the 5S RNP, together with the
ribosomal proteins RPL5 (also known as uL18) and RPL11 (uL5) [14]. The pre-rRNA is
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bound by a myriad of trans-acting factors and assembles with the ribosomal proteins
to generate the functional ribosomal subunits [15,16]. Surprisingly, the majority of the
ribosomal proteins are over-produced [17]. Ribosomal proteins are unstable outside the
ribosome, and the excess proteins are turned over by the proteasome.

Two eukaryotic ribosomal proteins, RPS27a (eS31; UBA80 gene) and RPL40 (eL40;
UBA52 gene), are both encoded as C-terminal fusion proteins with ubiquitin. There
are four ubiquitin-encoding genes in humans. Two are multi-copy ubiquitin repeats
(UBB and UBC) and two are ubiquitin–ribosomal protein fusions (Figure 1A) [18]. The
ubiquitin moiety is needed for Rps31 (yeast RPS27a) and Rpl40 production in yeast [19,20].
Ubiquitin, which makes up 0.5–1% of the total protein in the cell, is an 8.6 kDa polypeptide
and a common post-translational modification, which attaches covalently to one or more
lysine residues in the target protein [18]. There are multiple lysine residues in ubiquitin
that can be used for linkage to proteins. Different ubiquitin linkage types have distinct
functions, ranging from the modification of protein function to the degradation of the target
protein [21]. The multicopy ubiquitin repeats and the ubiquitin–ribosomal protein fusions
all need to be processed by yet-to-be-defined deubiquitinases to release the individual
polypeptides. Interestingly, the deubiquitinase USP16 has recently been demonstrated to
remove a regulatory mono-ubiquitin from an internal lysine within RPS27a. This likely
represents a novel quality-control step in pre-40S maturation, but USP16 does not appear to
process the RPS27a precursor fusion protein [22]. Importantly, the ubiquitin moiety would
be expected to interfere with ribosome biogenesis and translation if it is not cleaved from
the ribosomal protein [23]. Indeed, ubiquitin release has been shown to be required for the
maturation and function of both the 40S and 60S subunits in yeast [19,24]. Interestingly, both
genes encoding the ubiquitin–ribosomal protein fusions are preferentially over-expressed
during hepatoma cell apoptosis [25].

Ribosome biogenesis directly controls p53 homeostasis [10,26–29]. The 5S RNP binds
to and inhibits the E3 ubiquitin ligase MDM2. MDM2 suppresses p53 transcriptional
activity and targets p53, through ubiquitination, for proteasomal degradation [30]. Defects
in ribosome biogenesis result in 5S RNP accumulation and binding/inhibition of MDM2,
leading to both p53 stabilisation and activation [26–29]. Multiple ribosomal proteins have
been shown to bind MDM2, including RPL5, RPL11 and RPS27a, and to regulate its
activity [10,31–36]. However, much of this work is based on protein over-expression, and
only in a few cases has the endogenous protein been shown to bind to MDM2 [31–33,36].
RPS27a is one example where the endogenous protein has been shown to bind directly to
MDM2 and suppress its activity [32]. Indeed, as seen with RPL5 and RPL11, knockdown
of RPS27a inhibited actinomycin D (ActD; inhibits RNA pol I) and 5 fluorouracil (5FU;
inhibits pre-rRNA processing) from activating p53 in U2OS cells [32]. However, the
knockdown of most other ribosomal proteins causes a ribosome biogenesis defect that
leads to p53 activation/stabilisation via the 5S RNP [28,29,37]. Tagged RPL40, expressed
from a transfected plasmid, has also been shown to bind MDM2 and the data indicate that
RPL40 regulates p53 together with the long non-coding (lnc)RNA LUCAT1 [38]. However,
in several conflicting reports, the knockdown of either RPS27a or RPL40 was shown to
induce p53 in HCT116 cells [29] and A549 cells [28,39]. This data suggests that RPS27a and
RPL40 are not essential for p53 activation/stabilisation in response to defects in ribosome
biogenesis in all cell types.

As ubiquitin and ribosome biogenesis are central to the regulation of the major cellular
signalling pathways, especially p53 regulation, it is tempting to speculate that these fusion
proteins couple the ubiquitin pathway to ribosome biogenesis and p53 signalling. It is
further possible that the cleavage event separating ubiquitin from the ribosomal protein, as
previously shown in yeast, may also be a key event in human ribosomal maturation.

Here, we have set up an in vivo system using stably transfected U2OS cells to investi-
gate whether processing of the ubiquitin-ribosomal protein precursor protein is coupled
to ribosome biogenesis. Comparing three different cell lines commonly used to study p53
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signalling, we have also examined the roles of RPS27a and RPL40 in human ribosome
biogenesis and cellular signalling to shed light on previous conflicting reports.
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Figure 1. The stability and function of RPL40, but not RPS27a, are affected by the affinity tag. (A) 
Schematic representation of the organisation of the poly-ubiquitin (Ub) and ubiquitin–ribosomal 
protein fusion precursors. (B) Schematic representation of the ubiquitin (Ub)-ribosomal protein (RP) 
expression construct with N-terminal FLAG tag and C-terminal HA tag under the control of a tet-
racycline (tet)-regulated promoter. The bars and molecular masses above and below represent the 
expected fusion protein, and cleaved products, from the RPS27a and RPL40 cDNAs. Note that the 
HA-tagged ribosomal proteins appear slightly larger than expected (C), likely due to the basic na-
ture of the amino acid sequence in each case and the gel-based mass for the HA-tagged ribosomal 
protein and expected mass for the fusion protein are shown in brackets. (C) U2OS cells stably ex-
pressing either RPS27a or RPL40 ubiquitin fusion precursor proteins under the control of a tetracy-
cline-regulated promoter were incubated with 0–1000 ng/mL tetracycline (tet), as indicated above 
each lane. Proteins from these cells were harvested after 18 h and analysed by western blotting using 
antibodies that recognise the HA-tag, the FLAG-tag or karyopherin (Karyo; loading control), as in-
dicated on the left of each panel. The positions of the various proteins and expected ubiquitin–ribo-
somal protein fusions are indicated on the right of the panels. * indicates a non-specific protein band 
detected by the anti-HA antibody. (D) U2OS cells stably expressing either the RPS27a or the RPL40 
ubiquitin fusion precursor protein or the empty pcDNA5 vector were incubated for 18 h with 1,000 
ng/mL tetracycline in the absence (−) or presence (+) of 25 µM MG132. Proteins from these cells were 
analysed by Western blotting as described in panel (C). (E) The ribosomal protein-HA (RP-HA, 
green bars) and FLAG-Ub (black bars) Western blot signals from panel (D) were quantitated and 
normalised to karyopherin and plotted. Quantification is based on 3 independent repeats. Error bars 
indicate SEM. * < 0.05. (F) U2OS cells stably expressing either the RPS27a or the RPL40 ubiquitin 
fusion precursor protein or the empty pcDNA5 vector were analysed by immunofluorescence using 

Figure 1. The stability and function of RPL40, but not RPS27a, are affected by the affinity tag.
(A) Schematic representation of the organisation of the poly-ubiquitin (Ub) and ubiquitin–ribosomal
protein fusion precursors. (B) Schematic representation of the ubiquitin (Ub)-ribosomal protein
(RP) expression construct with N-terminal FLAG tag and C-terminal HA tag under the control of a
tetracycline (tet)-regulated promoter. The bars and molecular masses above and below represent the
expected fusion protein, and cleaved products, from the RPS27a and RPL40 cDNAs. Note that the
HA-tagged ribosomal proteins appear slightly larger than expected (C),likely due to the basic nature
of the amino acid sequence in each case and the gel-based mass for the HA-tagged ribosomal protein
and expected mass for the fusion protein are shown in brackets. (C) U2OS cells stably expressing
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either RPS27a or RPL40 ubiquitin fusion precursor proteins under the control of a tetracycline-
regulated promoter were incubated with 0–1000 ng/mL tetracycline (tet), as indicated above each
lane. Proteins from these cells were harvested after 18 h and analysed by western blotting using
antibodies that recognise the HA-tag, the FLAG-tag or karyopherin (Karyo; loading control), as
indicated on the left of each panel. The positions of the various proteins and expected ubiquitin–
ribosomal protein fusions are indicated on the right of the panels. * indicates a non-specific protein
band detected by the anti-HA antibody. (D) U2OS cells stably expressing either the RPS27a or the
RPL40 ubiquitin fusion precursor protein or the empty pcDNA5 vector were incubated for 18 h with
1000 ng/mL tetracycline in the absence (−) or presence (+) of 25 µM MG132. Proteins from these cells
were analysed by Western blotting as described in panel (C). (E) The ribosomal protein-HA (RP-HA,
green bars) and FLAG-Ub (black bars) Western blot signals from panel (D) were quantitated and
normalised to karyopherin and plotted. Quantification is based on 3 independent repeats. Error bars
indicate SEM. * < 0.05. (F) U2OS cells stably expressing either the RPS27a or the RPL40 ubiquitin
fusion precursor protein or the empty pcDNA5 vector were analysed by immunofluorescence using
antibodies that recognise the FLAG-tag (FLAG (Ub); red) or the HA-tag (HA (RP), green) or DAPI to
visualise DNA (blue). (G) Whole-cell extracts from U2OS cells stably expressing either the RPS27a or
the RPL40 ubiquitin fusion precursor protein were separated on 10–40% glycerol gradients. Fractions
were analysed by western blotting, using an anti-HA antibody to detect the HA-tagged ribosomal
protein and an anti-RPL7 antibody to visualise LSU complexes. Positions of free, non-RNP associated
proteins (“Free”), 40S (SSU) and 60S (LSU) (pre-)ribosomal complexes are indicated.

2. Materials and Methods
2.1. Cell Culture, RNAi and the Generation of Stable Cell Lines

U2OS cells were grown according to standard protocols at 37 ◦C with 5% CO2
in DMEM supplemented with 10% foetal calf serum and 1% penicillin/streptomycin.
MCF7 cells were cultured using RPMI1640 media, 10% foetal calf serum and 1% peni-
cillin/streptomycin. LNCaP cells were grown in RPMI1640 media with L-Glutamine,
25 mM HEPES, 10% foetal calf serum and 1% penicillin/streptomycin. U2OS Flp-In T-REx
cell lines were a generous gift from Prof. Laurence Pelletier [40]. For the Flp-In system, the
cDNAs for RPS27a and RPL40 were cloned into a pcDNA5 vector to enable expression
of the proteins with an N-terminal 2xFLAG-PreScission protease site-His6 (FLAG) tag
and a 2xHA tag at the C-terminus. These plasmids, or the empty pcDNA5 vector, were
transfected into Flp-In T-REx U2OS cells and cells that had stably integrated the plasmid
into their genome were selected using Hygromycin B, according to the manufacturer’s
instructions (Invitrogen/Thermo Fisher). Expression of tagged proteins was induced by
the addition of 0–1000 ng/mL tetracycline for 18–48 h prior to harvesting.

For RNAi-mediated knockdowns, the cells were transfected with siRNA duplexes
(50 nM) using Lipofectamine RNAiMAX reagent according to the manufact- urer’s in-
structions (Invitrogen/Thermo Fisher) as described previously [41]. For RPL40 and
RPL7 knockdowns, Dharmacon smartpools were used. Individual siRNAs (Eurofins
MWG) were used for RPL5 (5′-GGUUGGCCUGACAAAUUAUdTdT-3′ [42]), RPS19 (5′-
GAUGGCGGCCGCAAACUGUCAdTdT-3′ [43]) and RPS27a (5′-CAGACAUUAUUGUGG-
CAAAdTdT-3′ or 5′-UUAGUCGCCUUCGUCGAGAdTdT-3′ [32]). Knockdown cells and
cells treated with the GL2 control siRNA targeting firefly luciferase (5′-CGUACGCGGAAU-
ACUUCGAdTdT-3′ [44]) were harvested 48 h after transfection. Cells were incubated for
18 h with low levels (5 ng/mL) of actinomycin D (ActD) to block ribosome biogenesis or
25 µM of MG132 (in ethanol) to inhibit the proteasome.

2.2. Western Blotting

Total cellular protein was separated by SDS polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a nitrocellulose membrane. Proteins were detected using
ECL (Figure 1C, “FLAG”) or fluorescently labelled secondary antibodies and the LI-COR
Odyssey system (all other Figures), and levels were determined using Image Quant soft-
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ware (G.E. Healthcare). Antibodies to detect the affinity tags on the fusion proteins
were purchased from Sigma (anti-FLAG, F7425) or Berkeley Ab Company (anti-HA,
MMS-101P), respectively. Other antibodies were: Anti-RPL7 (Abcam; ab72550), anti-
p53 (Santa Cruz Biotechnology; sc-126), anti-karyopherin (loading control, Santa Cruz
Biotechnology; sc11367), anti-RPL5 (Cell Signalling Technology; #14568). Anti-RPS19 an-
tibodies were a kind gift from Phil Mason (Washington University School of Medicine,
St. Louis, MO, USA).

2.3. Immunofluorescence

For immunofluorescence, U2OS T-REx Flp-In cells expressing the tagged protein
of interest were plated on coverslips in a 24-well plate and treated with 1000 ng/mL
tetracycline for 18 h. Cells were fixed in PBS containing 4% paraformaldehyde and then
permeabilised in PBS/0.1% Triton. After blocking for 1–2 h using PBS/0.1% Triton/10%
FCS solution, cells were incubated in the same solution containing the primary antibody
for 1–2 h, followed by washes with PBS, then incubation with the secondary antibody for
1–2 h. After washing with PBS, and one wash with 0.01 ng/mL DAPI (4′,6-diamidino-2-
phenylindole) diluted in PBS, the coverslips were mounted on a glass slide using Moviol.
The cells were visualised using a Zeiss Axiovert 200M inverted microscope and analysed
using the Axiovert software. For primary antibodies, a rabbit anti-FLAG antibody (Sigma
Aldrich; F7425) and a mouse anti-HA antibody (Berkeley Ab Company; MMS-101P) were
used. The secondary antibodies anti-Rabbit Alexa Fluor 555 (A-31572) and anti-Mouse
Alexa Fluor 647 (A-31570) were both purchased from Invitrogen.

2.4. Gradient Analysis

For glycerol gradient analysis, U2OS T-REx Flp-In cells expressing the tagged protein
of interest were treated with 1000 ng/mL tetracycline for 18 h. Whole-cell extracts prepared
by sonication (approximately 8 × 106 cells) were loaded on 10–40% glycerol gradients and
separated by centrifugation (1.5 h at 52,000 rpm at 4 ◦C) using a swTi60 rotor (Beckman
L7-80). The resultant fractions were analysed by SDS-PAGE and western blotting as
described above.

2.5. RNA Analysis

RNA was extracted from cells using TRI reagent (Sigma-Aldrich) and separated on
a 1.2% agarose-glyoxal gel and transferred to a nylon membrane by capillary blotting.
DNA oligonucleotide probes specific to ITS1 (hybridising between site 2a and site 2, de-
scribed previously [41]), RNase P (5′-CCTTCCCAAGGGACATGGGAGTGGAGTG-3′), the
mature 18S rRNA (5′-GGGCGGTGGCTCGCCTCGCG-3′) and the mature 28S rRNA (5′-
TGGTCCGTGTTTCAAGACGGGT-3′) were 5′-labelled using T4 polynucleotide kinase and
32P γATP. The probe used for ITS2 was generated by random-primed labelling from a PCR
product (primers: forward 5′-GTGCGCGGCTGGGGGTTCCCTCGCAGG-3′ and reverse
5′-CCGGCACCCTTCCCCTTCCGGACC-3′) using 32P dATP as described previously [45].
All bands were detected using a PhosphorImager.

For RT-PCR, the RNA samples were treated with DNase Turbo before cDNAs were
generated using oligo-dT primer and Superscript III (Invitrogen) reverse transcriptase.
The specific cDNA fragments were then amplified using GoTaq polymerase (Promega)
and the following primer pairs: GAPDH, 5′-GGTCGGAGTCAACGGATTTGGTCG-3′

and 5′-CGTTGTCATACCAGGAAATG-AGCTTGAC-3′; RPL40, 5′-AGGAGGGTATCCCA-
CCTGACCAGC-3′ and 5′-CGAGCATAGCACTTGCGGCAGATC-3′; RPS27a, 5′-CCCTCGA-
GGTTGAACCCTCGG-3′ and 5′-GCCATTCTCATCCACCTTATAATATTTCAGG-3′. PCR
products were separated by agarose gel electrophoresis using SYBR Safe stain (Invitrogen)
and visualised using a PhosphorImager.

97



Biomolecules 2023, 13, 898

3. Results
3.1. Both the RPS27a and RPL40 Ubiquitin Fusion Precursors Are Efficiently and Rapidly Cleaved
In Vivo

RPS27a and RPL40 are co-expressed as C-terminal fusions with ubiquitin and, as
such, represent two of the four ubiquitin genes in mammals (Figure 1A; [18]). It is not
yet completely clear when and how the fusion proteins are processed. It is possible that
the separation of the ubiquitin and ribosomal protein moieties could take place during
ribosome biogenesis. Since ubiquitin is important in ribosome biogenesis/function and
excess ribosomal protein turnover, it may provide a means to co-regulate ribosomal protein
production with ubiquitin levels in the cell [18]. To investigate this, we generated U2OS
cells stably expressing either the RPS27a or RPL40 ubiquitin fusion proteins under the
control of a tetracycline-regulated promoter. In each case, a FLAG-tag was added to the
N-terminus of ubiquitin, and an HA-tag was added to the C-terminus of the ribosomal
protein (Figure 1B).

These cells were first treated with a range of tetracycline concentrations (0–1000 ng/mL)
to induce protein expression, and 18 h later, the cells were harvested, and expression of
the ubiquitin–ribosomal protein fusions analysed by western blotting (Figure 1C). While
commercially available antibodies were reported to detect RPS27a and RPL40 in prostate
cancer cell lines [46], they did not function when tested in our hands. Therefore, levels of
the endogenous ribosomal proteins could not be assessed. Cells expressing the RPS27a
fusion protein produced a single, HA-tagged protein with an apparent molecular weight of
~18 kDa. We also observed a range of proteins conjugated to FLAG-tagged ubiquitin, with
the most prominent band at ~25 kDa likely representing histone-ubiquitin. Importantly,
the ~18 kDa band detected by the anti-HA antibody was not detected by the anti-FLAG
antibody, indicating that this is the already cleaved RPS27a protein lacking the ubiquitin
moiety. The HA-tagged RPS27a, which represents the cleaved ribosomal protein, appeared
larger than predicted (9.4 kDa from the amino acid sequence). We assume that the highly
basic nature of the sequence affects the migration of the protein through the polyacrylamide
gel. Only background signals for both the anti-HA and anti-FLAG antibodies were detected
in cells treated with tetracycline concentrations lower than 100 ng/mL. Upon treatment
with 100 or 1000 ng/mL tetracycline, cells expressing RPL40 also produced a single, HA-
tagged protein, albeit at lower levels compared to RPS27a, with an apparent molecular
weight of about 12 kDa, and a similar distribution of FLAG-tagged, ubiquitinated proteins.
Again, the HA-tagged RPL40, which is also a very basic protein, appeared larger than
predicted from its amino acid sequence (6.2 kDa). No higher-molecular weight precursor
proteins (~26.6 kDa for RPS27a or ~20.6 kDa for RPL40–considering the apparent MW
of the two ribosomal proteins from the gel), detectable by both anti-HA and anti-FLAG
antibodies were seen suggesting that processing of both ribosomal protein-fusion proteins
is efficient.

Many ribosomal proteins are produced in excess, and the free proteins are quickly
degraded by the proteasome [17]. The apparent lack of ubiquitin-fusion precursors upon
tetracycline treatment could indicate rapid turnover of the excess non-cleaved precursor
proteins (Figure 1C). However, it is also possible that the ubiquitin component might be
cleaved before the proteasomal degradation of the excess ribosomal protein so that the
ubiquitin can still be integrated into the ubiquitin pool. To test this, U2OS cells expressing
tagged ubiquitin-RPS27a or RPL40, or the pcDNA5 empty vector, were treated for 18 h
with 25 µM MG132, a proteasomal inhibitor [47]. A total of 1000 ng/mL tetracycline
was added to the cells at the same time so that MG132 affected the expressed fusion
proteins (Figure 1D).

Interestingly, the levels of HA-tagged RPS27a did not significantly change when the
proteasome was blocked by treatment with MG132 (Figure 1E). In contrast, the levels
of HA-tagged RPL40 were significantly increased after MG132 treatment. These results
suggest that HA-RPL40, but not HA-RPS27a, is turned over by the proteasome. It should
be noted that the level of overexpression may also affect the stability of the proteins. Due
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to the lack of functional antibodies, it was not possible to assess the ratios between HA-
tagged and endogenous proteins in either case. However, previous studies using the
tetracycline induction system for other ribosomal proteins, e.g., RPL5 and RPL11, found
that proteins were expressed at a maximum of 20% of the endogenous protein levels [26].
We would therefore assume similar relative levels of expression for RPS27a and RPL40.
Ubiquitin levels were not significantly affected by treatment with MG132 in either case
or upon expression of the empty vector, indicating that ubiquitin is produced as normal.
No obvious accumulation of either expected ubiquitin-fusion precursor was detected after
inhibition of the proteasome by MG132 (Figure 1D), apart from a very faint ~25 kDa band
seen for RPS27a, which may represent low levels of the fusion protein. These data suggest
that the processing of the ubiquitin-fusion proteins occurs efficiently and, in the case of
RPL40, before degradation of the excess cleaved protein.

3.2. The Function of RPL40, but Not RPS27a, Is Compromised by the Affinity Tag

The observed proteasomal degradation of HA-RPL40 suggests that the function of
HA-RPL40 could be affected by the affinity tag used in this study, which might, in turn,
affect its stability (Figure 1D,E).

To test if the affinity tag impacts on the cellular localisation of RPS27a or RPL40,
immunofluorescence was performed (Figure 1F). U2OS cells containing either the pcDNA5
empty vector or constructs expressing the RPS27a or RPL40 fusion proteins were treated
with 1000 ng/mL tetracycline for 18 h before staining. An anti-FLAG antibody was used to
stain FLAG-tagged ubiquitin, and an anti-HA antibody was used to detect cleaved HA-
tagged ribosomal proteins. U2OS cells containing the pcDNA5 empty vector showed a clear
DAPI-staining marking on the nucleus but only a background signal when the anti-FLAG or
the anti-HA antibodies were used (Figure 1F). In cells expressing the fusion proteins, FLAG-
tagged ubiquitin was found mainly in the cytoplasm, with some traces in the nucleus but
not in the nucleolus. This agrees with previous data showing that FLAG-tagged ubiquitin
was found conjugated to both cytoplasmic and nuclear proteins (Figure 1C,D). HA-tagged
RPS27a localised in both the cytoplasm and the nucleolus, while HA-tagged RPL40 was
found mainly in the cytoplasm, together with a weak nucleoplasmic signal seen (Figure 1F).
Overall, the localisation of the tagged proteins is consistent with what was previously
seen for the endogenous RPS27a (https://www.proteinatlas.org/ENSG00000143947-RPS2
7A/subcellular; accessed on 11 April 2023) and RPL40 https://www.proteinatlas.org/
ENSG00000221983-UBA52/subcellular, accessed on 11 April 2023) proteins in U2OS cells
in the Human Protein Atlas resource project (https://www.proteinatlas.org/; accessed on
11 April 2023) [48].

Glycerol gradient analyses to separate free proteins from those associated with RNP
complexes were performed to assess the integration of HA-tagged RPS27a and RPL40
into (pre-)ribosomal particles. For this, whole cell extracts from U2OS cells expressing
HA-tagged RPS27a or RPL40 after the addition of tetracycline for 18 h were separated using
a 10%–40% glycerol gradient and analysed by Western blotting (Figure 1G). HA-tagged
ribosomal proteins were detected in the individual fractions using an anti-HA antibody,
while an antibody against the endogenous ribosomal protein RPL7 was used as a marker
for (pre-)60S complexes. HA-tagged RPS27a was mainly found in small ribosomal subunit
(SSU) complexes (fractions 6–9), as expected, and no HA-tagged RPS27a was sedimented
in the free protein fractions (fractions 1–5). While a small amount of HA-tagged RPL40 was
detected in the expected large ribosomal subunit (LSU) complexes (fractions 10–15), the
majority of the protein sedimented together with the SSU complexes (fractions 6–9) or in
the free, non-ribosomal complex fractions (fractions 1–5).

The glycerol gradient, therefore, suggests that the affinity tag does not appear to
affect the function of RPS27a. In contrast, the integration of HA-tagged RPL40 into
(pre-)60S particles is impaired. Due to a lack of a functional antibody, we cannot determine
whether this is due to the affinity tag on RPL40 or due to the protein being overexpressed,
or both. Based on these observations, the cell line expressing HA-RPL40 was excluded from
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further analyses. However, the gradient data may provide an explanation for the observed
instability of the HA-tagged RPL40 protein (Figure 1D,E). After cleavage from the fusion
protein and without appropriate integration into (pre-)ribosomal complexes, HA-RPL40 is
likely prone to degradation by the proteasome.

3.3. RPS27a Is Separated from Its Precursor in a Process Independent from Ribosome Biogenesis

To test whether ribosome biogenesis is important for the cleavage of the ubiquitin-
RPS27a fusion protein, we treated cells expressing affinity-tagged RPS27a, alongside cells
containing the empty pcDNA5 vector, with 1000 ng/mL tetracycline for 18 h to induce
protein expression. Low levels (5 ng/mL) of Actinomycin D (ActD) were added to block
rRNA transcription by RNA polymerase I and thus abolish ribosome production. ActD
and tetracycline were added at the same time so that all the tagged proteins were produced
after ribosome production had been blocked. In this situation, newly synthesised ribosomal
proteins for both subunits are unstable [17]. Treatment of cells with ActD resulted in a
five-fold decrease in HA-tagged RPS27a but no significant change in FLAG-ubiquitin levels
(Figure 2A,B). Again, no ubiquitin–ribosomal protein fusion precursor band was observed.

To further analyse the role of ribosome biogenesis in the processing of the ubiquitin-
RPS27a fusion protein, we tested the effect of depleting either a small (RPS19) or large
(RPL7) ribosomal subunit protein on the accumulation of HA-RPS27a and FLAG-ubiquitin.
Cells were simultaneously transfected with the respective siRNA to mediate protein knock-
down and treated with 1000 ng/mL tetracycline to induce expression of the fusion protein
for 48 h (Figure 2C,E). The knockdown efficiency of RPS19 and RPL7 was monitored by
Western blotting. Northern blotting was performed to demonstrate that the knockdown
of each ribosomal protein causes a strong decrease in the levels of the mature 18S or 28S
rRNAs, respectively (Figure 2D).

Knockdown of RPS19 resulted in an about three-fold decrease in HA-tagged RPS27a
levels, while knockdown of RPL7 had no impact (Figure 2C,E). Neither knockdown re-
sulted in the accumulation of the ubiquitin-RPS27a precursor or impacted FLAG-ubiquitin
production. Our data, therefore, show that HA-RPS27a is dependent on SSU, but not LSU
production, while the production of ubiquitin appears independent of ribosome biogenesis.
These observations suggest that cleavage of the ubiquitin-RPS27a precursor does not re-
quire ribosome biogenesis and that ubiquitin and HA-RPS27a accumulate independently
of one another.

3.4. Cells Expressing the Affinity-Tagged Ubiquitin-RPS27a Precursor Exhibit Higher p53 Levels,
Which Do Not Change in Response to ActD Treatment

Overexpression of RPS27a and its ubiquitin-fusion precursor has been shown to inhibit
MDM2-mediated p53 degradation in U2OS cells [32]. To test whether this is also the case
in our in vivo system, we treated cells expressing HA-tagged RPS27a, alongside those
containing the empty pcDNA5 vector, with 1000 ng/mL tetracycline for 18 h to induce
protein expression. Low levels (5 ng/mL) of Actinomycin D (ActD) were added at the
same time, which was previously demonstrated to cause p53 stabilisation through blocking
ribosome biogenesis [26].

Over-expression of RPS27a resulted in a significant five-fold p53 increase compared to
the cells containing the empty pcDNA5 vector (Figure 2F). Treatment with ActD in U2OS
cells containing the empty vector resulted in a slightly lower but also significant two-fold
p53 increase compared to the non-treated cells. Interestingly, ActD treatment in U2OS
cells expressing HA-tagged RPS27a did not result in a significant change in p53 levels as
compared to the non-ActD-treated U2OS cells expressing the HA-tagged ribosomal protein.
Likewise, p53 levels did not significantly differ between ActD-treated cells expressing
HA-tagged RPS27a or the empty vector. These results confirm that the expression of HA-
tagged RPS27a results in p53 stabilisation, which is consistent with the previous study [32].
However, the data also indicate that over-expression of RPS27a does not further enhance
p53 stabilisation seen after ActD-induced ribosome biogenesis defects.
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Figure 2. Processing of ubiquitin from the Ub-RPS27a precursor occurs independently of ribosome
biogenesis. (A) U2OS cells stably expressing the RPS27a ubiquitin fusion precursor protein or the
empty pcDNA5 vector, were incubated for 18 h with 1000 ng/mL tetracycline in the absence (-) or
presence (+) of 5 ng/mL ActD. Proteins from these cells were analysed by western blotting using
antibodies that recognise the HA-tag, the FLAG-tag or karyopherin (Karyo; loading control), as
indicated on the left of each panel. HA-dark is a stronger exposure of the HA-signal to facilitate
visualisation of the expected precursor. The positions of the various proteins, and expected ubiquitin-
ribosomal protein fusions, are indicated on the right of the panels. (B) The ribosomal protein-HA (RP,
green bars) and FLAG-Ub (black bars) western blot signals from (A) were quantitated and normalised
to karyopherin and plotted. (C) The RPS27a ubiquitin fusion precursor protein was expressed with
1000 ng/mL tetracycline in U2OS cells transfected with the control siRNA or siRNAs targeting either
RPS19 or RPL7 (indicated above each lane). Proteins from these cells were harvested after 48 h
and analysed by western blotting as described in (A). (D) U2OS cells stably expressing the RPS27a
ubiquitin fusion precursor protein, as described in (C), were transfected with siRNAs to deplete
either RPS19 or RPL7. Total protein was analysed by western blotting using antibodies specific to the
ribosomal proteins or karyopherin (Karyo; loading control), as indicated on the left of each panel. The
impact of the siRNAs on mature rRNA levels was assessed by glyoxal/agarose gel electrophoresis
and northern blotting using probes specific to the mature 18S and 28S rRNAs (as indicated on the
left). (E) The ribosomal protein-HA (RP, green bars) and FLAG-Ub (black bars) western blot signals
from (C) were quantitated and normalised to karyopherin and plotted. (F) Proteins from (A) were
analysed by western blotting using antibodies that recognise p53 or karyopherin (Karyo; loading
control), as indicated on the left. Western blot signals were quantitated, normalised to karyopherin
and plotted. For all graphs, quantification is based on 3 independent repeats. Error bars indicate
SEM. * < 0.05, *** < 0.001, ns > 0.05 (not statistically significant).
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3.5. Knockdown of RPS27a or RPL40 Leads to p53 Stabilisation in MCF7 and LNCaP Cells, but
Not in U2OS Cells

Having established the effect of overexpressing RPS27a on p53 levels, we next investi-
gated the impact of reducing the levels of RPS27a or RPL40 on p53 signalling in U2OS cells.
Knockdown of many ribosomal proteins has been shown to induce p53 through defects
in ribosome biogenesis and the 5S RNP [28,29,37]. Indeed, knockdown of either RPS27a
or RPL40 caused significant p53 stabilisation in HCT116 cells [29] and A549 cells [28,39].
However, in the aforementioned study describing the effect of RPS27a overexpression in
U2OS cells, RPS27a knockdown did not induce p53 but instead blocked p53 stabilisation in
response to inhibiting ribosome biogenesis using either ActD or 5FU [32].

To shed light on these conflicting reports and to clarify whether knockdown of RPS27a
and/or RPL40 inhibits or causes p53 accumulation, we transfected U2OS cells with siRNAs
targeting RPS27a or RPL40 or with control siRNAs targeting firefly luciferase and analysed
p53 levels by Western blotting (Figure 3). Since no functional commercial antibodies were
available for RPS27a and RPL40, the efficiency of the knockdown was confirmed by RT-
PCR (Figure 3A). In each case, a reduction in RT-PCR signal, and therefore ribosomal
protein mRNA levels, relative to the levels of the GAPDH mRNA, was observed for the
cells transfected with the siRNAs targeting the ribosomal protein mRNA relative to cells
transfected with the control siRNA.
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of RPS27a or RPL40 by RNAi or control cells (indicated at the top of each lane), harvested 48 h
post-transfection, and analysed by RT-PCR using primers specific for the RPS27a, RPL40 or GAPDH
(loading control) mRNAs (indicated to the right of each panel). PCR products were separated by
agarose gel electrophoresis and SYBR Safe-stained bands detected using a PhosphorImager. The
positions of the DNA ladder markers are shown on the left of the panels. (B) RPS27a, RPL40, RPS19
or RPL7 were knocked down in U2OS cells and harvested after 48 h. Proteins isolated from these cells
and control cells (indicated below each lane) were analysed by western blotting using antibodies that
recognise p53 and karyopherin (Karyo; loading control). The p53 levels, relative to the control, were
calculated for each lane and plotted. (C) RPS27a and RPL40 were knocked down in U2OS cells for
48 h and either untreated (−) or treated (+) with 5 ng/mL ActD for 18 h (added 30 h post-transfection).
Proteins isolated from these cells and control cells (indicated below each lane) were analysed by
western blotting using antibodies that recognise p53 and karyopherin (Karyo; loading control). The
p53 levels, relative to the control -ActD lane, were calculated for each lane and plotted. (E,H) MCF7
(E) or LNCaP (H) cells were transfected with the control siRNA or a siRNA targeting RPL5, and
proteins were isolated after 48 h and analysed by western blotting using antibodies that recognise
RPL5 or karyopherin (Karyo; loading control). (F,I) RPS27a or RPL40 were knocked down in MCF7
(F) or LNCaP (I) cells for 48 h, either alone or together with RPL5, and the levels of p53 determined
by western blotting as described in (B). The p53 levels, relative to those seen with control cells, were
calculated for each lane and plotted. The siRNAs used are indicated at the bottom of the lanes and
the protein detected by the antibody on the left of each panel. For all graphs, quantification is based
on 3 independent repeats. Error bars indicate SEM. * < 0.05, ** < 0.01, *** < 0.001, ns > 0.05 (not
statistically significant).

Confirming the earlier observation [32], the knockdown of RPS27a did not result in
p53 accumulation in U2OS cells (Figure 3B). The same result was observed for RPL40.
Notably, the knockdown of RPS19 or RPL7 caused a significant ~two-fold or ~four-fold
increase in p53 levels, respectively, which is consistent with previous studies in HCT116
cells [29] and A549 cells [28].

The fact that the knockdown of RPS27a and RPL40 does not induce p53 in U2OS
cells suggests that, as previously reported for RPS27a [32], they may be involved in p53
signalling. If this is the case, their knockdown should block p53 stabilisation upon ActD
treatment. To test whether RPS27a or RPL40 is important for p53 stabilisation, U2OS cells
were transfected with either the RP-targeting siRNAs or the control siRNA for 48 h. Cells
were also treated with low levels (5 ng/mL) of ActD (for 18 h, added 30 h post-transfection)
to induce p53, and p53 levels were determined by western blotting (Figure 3C). ActD
treatment resulted in a significant, four-fold to five-fold increase in p53 levels. Surprisingly,
the knockdown of neither RPS27a nor RPL40 had any impact on p53 stabilisation by ActD.
Therefore, our data show that RPS27a and RPL40 are not needed for p53 stabilisation in
U2OS cells upon ActD-induced defects in ribosome biogenesis, which is different from the
previous report [32].

Next, we wanted to further investigate whether the impact of RPS27a or RPL40
knockdown on p53 signalling could indeed be cell-type dependent. For this, we chose
MCF7 (breast cancer) and LNCaP (prostate cancer) cancer cell lines, both of which have
wild-type p53 and are routinely used to study p53-dependent cellular signalling. Knock-
down efficiency for RPS27a and RPL40 in MCF7 and LNCaP cells was determined by
RT-PCR (Figure 3D,G), while the impact on p53 signalling was analysed by western blot-
ting (Figure 3F,I).

In both MCF7 and LNCaP cells, knockdown of either ribosomal protein induced a
robust, three-fold to five-fold p53 stabilisation (Figure 3F,I). This demonstrates that as in
HCT116 [29] and A549 [28,39] cells, the knockdown of RPS27a or RPL40 stabilises p53 in
both MCF7 and LNCaP cells. Knockdown of ribosomal proteins generally induces p53
through the 5S RNP and p53 stabilisation is blocked by the co-depletion of either of the
5S RNP proteins, RPL5 or RPL11 [26,27]. To determine whether this is also the case with
RPS27a and RPL40, we co-depleted the 5S RNP protein RPL5 (Figure 3F,I) with either
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RPS27a or RPL40 in both MCF7 and LNCaP cells. Treatment of the cells with siRNAs
depleting RPL5 resulted in a reduction of RPL5 levels to 40–50% of those treated with
control siRNAs (Figure 3E,H). Importantly, co-depletion of RPL5 significantly decreased
p53 stabilisation caused by the knockdown of either RPS27a or RPL40 (Figure 3F,I). Note
that in both MCF7 and LNCaP cells, the knockdown of RPL5 alone did not significantly
increase p53 levels as expected since RPL5 is essential for p53 signalling. We also did not
observe a decrease in p53 levels with knockdown of just RPL5, as we had earlier published
in U2OS cells [26], which may reflect that RPL5 is less important for maintaining p53 levels
in MCF7 and LNCaP cells under non-stress conditions.

Taken together, our data demonstrate that the knockdown of RPS27a or RPL40 sta-
bilises p53 via the 5S RNP-MDM2 pathway in both MCF7 and LNCaP cells but not in U2OS
cells. We further conclude that neither RPS27a nor RPL40 are needed for p53 signalling in
response to ribosome biogenesis defects in either cell line.

3.6. RPS27a and RPL40 Are Important for Ribosome Production in U2OS, MCF7 and
LNCaP Cells

We next asked if the knockdown of RPS27a and RPL40 may affect different stages
of pre-rRNA processing in U2OS, MCF7 and LNCaP cells (Figure 4) and whether this
may influence whether p53 is stabilised upon protein knockdown or not. This analysis is
important since the knockdown of RPS27a in HeLa and HCT116 cells has already shown
somewhat different effects on pre-rRNA processing. RPS27a was shown to be important
for intermediate stages of 18S rRNA maturation in HeLa cells (mainly 26S and 21S accu-
mulation upon knockdown) [49] but needed for intermediate and earlier stages (21S/21SC
and 41S pre-rRNA accumulation upon knockdown) in HCT116 cells [29].

U2OS, MCF7 and LNCaP cells were transfected with siRNAs designed to knockdown
RPS27a and RPL40, RNA was extracted and the effect on mature 18S and 28S rRNA levels
and pre-rRNA processing was analysed by glyoxal agarose gel electrophoresis followed by
northern blotting.

Northern blot analysis revealed that knockdown of RPS27a resulted in a significant
drop in mature 18S rRNA levels, relative to RNase P RNA, compared to control knock-
down cells for each cell line, with no significant change in 28S rRNA levels (Figure 4B–D).
Interestingly, the reduction in 18S levels also coincided with an increase in the detection of
a shorter product, presumably an 18S degradation intermediate, in U2OS cells (Figure 4B,
mature 18S probe). Knockdown of RPL40 resulted in a major decrease in mature 28S rRNA
levels (Figure 4B–D), with mature 28S rRNA levels dropping to about 50% of those seen
in control cells in U2OS and MCF7 cells (Figure 4B,C). In LNCaP cells, the impact on 28S
rRNA levels upon RPL40 knockdown was less severe, although statistically significant
(Figure 4D).
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(A) Schematic representation of the pre-rRNA processing intermediates with the external transcribed
spacers (ETS) and internal transcribed spacers (ITS) and processing/cleavage sites indicated. The
relative positions of the northern blot probes are indicated above the 47S pre-rRNA. (B–D) RNA was
extracted from control U2OS (B), MCF7 (C) and LNCaP (D) cells or cells depleted by RNAi of RPS27a
or RPL40 for 48 h, separated by glyoxal/agarose gel electrophoresis and then analysed by northern
blotting using probes specific to the 5′ end of ITS1 (5′ITS1), ITS2, the mature 18S and 28S rRNAs,
or RNase P (loading control). The identities of the RNAs and pre-rRNAs are indicated on the left.
* indicates a putative 18S degradation intermediate in U2OS cells (B). The levels of the mature 18S
and 28S rRNAs after knockdown of RPS27a and RPL40, respectively, were determined and plotted
relative to RNase P levels in the control cells. (E–G) The levels of SSU and LSU precursors after
knockdown of RPS27a and RPL40 in U2OS (B), MCF7 (C) and LNCaP (D) cells, respectively, were
determined. Bar charts show log2 ratios of precursors relative to RNase P levels in the control cells.
For all graphs, quantification is based on 3 independent repeats. Error bars indicate SEM. * < 0.05,
** < 0.01, *** < 0.001, ns > 0.05 (not statistically significant).
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Notably, while depletion of RPS27a always resulted in a defect in the mid to late stages
of 18S rRNA processing, the change in pre-rRNA intermediate levels were different in
each cell line tested (Figure 4B–D). In U2OS cells, there were no changes in 41S, 30S or 26S
pre-rRNA levels, but significant increases in 21S and 18SE pre-rRNA levels, accompanied
by the appearance of the aberrant 21SC pre-rRNA (Figure 4B, 5′ITS1 probe and Figure 4E).
In MCF7 cells, on the other hand, depletion of RPS27a resulted in an apparent but not sig-
nificant reduction in 41S levels and no significant changes in the 30S, 26S or 21S pre-rRNAs.
However, the appearance of 21SC and, most strikingly, a significant increase in the levels
of the 18SE pre-rRNA were observed (Figure 4C, 5′ITS1 probe and Figure 4F). In LNCaP
cells, knockdown of RPS27a resulted in a significant reduction in 41S pre-rRNA levels,
significant accumulation of the 30S, 26S and 18SE precursors and the appearance of 21SC,
while 21S levels were unchanged (Figure 4D, 5′ITS1 probe and Figure 4G). Surprisingly,
the knockdown of RPS27a in U2OS cells also resulted in a significant accumulation of the
12S precursor, while RPS27a knockdown in LNCaP cells caused a significant reduction
in 32S levels and an apparent reduction in the levels of the 12S pre-rRNA that are both
linked to LSU production. However, these defects did not appear to be strong enough
to result in significant changes in the levels of the mature 28S rRNA, and they were not
seen in MCF7 cells (Figure 4B–D, ITS2 probe and Figure 4E–G). Contrary to the strong
impact of the RPL40 knockdown on mature 28S rRNA levels, Northern blotting revealed
no significant change in the levels of the LSU pre-rRNAs in either cell line (Figure 4B–D,
ITS2 probe and Figure 4E–G). However, RPL40 knockdown surprisingly led to a significant
reduction of the 21S SSU precursor in U2OS and LNCaP cells. In contrast, levels of the
41S pre-rRNA were significantly decreased in MCF7 cells and increased in LNCaP cells
(Figure 4B–D, 5′ITS1 probe and Figure 4E–G).

Taken together, our data indicate that RPS27a and RPL40 are essential for the pro-
duction of their respective (18S or 28S) mature rRNA in all cell lines tested. However, the
accumulation of specific SSU and LSU precursors seen upon knockdown varies between
different cell types.

4. Discussion

The ribosomal proteins RPS27a and RPL40 are produced as fusion proteins with an
N-terminal ubiquitin in all eukaryotes, and their genes represent two of the four ubiquitin
genes in the mammalian genome [18]. To investigate their production and function in
human cells, we generated U2OS cells stably expressing either the RPS27a or RPL40
ubiquitin fusion proteins. In each case, a FLAG-tag was added to the N-terminus of
ubiquitin, and an HA-tag added to the C-terminus of the ribosomal protein. While the
affinity-tag on either protein did not appear to interfere with their cellular localisation,
HA-tagged RPL40 was unstable and showed impaired integration into (pre-)ribosomal
complexes. The cell line expressing the RPL40 fusion protein was therefore excluded from
further analysis. A previous study on RPL40 in hepatoma cells utilised a C-terminal RFP tag
on RPL40 in their fusion construct, which also did not affect the cellular localisation of the
cleaved RPL40 protein [25]. However, the integration of RPL40-RFP into (pre-)ribosomal
complexes was not assessed. Notably, adding an HA-tag to the N-terminus of yeast Rpl40
did not interfere with its assembly into ribosomes [50], suggesting that an N-terminal HA
tag on RPL40 may be more suitable for future analysis in human cells.

To our surprise, we never saw the accumulation of the ubiquitin–ribosomal fusion
proteins, not even in the case of RPS27a, when ribosome biogenesis was blocked. Blocking
ribosome biogenesis also only affected the production of the ribosomal protein but not
ubiquitin. This strongly suggests that the processing of the RPS27a fusion protein, and pre-
sumably also the RPL40 fusion protein, is independent of ribosome production, as has been
proposed in yeast [19,51,52]. Indeed, the apparently rapid nature of this processing event
suggests that cleavage takes place co-translationally on the ribosome. The identification
of the enzyme/deubiquitinase responsible is needed before this processing event can be
studied in more detail. While we have shed new light on the production and function of the
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two ribosomal proteins in ribosome production and cellular signalling, it remains unclear
why these proteins are produced, throughout eukaryotes, as ubiquitin fusion proteins that
require post-translational processing.

We also demonstrate that RPS27 and RPL40 are essential for the production of their
respective subunits in all cell lines tested. Surprisingly, and consistent with a previous
study on RPS27a in U2OS cells [32], the knockdown of either protein did not cause p53
stabilisation in U2OS cells. In addition, our experiments revealed that neither RPS27a nor
RPL40 is needed for p53 stabilisation in U2OS cells upon ActD-induced defects in ribosome
biogenesis, which is different from the previous report on RPS27a [32]. However, and again
consistent with the previous study [32], p53 stabilisation was observed upon expression of
the RPS27a fusion protein. Taken together, the combined data suggest that RPS27a may
play a role in p53 signalling, at least in U2OS cells, beyond its being an essential component
of the ribosome. Further experiments involving the use of other cell lines (see below) are
essential to clarify its role in cell signalling and how this is linked to ribosome biogenesis.

Contrary to what was seen in U2OS cells, knockdown of RPS27a and RPL40 led to p53
stabilisation in MCF7 and LNCaP cells, consistent with previous studies in HCT116 cells
and A549 cells and what was seen for the majority of other ribosomal proteins. [28,29,39]
We cannot explain why the knockdown of either RPS27a or RPL40 does not induce p53
in U2OS cells. This could be due to cell-line-specific differences in the expression levels
of RPS27a and RPL40, but a comparison of the available expression data from cell lines
collated in the Human Protein Atlas resource project (https://www.proteinatlas.org/;
accessed on 11 April 2023) [48] does not support this hypothesis.

Interestingly, our data on pre-rRNA processing defects seen upon RP27a and RPL40
knockdown is somewhat similar to what was observed in yeast. Depletion of Rps31 (yeast
RPS27a) showed some defects in the mid to early steps of yeast 18S maturation but blocked
the final processing of the cytoplasmic 20S precursor [51,53] (equivalent of human 18SE).
Likewise, yeast Rpl40 depletion resulted in only a minor depletion of the mature LSU
rRNAs [54]. However, in yeast, an increase in the initial transcript, 35S (47S in humans),
and a slight delay in ITS2 processing [50] was seen upon Rpl40 depletion.

It is quite striking that while both RPS27a and RPL40 knockdowns had an impact on
the levels of their respective mature rRNA in all cell lines tested, only RPS27a knockdown
caused a strong accumulation of mostly mid to late SSU pre-rRNAs. In contrast, RPL40
depletion had no significant impact on mid to late LSU precursor RNA levels. Again, our
data is somewhat in agreement with the data in yeast which showed minimal impact on
pre-rRNA levels upon Rpl40 depletion [50,54]. It has also been shown that Rpl40 assembles
with pre-60S complexes late in the cytoplasm, which is likely similar in human cells after
most pre-rRNA cleavages have already occurred [50]. Moreover, earlier work in HCT116
cells had revealed that the knockdown of a few other LSU ribosomal proteins (e.g., RPL27a
(uL15) and RPL26 (uL24)) also significantly impacted mature 28S rRNA levels with minimal
change in pre-rRNA levels [29]. In these instances, and likely similar to what we observed
upon RPL40 knockdown in three different cell lines, we believe that the ribosomal proteins
are more important for the stability of the mature LSU than for any of the individual
pre-rRNA processing steps.

Finally, we observed differences in the pre-rRNA processing defects seen upon knock-
down of RPS27a and RPL40 between U2OS, MCF7 and LNCaP cells and also compared
to those previously published in HeLa and HCT116 cells [29,49]. Firstly, the significant
SSU or LSU processing defects seen with respect to their own subunit varied between
different cell lines. RPS27a knockdown surprisingly also caused significant defects in LSU
maturation and changes in the 41S pre-rRNA levels, while both 41S and 21S SSU precursor
levels were significantly altered upon RPL40 depletion, and this was again different in
different cells. These could reflect cell-line-specific differences in the functions of these
proteins in ribosome biogenesis. This is likely due to the numerous and distinct mutations
in genes encoding both ribosomal proteins and ribosome biogenesis factors, which may
directly impact pre-rRNA processing [55,56]. However, analysis of the mutations in the
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available exome sequencing databases revealed no obvious explanation for the cell-line
specific data we observed, both with respect to p53 signalling and ribosome biogenesis.
We and others have previously reported that mammalian pre-rRNA processing pathways
vary slightly between different cell lines or tissues, for example, with respect to 5′ETS
and ITS1 processing [57,58]. However, we have not, with the exception of the RPS27a
and RPL40 knockdowns described here, observed significant cell-line specific differences
in the pre-rRNA processing defects seen with other ribosomal protein knockdowns (our
unpublished data). Further characterisation of the genetic background of each cell line
will help to understand the impact of individual ribosomal protein knockdowns on both
ribosome biogenesis and p53-dependent cellular signalling.
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Abstract: Ribosomal subunits begin assembly during transcription of the ribosomal RNA (rRNA),
when the rRNA begins to fold and associate with ribosomal proteins (RPs). In bacteria, the first
steps of ribosome assembly depend upon recognition of the properly folded rRNA by primary
assembly proteins such as S4, which nucleates assembly of the 16S 5′ domain. Recent evidence,
however, suggests that initial recognition by S4 is delayed due to variable folding of the rRNA
during transcription. Here, using single-molecule colocalization co-transcriptional assembly
(smCoCoA), we show that the late-binding RP S12 specifically promotes the association of S4 with
the pre-16S rRNA during transcription, thereby accelerating nucleation of 30S ribosome assembly.
Order of addition experiments suggest that S12 helps chaperone the rRNA during transcription,
particularly near the S4 binding site. S12 interacts transiently with the rRNA during transcription
and, consequently, a high concentration is required for its chaperone activity. These results support
a model in which late-binding RPs moonlight as RNA chaperones during transcription in order to
facilitate rapid assembly.

Keywords: ribosome assembly; RNA chaperones; single-molecule fluorescence; ribosomal protein
S12; co-transcriptional RNA folding

1. Introduction

In all kingdoms of life, the structures of ribosomal subunits derive from the three-
dimensional organization of the rRNA in complex with more than 20 unique ribosomal
proteins (RPs) [1]. The RPs not only stabilize the rRNA in its native conformation, but also
induce conformational changes in the rRNA that favor the next steps of assembly [2–5]. This
linkage between rRNA folding and RP binding produces a hierarchy of protein addition that
ensures the cooperativity of assembly (Figure 1a) [6,7]. In this hierarchy, primary assembly
proteins associate with the naked rRNA, whereas secondary and tertiary assembly proteins
only join the complex after a primary assembly protein has bound. This hierarchy is not
strict, however, as 30S and 50S assembly can proceed via alternative paths [3,8,9].

In cells, RPs begin to associate with the pre-rRNA as it is being transcribed [10].
Footprinting experiments on refolded rRNA showed that the path of RP assembly at 30 ◦C
in vitro is aligned with the 5′ to 3′ direction of transcription [11], although assembly can
begin in any domain [4]. During transcription, assembly is likely nucleated by primary
assembly RPs uS17, uS20, and uS4 that bind the 16S 5′ domain, since this domain is
transcribed first. Protein uS4 (S4 hereafter) binds a five-way helix junction (5WJ) in the
16S rRNA, stabilizes RNA tertiary interactions throughout the 16S 5′ domain [12], and
nucleates further assembly of the 5′ and central domains [7,13–15]. After S4 binds the 5WJ,
it induces a conformational change in 16S h18 [16,17], an element of the 30S decoding site
that is also stabilized by RP uS12 (S12) (Figure S1).
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Figure 1. Single-molecule system to study the association of S4 in the presence of other RPs. (a) 
Nomura 30S ribosome assembly map highlighting RPs used in this study. (b) RPs surrounding the 
S4 binding site in the mature 30S ribosome. The 5WJ recognized by S4 is shown as a dark grey 
ribbon. PDB: 4V4A. (c) Schematic of the single-molecule system used to study the binding dynamics 
of S4 during and after transcription of the pre-16S rRNA. Green star, Cy3; red star, Cy5. (d,e) Sample 
raw single-molecule traces illustrating PIFE at the end of transcription (green; top) and colocaliza-
tion of S4-Cy5 with the transcript (red; bottom). A rastergram for each transcript is shown below 
each plot of Cy5 intensity. This simplified annotation is used to visualize the timing of S4-Cy5 bind-
ing (black bars). PIFE (green circle) indicates the end of transcription. See Methods for details. (f,g) 
Rastergrams for 50 randomly selected pre-16S transcripts during and after transcription in the pres-
ence of (f) 100 nM unlabeled S12 and (g) 20 nM unlabeled S8. See Figure S2 for data with other RPs. 

We previously used single-molecule fluorescence co-localization co-transcriptional 
assembly (smCoCoA) to visualize association of RP S4 with the rRNA during transcription 
[18]. Although native S4-rRNA complexes are stable at 20 mM MgCl2 (t1/2 >> 10 min) 
[5,13,19], most S4 binding events during transcription are unstable (<2 s) due to variable 
folding of the rRNA during transcription [18,20]. Interestingly, the likelihood of stable S4 
binding during transcription increased when other RPs, including uS5 (S5), uS8 (S8), S12, 
bS16 (S16), uS17 (S17), and bS20 (S20), were also present. 

Figure 1. Single-molecule system to study the association of S4 in the presence of other RPs. (a) Nomura
30S ribosome assembly map highlighting RPs used in this study. (b) RPs surrounding the S4 binding
site in the mature 30S ribosome. The 5WJ recognized by S4 is shown as a dark grey ribbon. PDB: 4V4A.
(c) Schematic of the single-molecule system used to study the binding dynamics of S4 during and after
transcription of the pre-16S rRNA. Green star, Cy3; red star, Cy5. (d,e) Sample raw single-molecule
traces illustrating PIFE at the end of transcription (green; top) and colocalization of S4-Cy5 with the
transcript (red; bottom). A rastergram for each transcript is shown below each plot of Cy5 intensity.
This simplified annotation is used to visualize the timing of S4-Cy5 binding (black bars). PIFE (green
circle) indicates the end of transcription. See Methods for details. (f,g) Rastergrams for 50 randomly
selected pre-16S transcripts during and after transcription in the presence of (f) 100 nM unlabeled S12
and (g) 20 nM unlabeled S8. See Figure S2 for data with other RPs.

We previously used single-molecule fluorescence co-localization co-transcriptional
assembly (smCoCoA) to visualize association of RP S4 with the rRNA during tran-
scription [18]. Although native S4-rRNA complexes are stable at 20 mM MgCl2
(t1/2 >> 10 min) [5,13,19], most S4 binding events during transcription are unstable (<2 s)
due to variable folding of the rRNA during transcription [18,20]. Interestingly, the likeli-
hood of stable S4 binding during transcription increased when other RPs, including uS5
(S5), uS8 (S8), S12, bS16 (S16), uS17 (S17), and bS20 (S20), were also present.

These observations suggested that ribosomal proteins can accelerate rRNA folding
and assembly in cells. Yet, the mechanism of this chaperone effect remains unknown. S17
and S20 bind to different helix junctions in the 16S 5′ domain, whereas S5, S8, S12, and S16
bind near S4 in the mature 30S subunit (Figure 1a,b). Therefore, these RPs may facilitate
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S4 binding by altering the conformational landscape of the 5′ domain. Additionally, RPs
and other RNA chaperones could restructure the S4 binding site by unfolding an incorrect
secondary structure, or by transiently stabilizing the tertiary structure of helix junctions [21].

Here, we use our co-transcriptional assembly assay to understand how additional RPs
accelerate proper recognition of the S4 binding site, which is a key first step in 30S ribosome
assembly. The results show that the conserved late-binding protein S12 promotes S4
association during transcription by acting on the nascent rRNA. S12 was previously found
to have RNA chaperone activity, and may help the rRNA refold [22]. Interestingly, S12
binds the same rRNA 5WJ as S4, but on the opposite side. Thus, certain RPs may perform
the dual functions of stabilizing native rRNA structure and accelerating rRNA refolding.

2. Materials and Methods
2.1. Preparation of Fluorescent DNA Templates

Pre-16S DNA template for transcription was prepared by PCR using a reverse primer
containing a fluorescently labeled nucleotide, as previously described [18]. Fluorescent
labeling was carried out by reacting an internal C6-amino-modified T (IDT, Coralville, IA,
USA) with Cy3-NHS mono reactive dye (Lumiprobe Corp., Hunt Valley, MD, USA), as
follows: 1 mg Cy3-NHS mono reactive dye was dissolved in 33 µL DMSO and added to
a reaction mixture containing 10 nmol oligonucleotide, adjusted to 100 µL final volume
with 100 mM sodium bicarbonate pH 8.5. Labeling reactions were incubated at room
temperature for 24 h. Reactions were purified using a Nucleospin column (Takara Bio,
San Jose, CA, USA). Fluorescent DNA transcription templates were generated by PCR
using Q5 high-fidelity polymerase (NEB, Ipswich, MA, USA). Following PCR, fluorescently
labeled DNA templates were separated on 1% agarose, and isolated from the gel using a
Nucleospin gel purification kit (Takara Bio).

2.2. Protein Purification and Fluorescent Labeling

Unlabeled ribosomal proteins uS8 (S8), uS5 (S5), S12, and bS16 (S16) were expressed
and purified as previously described [23,24]. T7 RNA polymerase (RNAP) was recom-
binantly expressed in E. coli BL21 (DE3) cells as previously described [25], and natively
purified on a P11 phosphocellulose column followed by a Blue Dextran-Sepharose column,
using a protocol developed for SP6 polymerase [26].

Fluorescently labeled S4:C32S,S189C was purified and labeled as previously de-
scribed [5]. Briefly, S4:C32S,S189C was incubated for 3 h with a six-fold molar excess
of dye in 80 mM K-HEPES pH 7.6, 1 M KCl, 1 mM TCEP, and 3 M urea at 20 ◦C. Unreacted
dye was removed by cation exchange followed by dialysis against 80 mM K-HEPES pH 7.6,
1 M KCl, and 6 mM 2-mercaptoethanol (BME).

The S12:A48C expression plasmid was a kind gift from the Noller lab. Fluorescent
S12:A48C was prepared and fluorescently labeled as previously described, but with a few
modifications [27]. Briefly, S12:A48C was expressed in BL21 (DE3) cells. Upon lysis, S12
was found primarily in inclusion bodies. The inclusion bodies were dissolved in 10 mL
buffer A (6 M guanidinium-HCl, 1 M KCl, 6 mM BME), cleared by centrifugation, and the
soluble protein was dialyzed against 1 L buffer B (20 mM Na-acetate pH = 5.6, 1 M KCl,
6 M urea, 6 mM BME), 1 L buffer C (20 mM Na-acetate pH = 5.6, 500 mM KCl, 6 M urea,
6 mM BME), and twice against 1 L buffer D (20 mM Na-acetate pH = 5.6, 100 mM KCl,
6 M urea, 6 mM BME), for 2 h at each buffer change. The dialyzed protein was cleared by
centrifugation and filtered (0.45 µm), then applied to a UNO-S6 column (Bio-Rad, Hercules,
CA, USA) and eluted with a 0–40% linear gradient of 1 M KCl in buffer D. Half of the
protein was dialyzed against buffer 1 (80 mM HEPES, pH = 7.6, 20 mM MgCl2, 1 M KCl,
6 mM BME) for 2 h, twice, flash frozen in aliquots and stored at −80 ◦C. The other half
was dialyzed overnight against buffer 2 (80 mM HEPES pH = 7.5, 1 M KCl, 1 mM TCEP)
for labeling.

For labeling with Cy5, S12 protein was warmed to 20 ◦C and diluted with buffer
1 to 1.7 mL total (40 µM S12 final). Cy5-maleimide mono-reactive dye (GE-Healthcare,
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Chicago, IL, USA) was dissolved in DMSO to 20 mM and immediately added to the protein
solution. The reaction was incubated at 20 ◦C in the dark for 2 h. BME was added to
0.5% v/v to quench the reaction. The labeled protein was purified on an UNO-S6 column
with 0–60% linear gradient of 1 M KCl in 10 mM Tris-HCl pH = 6.3, 6 M urea, 0.01% Nikkol,
and 6 mM BME, with elution at 460 mM KCl. The protein was dialyzed against buffer 1
and stored at −80 ◦C as above.

2.3. Single-Molecule Fluorescence Microscopy

Single-molecule smCoCoA experiments were carried out as previously described [18].
Briefly, single-molecule microscopy was performed on a custom-built prism-based total
internal reflection fluorescence microscope. Cy3-labeled biomolecules were imaged using a
green (532 nm) laser and Cy5-labeled biomolecules were imaged using a red (640 nm) laser.

Stalled transcription elongation complexes (TECs) were assembled at RT for 2 min in
the following reaction: 50–100 nM Cy3-labeled DNA template, 40 mM Tris-HCl pH 7.5,
20 mM MgCl2, 50 nM T7 RNAP, 200 µM GTP, 200 µM ATP, 50 µM UTP, 2 U RNasin Plus, and
100 nM biotinylated tether oligomer. Stalled TECs (20 µL) were diluted 1:10 in transcription
buffer (40 mM Tris-HCl pH 7.5, 20 mM MgCl2), immobilized on quartz slides passivated
with DDS-Tween20 [28], and functionalized with streptavidin. Following immobilization,
stalled TECs were washed with imaging buffer (40 mM Tris-HCl pH 7.5, 20 mM MgCl2,
150 mM KCl, 1% w/v glucose, 165 U/mL glucose oxidase, 4 mM Trolox, 2 U RNasin Plus).

Before imaging, the restart imaging solution was assembled as follows: 40 mM Tris-
HCl pH 7.5, 20 mM MgCl2, 150 mM KCl, 5 nM Cy5-S4 or Cy5-S12, 1 mM ATP, 1 mM GTP,
1 mM CTP, 1 mM UTP, 1% w/v glucose, 165 U/mL glucose oxidase, 2170 U/mL catalase,
4 mM Trolox, and 2 U RNasin Plus, with additional RPs as stated. The restart imaging
solution was injected to the slide chamber during imaging. Imaging was performed with
alternating frames of green and red excitation every 100 ms for a total of ~3000 frames
(5 min).

2.4. Analysis of Single-Molecule Data

Single-molecule movies were analyzed as previously described [18] using Imscroll
software [29]. Briefly, Cy3-labeled TECs were selected as areas of interest (AOIs) at the
beginning of the movie. Colocalized spots were determined by translating the Cy3-TEC
AOI locations to the Cy5 channel using a mapping function, as previously described [29].
The intensities for AOIs in both channels were integrated over the duration of the movie to
generate single-molecule time traces. PIFE and Cy5-S4 colocalization was not observed
in control reactions without NTPs, confirming that these signals report on transcription
elongation and Cy5-S4 binding to the transcript, respectively [18].

Single-molecule traces were examined for transcription of the pre-16S rRNA as indi-
cated by protein-induced fluorescence enhancement (PIFE), as previously described [18].
Only traces exhibiting a single PIFE signal were included in the analysis of colocalized Cy5-
labeled RP to ensure that the analysis was limited to single, full-length pre-16S transcripts.
Binding intervals for Cy5-labeled RPs were generated as previously described [29]. Dwell
times lasting for a single frame (0.2 s) were indistinguishable from nonspecific binding of S4
or S12 with the slide surface in the absence of the RNA and were not included in the analysis.
Maximum likelihood estimation (MLE) was used to globally fit the unbinned kinetic data
using single- and triple-exponential kinetic binding models, as in Equations (1) and (2),
respectively, where x is the duration of the binding event; tm is the minimum resolvable
time interval in the experiment; tx is the maximum time interval; τ, τ1, τ2, τ3 represent
characteristic lifetimes; and a1 and a2 are the amplitudes associated with the fitted lifetimes.

1(
e−

tm
τ − e−

tx
τ

) · 1
τ

e−
x
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114



Biomolecules 2023, 13, 951

1

a1

(
e−

tm
τ1 − e−

tx
τ1

)
+ a2

(
e−

tm
τ2 − e−

tx
τ2

)
+ (1− a1 − a2)

(
e−

tm
τ3 − e−

tx
τ3

)

·
(

a1
τ1

e−
x

τ1 + a2
τ2

e−
x

τ2 + (1− a1 − a2)e
− x

τ3

)

(2)

Errors in MLE parameters were estimated by bootstrapping the data to obtain a
95% confidence interval, as previously described [29]. Histograms were generated in
MATLAB (the Mathworks) by unequal binning of the data to minimize empty bins and
visualize the MLE fits. Error bars in the histogram represent the variance in a binomial
distribution, described by Equation (3), where N is the number of observations and P is the
event probability.

σ =
√

NP(1− P) (3)

Cumulative density plots were generated in MATLAB and single-exponential fitting
of association times was carried out using GraphPad Prism.

3. Results
3.1. A Single-Molecule System to Study the Chaperone Activity of Ribosomal Proteins

Previous single-molecule experiments showed that the presence of secondary and
tertiary RPs increase the likelihood that protein S4 binds the 16S rRNA stably during
transcription (Figure 1a,b; [18]). This effect was greatest for a combination of proteins that
bind the 16S 5′ domain (S4, S12, S16, S17, S20) and the adjacent central domain (S5, S8). By
contrast, protein uS9 (S9) that binds the 16S 3′ domain had no effect on the likelihood of
stable S4 binding.

In order to understand how each RP acts on the rRNA, we used single-molecule
colocalization assembly (smCoCoA) to simultaneously monitor transcription of the pre-
rRNA and association of Cy5-labeled S4 with the nascent RNA (Figure 1c). We used the
stability of S4-Cy5 binding events as a readout for proper folding of the pre-16S rRNA, and
measured how S4 binding dynamics changed in the presence of individual RPs.

To observe synthesis of the pre-rRNA in real time, we first assembled stalled T7 RNA
polymerase transcription elongation complexes (TECs) on a Cy3-labeled pre-16S DNA
template. Stalled TECs were immobilized on a microscope slide using a biotinylated DNA
oligonucleotide that was complementary to the 5′ end of the nascent RNA (Figure 1c).
Transcription was restarted during imaging by adding NTPs together with S4-Cy5 and
unlabeled RPs in order to monitor S4-Cy5 binding dynamics during elongation of the pre-
rRNA (Figure 1c). The end of transcription was marked by protein-induced fluorescence
enhancement (PIFE), which occurs as RNAP passes over the Cy3 fluorophore attached to
the DNA template, as described previously [18].

We first examined whether RPs that bind near S4 in the mature ribosome contribute
to S4-Cy5 recruitment (Figure 1a,b). S5, S8, S12, or S16 was added to the transcription
reaction at a concentration that mimics 30S reconstitution conditions: Primary protein
S8 was added at 20 nM, while tertiary proteins S5 and S12 were added at 100 nM.
Most S4 binding events were brief (Figure 1d,e), consistent with previous findings that
improper pre-rRNA folding during transcription results in unstable or non-specific S4
binding [18]. Interestingly, we observed that the presence of S12 increased the number
of stable S4 binding events compared to S4 alone, or to S4 with other RPs, such as S8
(Figures 1f,g and S2).

3.2. S12 Increases Likelihood of Stable S4 Recruitment to Pre-16S rRNA during Transcription

In order to characterize the contribution of each RP on the binding dynamics of S4-Cy5,
we measured the distribution of S4-Cy5 dwell times, which report on the stability of S4-
rRNA complexes in the presence of another RP. Because the S4-Cy5 dwell time distribution
is dominated by short events, the mean dwell time ~1 s was similar for S4 alone and S4 in
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the presence of S5, S8, or S16. However, the mean was slightly higher in the presence of
100 nM S12 (~2 s), and the longest dwell times were more represented with 100 nM S12
compared to S4 alone (Figure 2a).

Table 1. Lifetimes of S4 complexes. Lifetimes (τ) and amplitudes (a) of all binding events, from
maximum likelihood triple-exponential fits of the unbinned dwell times for S4-Cy5 in the presence
of RPs.

RP Added Nmol τ1 (s) τ2 (s) τ3 (s) 2 a1
1 a2 a3

2

S4 alone 226 0.47 ± 0.01 3.83 ± 1.01 44 ± 11 0.957 ± 0.008 0.037 ± 0.007 0.003 ± 0.008

+100 nM S12 200 0.71 ± 0.02 4.78 ± 0.76 60 ± 13 0.893 ± 0.012 0.089 ± 0.011 0.018 ± 0.012

+20 nM S8 176 0.63 ± 0.02 5.79 ± 1.03 60 ± 21 0.941 ± 0.009 0.053 ± 0.009 0.006 ± 0.009

+100 nM S5 183 0.67 ± 0.01 4.43 ± 0.93 118 ± 29 0.978 ± 0.006 0.020 ± 0.006 0.002 ± 0.006

+50 nM S16 130 0.52 ± 0.02 2.35 ± 0.52 16 ± 3.8 0.923 ± 0.014 0.060 ± 0.015 0.016 ± 0.015
1 All distributions are dominated by short events (<1 s). 2 The uncertainties in τ3 and a3 are large, owing to the
few long-lived binding events relative to short events, and τ3 is underestimated because some long-lived events
extend beyond the end of the movie.
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Figure 2. Stable binding of S4 is enhanced by S12. (a) Box plot of the distribution of S4-Cy5 dwell
times in the presence of no other protein (–), 100 nM S12, 20 nM S8, 100 nM S5, and 50 nM S16.
(****, p ≤ 0.0001; *, p ≤ 0.05; ns, p > 0.05; Student’s t-test) (b) Maximum likelihood analysis of the
unbinned dwell time distribution shown in (a). Triple-exponential fit is shown with a colored line,
and fitting parameters are reported in Table 1. Centers of the binned dwell time data for S12, S8,
and –RPs are shown as circles, diamonds, and squares, respectively. See Figure S3 for additional
data. (c) Fraction of pre-16S TECs that experienced an S4 binding event lasting longer than 20 s, for
experiments as in (a). For comparison, the grey bar (+6) indicates the effect of adding six RPs at the
same time: 20 nM S20, 20 nM S17, 20 nM S8, 50 nM S16, 100 nM S5, 100 nM S12; data from Ref. [18].
Bars, average; grey circles, individual replicates. See Table 1 for the number of transcripts analyzed in
each experiment.

Because S4 interacts much more tightly with the properly folded 5WJ than with
unstructured RNA [15,18,19], an increase in stable S4-Cy5 binding indicates that the rRNA
is becoming better folded, on average. Therefore, the proportion of stable S4-Cy5 complexes
can be used as a readout for changes in the folding quality of the rRNA. We used maximum
likelihood analysis of the dwell time distributions to determine the characteristic dwell
times associated with S4-Cy5 binding in the presence of each RP, and their amplitudes
(Figures 2b and S2). Consistent with previous work [18], we found that S4-Cy5 exhibits
dwell times of τ1~0.5 s, τ2~6 s, and τ3 > 20 s (Table 1), which represent the inherent lifetimes
of the different S4 binding modes. When only S4-Cy5 was added to the transcription
reaction, the amplitude of the most stable binding mode, a3, was very small (0.3%; Table 1).
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When S12 was also present, however, a3 was sixfold higher, indicating that S4-Cy5 binding
was six times more likely to produce a stable complex.

We next examined the fraction of pre-16S transcripts that formed a long-lived S4-Cy5
complex (>20 s) at some point during each movie (Figure 2c). This fraction reports on the
probability that the pre-16S rRNA is competent for native-like S4 binding, which can be
reliably estimated from the single transcripts. The results showed that 100 nM S12 increased
the fraction of competent pre-16S transcripts by fourfold compared to other RPs and S4
alone (red bar, Figure 2c), suggesting that S12 generates a more native-like binding site
for S4.

3.3. S12 Only Interacts Transiently with Pre-16S in the Absence of Other Ribosomal Proteins

We considered that S12 must bind the rRNA to facilitate folding of the 5WJ and stable
binding of S4. One explanation for this effect is that S12 binds the rRNA together with
S4 to facilitate folding of the 5WJ (co-binding mechanism). Another explanation is that
S12 transiently binds the rRNA and changes its folding path, leaving the rRNA in a more
native-like structure that is competent to stably bind S4 (independent binding mechanism).
To distinguish between these mechanisms, we sought to measure how S12 binds the rRNA
on its own.

In order to characterize the binding dynamics of S12 directly, we labeled S12 with
a Cy5 fluorophore and carried out smCoCoA experiments on pre-16S TECs in the same
manner as for S4-Cy5 (Figure 3a). We expected that S12 alone should not interact stably
with the rRNA, because addition of S12 to the 16S rRNA requires many other RPs, including
S4, in the Nomura assembly map. Consistent with the Nomura map, the single-molecule
results showed that S12 only binds pre-16S rRNAs transiently under the conditions tested
(Figure 3b,c). We measured the dwell times of S12-Cy5 complexes and found that the
characteristic dwell time was τ~0.5 s, similar to non-specific S4-Cy5 binding to pre-16S
rRNA (Figure 3d).
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Figure 3. S12-Cy5 only interacts transiently with pre-16S transcripts in the absence of other RPs.
(a) Single-molecule assay to measure S12 binding during transcription. (b) Example of a single-
molecule trace illustrating transcription from a single Cy3-TEC (green) and colocalization of S12-Cy5
(red). (c) Rastergram of S12-Cy5 binding (black bars) to 50 randomly selected pre-16S TECs, as in
Figure 1. (d) MLE analysis of S12-Cy5 binding to pre-16S transcripts (red) compared to S4-Cy5 (gold).
The characteristic S12-Cy5 dwell time is τ = 0.46 s; see Table 1 for S4-Cy5 parameters. (e) The fraction
of pre-16S TECs with stable S4-Cy5 binding is dependent on S12 concentration, as 20 nM unlabeled
S12 does not improve S4-Cy5 binding.
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Since S12-Cy5 binds the rRNA only for a short time, we reasoned that the effect of S12
on S4-Cy5 binding may be concentration dependent for either co-binding or independent
binding mechanisms. In order to examine the concentration dependence, we measured
S4-Cy5 binding dynamics in the presence of 20 nM S12, and found that this amount of S12
was insufficient to improve S4 binding (Figure 3e). These results indicated that S12 must
be present at a high concentration to facilitate the formation of stable S4-rRNA complexes
through frequent, low-affinity interactions with the rRNA.

3.4. S12 Can Act on Pre-16S during and after Transcription to Increase Stable S4 Recruitment

In all aforementioned experiments, S12 was allowed to access the rRNA during and
after transcription. Therefore, it was unclear if S12 helps the rRNA fold as it is synthesized
or if S12 helps the rRNA refold after it has already misfolded.

In order to examine whether S12 acts during or after transcription, we varied the
order in which S12 is added to the pre-rRNA in the single-molecule experiments. First, we
immobilized unlabeled stalled pre-16S TECs and injected NTPs to restart transcription, as
described above (Figure 4). For co-transcriptional S12 interactions (Figure 4a), we added
100 nM S12 together with the NTPs to allow S12 to help fold the rRNA during transcription.
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5a). These data suggested that S12 more efficiently chaperones rRNA folding as it is syn-
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Next, we examined the kinetics of S4-Cy5 association with the rRNA when S12 was 
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tion (post-txn). Previous experiments established that S4-Cy5 dwell times longer than 1 s 
mainly represent specific interactions with the 5WJ in the 16S rRNA [18]. 

Figure 4. S12 is more effective when present during transcription. Strategy for visualizing S4-Cy5
binding to the pre-16S after transcription. Immobilized transcripts were detected by hybridization
of a complementary Cy3-oligomer. (a) Binding to pre-16S transcribed in the presence of 100 nM
S12. Rastergram of S4-Cy5 binding at right. Pre-16S transcripts were ordered by the start of the first
S4-Cy5 binding event longer than 20 s. (b) Binding in the presence of 100 nM S12, as in (a). (c) Binding
in the absence of S12, as in (a). See Figure S4 and Table S1 for binding lifetimes.

Following transcription, the slide was thoroughly washed to remove unbound S12
and NTPs from the reaction chamber. The co-transcriptionally folded pre-16S rRNAs were
then labeled in situ with a Cy3-labeled oligomer that is complementary to the 3′ end of the
pre-16S rRNA. Binding of S4-Cy5 to S12-treated transcripts was then monitored following
injection of S4-Cy5 into the slide chamber during imaging (Figure 4a). To determine whether
S12 can act after transcription, 100 nM S12 was added together with S4-Cy5 to previously
transcribed pre-16S pre-rRNA (Figure 4b). Finally, we compared the results to a control
in which S4-Cy5 was allowed to bind the pre-rRNA post-transcription in the absence of
S12 (Figure 4c). We observed that adding S12 during transcription or after transcription
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increased the amount of stable S4-Cy5 binding compared to S4 alone (Figure 4). Moreover,
S12 was able to enhance stable S4-Cy5 binding even after S12 was washed out (Figure 4a),
supporting the idea that S12 acts on the pre-rRNA rather than on S4.

In order to determine whether S12 was more effective during or after transcription,
we compared the fraction of pre-16S rRNAs competent to stably bind S4-Cy5 when S12
was added co-transcriptionally (co-txn) or post-transcriptionally (post-txn; Figure 5). The
fraction of competent pre-16S rRNA increased nearly fivefold when S12 was added during
transcription, compared with ~twofold when S12 was added post-transcription (Figure 5a).
These data suggested that S12 more efficiently chaperones rRNA folding as it is synthesized
compared to when the RNA has had time to misfold.
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(a) Fraction of pre-16S rRNAs that bind S4 > 20 s in the absence of S12 (black bar; as in Figure 4c),
in the presence of S12 after transcription (red bar; as in Figure 4b), and in the presence of S12
during transcription (teal bar; as in Figure 4a). Gray symbols indicate the values for independent
replicates. (b) Cumulative probability plot of S4-Cy5 arrival times for specific events lasting >1 s.
Association times were combined from two independent replicates. Association of S4-Cy5 is faster in
the presence of S12 added during or after transcription. The cumulative density functions for S12
co-txn and S12 post-txn are statistically similar, and both are statistically different than no S12 (K–S
test). (c) Cumulative probability plot of S4-Cy5 arrival times for stable events lasting >20 s. Apparent
association times were fit with a single exponential function (lines). Stable association of S4-Cy5 is
enhanced by the presence of S12 during and after transcription.

Next, we examined the kinetics of S4-Cy5 association with the rRNA when S12 was
added, either during transcription (co-txn) or simultaneously with S4-Cy5 after transcrip-
tion (post-txn). Previous experiments established that S4-Cy5 dwell times longer than 1 s
mainly represent specific interactions with the 5WJ in the 16S rRNA [18].

Therefore, we first examined the first moment of S4-Cy5 binding >1 s for all pre-16S
transcripts. The cumulative probability distributions of association times showed that S12
accelerated specific S4-Cy5 binding, whether S12 was present during or after transcription
(Figure 5b). This suggests that S12 favors recognition of the 5WJ by S4, and that S12 need
not be present with S4 to act.

Because the likelihood of stable S4-Cy5 binding increased dramatically when S12 was
present during transcription, we also measured the apparent association time for S4-Cy5
binding >20 s, as above (Figure 5c). The cumulative probability distributions showed
that, when S12 is present during transcription, S4-Cy5 binding reached a higher maximum
probability compared to when S12 was added after transcription or not at all (Table 2).
However, the apparent association rates of long-lived S4-Cy5 binding events, kon,app, were
similar within error between the different conditions, indicating that the effective on-rate
had not changed in the presence of S12 (Figure 5c and Table 2). This is consistent with
an RNA chaperone activity of S12, in which S12 accelerates proper folding of the rRNA,
thereby generating a larger fraction of rRNAs that are competent to stably interact with S4.
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Table 2. Exponential fit parameters for apparent association rates of long-lived S4-rRNA interactions.
Cumulative density plots from Figure 5c were fit to a single-exponential rate equation, in which A is
the amplitude of plateau and kon,app is the apparent association rate for S4-Cy5 binding events > 20 s.

Experiment Nmol kon,app (s−1) A

S4 alone post-txn 153 0.0043 ± 0.0018 0.11 ± 0.02

S12 added co-txn 143 0.0047 ± 0.0004 0.59 ± 0.02

S12 added post-txn 151 0.0028 ± 0.0012 0.43 ± 0.09

4. Discussion

How the rRNA folds during and after transcription is critical for ribosome biogenesis,
which is coupled with pre-rRNA synthesis in cells. Estimates of ribosome synthesis kinetics
in E. coli [30] imply that the primary assembly RP S4 is recruited to the rRNA soon after
its binding site is transcribed [31]. In vitro, however, S4 struggles to stably recognize
its binding site due to improper folding of the newly made pre-16S rRNA [18]. This
dichotomy implies that cells possess mechanisms for facilitating proper rRNA folding
during transcription.

Here, we examined how RPs facilitate the binding of protein S4 to the 16S rRNA,
which is one of the first complexes formed during 30S ribosome assembly. Surprisingly, we
find that RP S12 alone can accelerate stable association of S4 (Figures 1 and 2), although S12
stably joins the complex much later during 30S assembly. Protein S12 only binds weakly
with assembly intermediates [32] and pulse-chase mass spectrometry experiments revealed
that S12 has a very slow on-rate during reconstitution relative to other RPs [3]. Consistent
with these earlier results, we observe that S12 can only interact transiently with the pre-16S
rRNA in single-molecule experiments (Figure 3).

There are at least two mechanisms by which S12 may facilitate S4-rRNA complex
formation: S12 may co-bind the rRNA with S4 to stabilize the complex, or S12 may indepen-
dently change the folding path of the S4 binding site, acting as a canonical RNA chaperone.
In the mature subunit, S12 binds the 16S 5WJ opposite S4 (Figure S1). Therefore, the two
proteins could cooperatively stabilize each other’s interactions with the rRNA when they
co-bind the rRNA. However, S12 is unlikely to improve the thermodynamics of S4 binding,
as native S4-rRNA complexes are already very stable [13], and S4 binds before S12 in the
assembly map. Moreover, it is unlikely that the two proteins occupy the same rRNA under
the conditions of our experiments (≤1 per 200 s at 100 nM S12). Instead, our results show
that S12 increases the effective rate of stable recruitment, rather than the lifetimes of the S4
complexes (Figures 2 and 5), by acting on the rRNA.

Protein S12 has been previously suggested to act as a general RNA chaperone that
facilitates splicing of a group I intron and the hammerhead ribozyme [22]. Interestingly, S12
also binds other RNAs weakly and non-specifically, with only a slight binding preference
for unstructured RNA [22]. Despite only interacting with the newly transcribed RNA
for short periods of time (~0.5 s), S12 is able to elicit an effect on the rRNA folding path,
leading to increased binding of S4. Because we observe that S12 must be present in a high
concentration in order to facilitate S4 binding (Figure 3e), it is likely that there is a low
probability that S12 successfully chaperones the RNA at each encounter. Similar to other
RNA-binding proteins with chaperone activity [33], S12 possesses a broad RNA binding
surface, with flexible loops and tails that could help refold the RNA during these short
interactions [34]. It is unclear if S12 is acting as a chaperone by interacting with its normal
binding site, or if S12 is helping to refold the entire rRNA through nonspecific interactions.

Our order-of-addition experiments suggest that S12 acts on the rRNA independently
of S4, since the presence of S12 during transcription followed by its removal leads to even
more stable S4 binding post-transcription than when S12 was present together with S4
(Figures 4 and 5). Similarly, S12 does not have to be present during group I intron splicing to
improve the splicing efficiency [22]. Moreover, our data suggest that S12 may perform better
on rRNAs during transcription than on refolded rRNAs (Figure 5). Altogether, the results
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support a model in which S12 binds to the rRNA while it is still relatively unstructured to
help form native-like initial structures and prevent the rRNA from misfolding. Rapid and
transient binding may prevent the accumulation of unproductive S12-rRNA complexes
that could inhibit S4 binding.

During assembly in vivo, stable recruitment of S4 must occur soon after transcription
of the 5WJ in order to nucleate assembly of the 5′ domain. In our minimal in vitro system,
S4 is still unable to bind the rRNA stably during transcription, even in the presence of
S12 (Figure 1). Furthermore, S12 only increases the fraction of rRNAs competent for S4
addition to ~20% (Figure 2c). While it is not known how many transcribed rRNAs are
ultimately assembled into a mature 30S subunit, it is likely that cells contain redundant
mechanisms to accelerate rRNA folding and facilitate binding of S4 and other RPs during
transcription. These chaperone mechanisms could include other RPs not tested here, such
as RP S1, which has been shown to have RNA chaperone activity [35–38]. There is evidence
that general RNA chaperones function during ribosome assembly, including Hfq, CspA,
CsdA, and other RNA binding proteins [33,39]. Future work examining other chaperones
will be important in order to characterize the mechanism of the earliest steps in ribosome
biogenesis during transcription.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biom13060951/s1, Figure S1: Binding sites of S4 and S12 in
E. coli 16S rRNA after [40].; Figure S2: Presence of RP S16 or S5 does not influence S4-Cy5 binding
dynamics on pre-16S rRNAs.; Figure S3: Maximum likelihood estimation (MLE) analysis of S4-Cy5
dwell times in the presence of different RPs.; Figure S4: Probability density histograms and maximum
likelihood estimation (MLE) fits of S4-Cy5 binding to pre-16S rRNAs post-transcription, as outlined
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after transcription.

Author Contributions: Conceptualization, M.L.R. and S.A.W.; methodology, M.L.R. and Y.S.; formal
analysis, M.L.R. and Y.S.; writing—original draft preparation, M.L.R.; writing—review and editing,
M.L.R., Y.S. and S.A.W.; funding acquisition, M.L.R. and S.A.W. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Institute of General Medical Sciences, K99/R00
GM140204 to M.L.R. and R35 GM136351 to S.A.W.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank the Noller lab for the expression plasmid for single-cysteine S12 and all
members of the Woodson lab for helpful comments on this manuscript. This research was supported
in part by the Intramural Research Program of the NIH, The National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Noller, H.F. RNA Structure: Reading the Ribosome. Science 2005, 309, 1508–1514. [CrossRef] [PubMed]
2. Stern, S.; Powers, T.; Changchien, L.-M.; Noller, H.F. RNA-Protein Interactions in 30S Ribosomal Subunits: Folding and Function

of 16S rRNA. Science 1989, 244, 783–790. [CrossRef] [PubMed]
3. Talkington, M.W.T.; Siuzdak, G.; Williamson, J.R. An assembly landscape for the 30S ribosomal subunit. Nature 2005, 438, 628–632.

[CrossRef] [PubMed]
4. Adilakshmi, T.; Bellur, D.L.; Woodson, S.A. Concurrent nucleation of 16S folding and induced fit in 30S ribosome assembly.

Nature 2008, 455, 1268–1272. [CrossRef] [PubMed]
5. Kim, H.; Abeysirigunawarden, S.C.; Chen, K.; Mayerle, M.; Ragunathan, K.; Luthey-Schulten, Z.; Ha, T.; Woodson, S.A.

Protein-guided RNA dynamics during early ribosome assembly. Nature 2014, 506, 334–338. [CrossRef]

121



Biomolecules 2023, 13, 951

6. Held, W.A.; Mizushima, S.; Nomura, M. Reconstitution of Escherichia coli 30 S Ribosomal Subunits from Purified Molecular
Components. J. Biol. Chem. 1973, 248, 5720–5730. [CrossRef]

7. Nowotny, V.; Nierhaus, K.H. Assembly of the 30S subunit from Escherichia coli ribosomes occurs via two assembly domains which
are initiated by S4 and S7. Biochemistry 1988, 27, 7051–7055. [CrossRef]

8. Ridgeway, W.K.; Millar, D.P.; Williamson, J.R. Quantitation of ten 30S ribosomal assembly intermediates using fluorescence triple
correlation spectroscopy. Proc. Natl. Acad. Sci. USA 2012, 109, 13614–13619. [CrossRef]

9. Davis, J.H.; Tan, Y.Z.; Carragher, B.; Potter, C.S.; Lyumkis, D.; Williamson, J.R. Modular Assembly of the Bacterial Large Ribosomal
Subunit. Cell 2016, 167, 1610–1622.e15. [CrossRef]

10. French, S.L.; Miller, O.L. Transcription mapping of the Escherichia coli chromosome by electron microscopy. J. Bacteriol. 1989, 171,
4207–4216. [CrossRef]

11. Powers, T.; Daubresse, G.; Noller, H.F. Dynamics of In Vitro Assembly of 16 S rRNA into 30 S Ribosomal Subunits. J. Mol. Biol.
1993, 232, 362–374. [CrossRef] [PubMed]

12. Ramaswamy, P.; Woodson, S.A. Global Stabilization of rRNA Structure by Ribosomal Proteins S4, S17, and S20. J. Mol. Biol. 2009,
392, 666–677. [CrossRef]

13. Gerstner, R.B.; Pak, Y.; Draper, D.E. Recognition of 16S rRNA by Ribosomal Protein S4 from Bacillus stearothermophilus. Biochemistry
2001, 40, 7165–7173. [CrossRef] [PubMed]

14. Sapag, A.; Vartikar, J.V.; Draper, D.E. Dissection of the 16S rRNA binding site for ribosomal protein S4. Biochim. Biophys. Acta
BBA-Gene Struct. Expr. 1990, 1050, 34–37. [CrossRef]

15. Vartikar, J.V.; Draper, D.E. S4-16 S ribosomal RNA complex: Binding constant measurements and specific recognition of a
460-nucleotide region. J. Mol. Biol. 1989, 209, 221–234. [CrossRef]

16. Powers, T.; Noller, H.F. A Temperature-dependent Conformational Rearrangement in the Ribosomal Protein S4 16 S rRNA
Complex. J. Biol. Chem. 1995, 270, 1238–1242. [CrossRef]

17. Mayerle, M.; Bellur, D.L.; Woodson, S.A. Slow Formation of Stable Complexes during Coincubation of Minimal rRNA and
Ribosomal Protein S4. J. Mol. Biol. 2011, 412, 453–465. [CrossRef]

18. Rodgers, M.L.; Woodson, S.A. Transcription Increases the Cooperativity of Ribonucleoprotein Assembly. Cell 2019, 179,
1370–1381.e12. [CrossRef]

19. Bellur, D.L.; Woodson, S.A. A Minimized rRNA-Binding Site for Ribosomal Protein S4 and Its Implications for 30S Assembly.
Proc. Natl. Acad. Sci. USA 2009, 37, 1886–1896. [CrossRef]

20. Duss, O.; Stepanyuk, G.A.; Puglisi, J.D.; Williamson, J.R. Transient Protein-RNA Interactions Guide Nascent Ribosomal RNA
Folding. Cell 2019, 179, 1357–1369.e16. [CrossRef]

21. Williamson, J.R. Induced fit in RNA-protein recognition. Nat. Struct. Mol. Biol. 2000, 7, 834–837. [CrossRef] [PubMed]
22. Coetzee, T.; Herschlag, D.; Belfort, M. Escherichia coli proteins, including ribosomal protein S12, facilitate in vitro splicing of phage

T4 introns by acting as RNA chaperones. Genes Dev. 1994, 8, 1575–1588. [CrossRef]
23. Culver, G.M.; Noller, H.F. Efficient reconstitution of functional Escherichia coli 30S ribosomal subunits from a complete set of

recombinant small subunit ribosomal proteins. RNA 1999, 5, 832–843. [CrossRef] [PubMed]
24. Culver, G.M.; Noller, H.F. In vitro reconstitution of 30S ribosomal subunits using complete set of recombinant proteins. Methods

Enzym. 2000, 318, 446–460. [CrossRef]
25. Davanloo, P.; Rosenberg, A.H.; Dunn, J.J.; Studier, F.W. Cloning and expression of the gene for bacteriophage T7 RNA polymerase.

Proc. Natl. Acad. Sci. USA 1984, 81, 2035–2039. [CrossRef]
26. Butler, E.T.; Chamberlin, M.J. Bacteriophage SP6-specific RNA polymerase. I. Isolation and characterization of the enzyme. J. Biol.

Chem. 1982, 257, 5772–5778. [CrossRef]
27. Hickerson, R.; Majumdar, Z.K.; Baucom, A.; Clegg, R.M.; Noller, H.F. Measurement of Internal Movements within the 30S

Ribosomal Subunit Using Förster Resonance Energy Transfer. J. Mol. Biol. 2005, 354, 459–472. [CrossRef]
28. Hua, B.; Han, K.Y.; Zhou, R.; Kim, H.; Shi, X.; Abeysirigunawardena, S.C.; Jain, A.; Singh, D.; Aggarwal, V.; Woodson, S.A.; et al.

An improved surface passivation method for single-molecule studies. Nat. Methods 2014, 11, 1233–1236. [CrossRef]
29. Friedman, L.J.; Gelles, J. Multi-wavelength single-molecule fluorescence analysis of transcription mechanisms. Methods 2015,

86, 27–36. [CrossRef]
30. Lindahl, L. Intermediates and time kinetics of the in vivo assembly of Escherichia coli ribosomes. J. Mol. Biol. 1975, 92, 15–37.

[CrossRef]
31. Chen, S.S.; Sperling, E.; Silverman, J.M.; Davis, J.H.; Williamson, J.R. Measuring the dynamics of E. coli ribosome biogenesis using

pulse-labeling and quantitative mass spectrometry. Mol. Biosyst. 2012, 8, 3325. [CrossRef] [PubMed]
32. Held, W.A.; Nomura, M. Rate-determining step in the reconstitution of Escherichia coli 30S ribosomal subunits. Biochemistry 1973,

12, 3273–3281. [CrossRef]
33. Woodson, S.A.; Panja, S.; Santiago-Frangos, A. Proteins That Chaperone RNA Regulation. Microbiol. Spectr. 2018, 6, 385–397.

[CrossRef] [PubMed]
34. Tompa, P.; Csermely, P. The role of structural disorder in the function of RNA and protein chaperones. FASEB J. 2004, 18,

1169–1175. [CrossRef] [PubMed]
35. Bear, D.G.; Ng, R.; Van Derveer, D.; Johnson, N.P.; Thomas, G.; Schleich, T.; Noller, H.F. Alteration of polynucleotide secondary

structure by ribosomal protein S1. Proc. Natl. Acad. Sci. USA 1976, 73, 1824–1828. [CrossRef] [PubMed]

122



Biomolecules 2023, 13, 951

36. Kolb, A.; Hermoso, J.M.; Thomas, J.O.; Szer, W. Nucleic acid helix-unwinding properties of ribosomal protein S1 and the role of
S1 in mRNA binding to ribosomes. Proc. Natl. Acad. Sci. USA 1977, 74, 2379–2383. [CrossRef] [PubMed]

37. Hajnsdorf, E.; Boni, I.V. Multiple activities of RNA-binding proteins S1 and Hfq. Biochimie 2012, 94, 1544–1553. [CrossRef]
38. Lund, P.E.; Chatterjee, S.; Daher, M.; Walter, N.G. Protein unties the pseudoknot: S1-mediated unfolding of RNA higher order

structure. Nucleic Acids Res. 2020, 48, 2107–2125. [CrossRef]
39. Andrade, J.M.; dos Santos, R.F.; Chelysheva, I.; Ignatova, Z.; Arraiano, C.M. The RNA-binding protein Hfq is important for

ribosome biogenesis and affects translation fidelity. EMBO J. 2018, 37, e97631. [CrossRef]
40. Brodersen, D.; Clemons, W.; Carter, A.; Wimberly, B.T.; Ramakrishnan, V. Crystal structure of the 30 s ribosomal subunit from

Thermus thermophilus: Structure of the proteins and their interactions with 16 s RNA. J. Mol. Biol. 2002, 316, 725–768. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

123



Citation: Ayers, T.N.; Woolford, J.L.

Putting It All Together: The Roles of

Ribosomal Proteins in Nucleolar

Stages of 60S Ribosomal Assembly in

the Yeast Saccharomyces cerevisiae.

Biomolecules 2024, 14, 975. https://

doi.org/10.3390/biom14080975

Academic Editors: Brigitte Pertschy

and Ingrid Zierler

Received: 17 July 2024

Revised: 5 August 2024

Accepted: 7 August 2024

Published: 9 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Review

Putting It All Together: The Roles of Ribosomal Proteins in
Nucleolar Stages of 60S Ribosomal Assembly in the Yeast
Saccharomyces cerevisiae
Taylor N. Ayers and John L. Woolford *

Department of Biological Sciences, Carnegie Mellon University, Pittsburgh, PA 15213, USA
* Correspondence: jw17@andrew.cmu.edu

Abstract: Here we review the functions of ribosomal proteins (RPs) in the nucleolar stages of large
ribosomal subunit assembly in the yeast Saccharomyces cerevisiae. We summarize the effects of
depleting RPs on pre-rRNA processing and turnover, on the assembly of other RPs, and on the
entry and exit of assembly factors (AFs). These results are interpreted in light of recent near-atomic-
resolution cryo-EM structures of multiple assembly intermediates. Results are discussed with respect
to each neighborhood of RPs and rRNA. We identify several key mechanisms related to RP behavior.
Neighborhoods of RPs can assemble in one or more than one step. Entry of RPs can be triggered by
molecular switches, in which an AF is replaced by an RP binding to the same site. To drive assembly
forward, rRNA structure can be stabilized by RPs, including clamping rRNA structures or forming
bridges between rRNA domains.

Keywords: ribosome assembly; protein–rRNA interactions; rRNA folding; ribosome assembly
intermediates; ribosomal proteins; assembly factors; large ribosomal subunit; pre-rRNA processing;
cryo-electron microscopy

1. Introduction

Ribosomes are ribonucleoprotein nanomachines that translate the genetic code in
mRNA and catalyze peptide bond formation. The small ribosomal subunit (SSU) houses
the mRNA decoding center, while the large ribosomal subunit (LSU) contains the peptidyl-
transferase center (PTC). In yeast, the SSU is comprised of the 18S rRNA (1800 nucleotides
(nts)) and 33 different ribosomal proteins (RPs). The LSU contains the 5S rRNA (121 nts),
5.8S rRNA (158 nts), 25S rRNA (3396 nts), and 46 different RPs.

The LSU 25S rRNA is organized into six phylogenetically conserved domains of sec-
ondary structure (domains I–VI, 5′ to 3′) that intertwine with each other (Figure S1A,B) [1,2].
Each rRNA domain originates from a root helix created by base-pairing between the first and
last nucleotide sequences of that domain, defining the domain “boundaries” (Figure S1A,C).
The 5.8S rRNA base-pairs with the 5′ end of rRNA domain I to form the proximal stem (Figure
S1A), while the 5S rRNA docks onto rRNA domain V to form the central protuberance, a
bridge-like structure that links the two subunits during protein synthesis. RPs decorate the
outer surface of rRNA and burrow into the rRNA core to help knit together the multiple
rRNA domains (Figure S1D).

Assembly of the ribosomal subunits begins in the nucleolus, with transcription of the
35S pre-rRNA by RNA polymerase I and the 5S rRNA by RNA polymerase III (Figure S2A).
The 35S primary rRNA transcript contains the sequences for the mature 18S, 5.8S, and 25S
rRNAs, which are separated and flanked by internal and external transcribed spacers (Figure
S2B). During, and immediately after its synthesis, rRNA undergoes folding, modification,
and removal of some of the spacer sequences, accompanied by binding of a subset of the
RPs (Figure S2A,B) [3–6]. The 5S rRNA is separately packaged into a 5S ribonucleoprotein
complex (RNP) before joining nascent 60S subunits [7–9]. Small subunit precursor particles
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are released from the transcription complex upon endonucleolytic cleavage of rRNA at the
A2 site, leading to rapid transit of pre-40S particles out of the nucleolus (Figure S2A). In
contrast, free pre-60S particles are only generated upon termination of rRNA transcription and
then undergo multiple remodeling steps before moving into the nucleoplasm (Figure S2A).
Additional restructuring of precursors to both subunits occurs in the nucleoplasm, followed
by final stages of maturation and quality control in the cytoplasm [10–13]. In rapidly growing
yeast cells, 2000 ribosomes are produced each minute [14]. The accuracy and efficiency of this
complex pathway of ribosome biogenesis are enabled at different steps by more than 200 AFs
in yeast (Figure S3) [3,5,6]. Of these AFs, approximately 90 participate in LSU biogenesis.

2. rRNA Folding Is a Critical Component of Ribosome Assembly

Arguably, the most challenging task of assembling ribosomes is the folding of their
rRNA [15]. Because functional centers of the ribosome are largely comprised of rRNA, e.g.,
the peptidyltransferase center and the polypeptide exit tunnel in the LSU, proper formation
of the three-dimensional structure of rRNA is especially critical for ribosome function [16].

RNA structure probing and near-atomic resolution cryo-electron microscopy (cryo-
EM) structures of ribosome assembly intermediates have provided an initial glimpse into
the rRNA folding pathway [5,6,17–20]. As rRNA is transcribed, it begins to fold into its
secondary structure and bind to RPs and AFs (Figure S2A). Yet the path to do so is not
always straightforward. The complementary strands of some rRNA helices in mature
ribosomes, including the root helices at the base of each domain, are far apart in the rRNA
primary sequence (Figure S1A). Therefore, alternative rRNA helices can form initially via
base-pairing with other sequences 5′ of the mature partner before the second strand of that
root helix is even transcribed. These initial helices then must be remodeled to promote
productive pairing between downstream rRNA partners [21–25]. Once rRNA secondary
structures are established, the resulting helices then reorient to form the complex tertiary
structures necessary for rRNA function.

One challenge to defining the rRNA folding pathway (for both cells and experimental-
ists!) is that a significant fraction of the rRNA is structurally heterogeneous during certain
stages and thus cannot be resolved via cryo-EM. For example, newly synthesized rRNA is
highly flexible in the earliest assembly intermediate, with less than one fourth of the LSU
rRNA visible in the structure of the Noc1-Noc2 particle [26,27]. Likewise, most of rRNA
domains III, IV, and V are flexible and do not stably compact onto pre-ribosomes until late
nucleolar stages, after the installation of domains I, II, and VI (Figure S3) [18,20,28]. Thus, it
remains unclear precisely how and when these initially flexible RNAs fold into secondary
and tertiary structures and bind to RPs and AFs.

3. How to Determine Functions of Ribosomal Proteins

The primary function of RPs and many AFs is to enable the proper folding of rRNA.
This facilitates the recruitment of other RPs and AFs to promote further remodeling of
the pre-rRNP structure to drive assembly forward [6,29]. Before reviewing the roles of
RPs in LSU assembly, we will first describe the experimental approaches used to assay
RP functions.

3.1. Investigating When Each RP Assembles into Pre-Ribosomes

Determining the order of RP assembly into pre-ribosomes provides useful hints for
delineating the specific role of RPs in subunit maturation. Thirty-nine of the forty-six
RPs in the large subunit associate with pre-ribosomes in the nucleus, while the remaining
seven join nascent 60S subunits in the cytoplasm (Figure S2C) [30]. To more precisely
determine when each RP assembles, the consecutive pre-rRNA processing intermediates
(Figure S2B) and pre-ribosome assembly intermediates (Figure S2C) with which each RP
co-immunopurifies have been identified [31–36]. However, these approaches provide only
rough estimates of RP entry times since there are only a handful of different pre-rRNA
processing intermediates or purified pre-ribosome assembly intermediates that one can
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distinguish (Figure S2B,C). Pre-ribosomes are captured using epitope-tagged AFs that
copurify with multiple different assembly intermediates that span early, middle, and/or
late intervals. Thus, affinity-purified pre-ribosomes usually comprise a heterogeneous
population. In this review, we indicate the point of entry for each RP based upon when it is
first resolved in pre-ribosome intermediates via cryo-EM. Note that biochemical assays and
cryo-EM structures of pre-ribosomes do not always agree. Failure to visualize a protein in
a particle may result from the structural heterogeneity and/or flexibility of that protein.

3.2. Depleting Ribosomal Proteins

Of the 46 RPs in the yeast LSU, 35 are essential for cell growth, while 11 are not essential
under laboratory conditions [30,37]. However, deletion of the “nonessential” RP genes
usually results in slow growth at 30 ◦C or an inability to grow at lower temperatures (cold
sensitivity) [37,38]. Conditional expression has been utilized to deplete RPs whose absence
causes a lethal or severe growth defect at 30 ◦C. To deplete an RP, a glucose-repressible
GAL promoter is fused to the RP gene of interest. Cell cultures shifted from galactose- to
glucose-containing medium halt transcription of the RP mRNA [39]. After waiting for
the pre-existing RP mRNA to decay, and for the pool of unassembled RPs to be depleted
by turnover or by assembly into pre-ribosomes, the depletion phenotype can be assessed.
Phenotypes of cold-sensitive knockouts of nonessential RP genes can be assayed by shifting
cultures to low temperatures.

To date, strains conditional for the expression of 42 of the 46 yeast LSU RPs have
been constructed. Most of these mutants exhibit a shortage of 60S subunits relative to 40S
subunits and are blocked at a particular stage of pre-rRNA processing, although some
arrest assembly occurs only after all steps of rRNA processing have occurred [30]. The
effects of the depletions on subunit maturation have been examined in more detail for
28 of the RPs. To do so, semi-quantitative mass spectrometry was used to assay changes in
protein constituents of affinity-purified pre-ribosomes [40].

Interpreting RP depletion phenotypes is not necessarily straightforward. Deple-
tion of an RP using conditional promoter systems can take several hours relative to the
15–20 min required for subunit assembly [40–42]. Thus, one must be aware of indirect
effects. Defects in early steps of assembly can result when a late step is blocked by RP
depletion due to improper recycling of early-acting AFs from the abortive late interme-
diates [42,43]. RPs could also impact assembly even before they form stable complexes
with their rRNA ligands by first chaperoning the binding of other RPs [44]. Conversely,
an assembly defect might only be observed downstream of the stable installation of an RP
with an rRNA domain if that entire domain is initially flexible and then stably incorporated
into pre-ribosomes at a later step [7]. Finally, an RP may be important for multiple stages
of subunit maturation, yet its depletion may only reveal the earliest defect. For example,
an RP may stably contact multiple neighborhoods of rRNA, with the potential to affect the
assembly of more than one rRNA domain at different stages of biogenesis [45].

4. Roles of RPs in LSU Assembly

Here, we review the roles of RPs in the nucleolar stages of LSU biogenesis revealed by
biochemical and genetic approaches in yeast and speculate how recently obtained cryo-EM
structures of LSU assembly intermediates might help us better imagine the mechanistic
principles underlying ribosome assembly. We discuss RPs whose association with pre-
ribosomes has been detected in the nucleolus, including three RPs that are not visualized
in particles by cryo-EM until the nucleoplasm (L5, L11, and L39). We assign each RP to
one RNP domain in the LSU based on the rRNA with which that RP establishes the most
contacts (Figure 1). However, we note that in many cases, RPs have significant contacts
with more than one rRNA domain. The construction of each “neighborhood” in the LSU
is discussed based on the order of their assembly: rRNA domain I, rRNA domain II, the
proximal stem, rRNA domain VI, rRNA domain III, rRNA domain IV, rRNA domain V, the
polypeptide exit tunnel, and the central protuberance. This order is not strictly 5′ to 3′ with
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respect to the rRNA sequence; domains at the two ends of the pre-rRNA (domains I, II, and
VI) destined for the LSU assemble before those in the middle portion (domains III, IV, and
V) (Figure 1, Figure S2 and S3) [18,46].
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Figure 1. Each neighborhood of rRNA and RPs in the crystal structure of the yeast mature large
ribosomal subunit [47], in the order with which they assemble: (A) The entire large subunit. Riboso-
mal proteins are color coded according to the neighborhood in which they are located. Ribosomal
proteins colored in white assemble after nucleolar stages and thus are not discussed in this review;
(B) domain I (red); (C) domain II (orange); (D) proximal stem, PS (pink); (E) domain VI (purple); (F)
domain III (yellow); (G) domain IV (green); (H) domain V (blue); (I) central protuberance, CP (navy
blue). Structures are shown in the subunit interface view on the left and the solvent-exposed surface
on the right, except for domain II. In this case, orientations are shown to optimize the visualization of
each RP. Note, though ribosomal protein L1 is present, it is not resolved in the mature LSU crystal
structure (PDB: 4V88).

4.1. rRNA Domain I: L8, L13, L15, L36

In mature ribosomes, RPs L8, L13, L15, and L36 primarily contact rRNA domain I (nu-
cleotides 1–651) (Figures S1A and 1B), but they also form bridges with neighboring domains
II, V, and 5.8S rRNA (Figure S3). Most likely, these four RPs assemble co-transcriptionally,
as they are first visible in the cryo-EM structure of the co-transcriptional Noc1-Noc2 particle
(Figure 2A) [26]. L8, L13, and L15 associate with rRNA domain I when only this fragment
of rRNA is expressed, while L36 only assembles once a construct containing both domains I
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and II is expressed [48]. The so-called “A3” AFs Brx1, Cic1, Has1, Ebp2, Erb1, Nop7, Nop15,
and Rlp7 form a shell surrounding the RPs bound to domain I rRNA, and also assemble
early, in the Noc1-Noc2 particle (Figure 2A).
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Figure 2. Domain I (RPs L8, L13, L15, L36): (A) Eight assembly factors (AFs) (cyan) bind to the exterior
of the domain I RNP in the Noc1-Noc2 particle during early stages of assembly (PDB: 8E5T) [26];
(B) the assembly hierarchy implied by the effects of depleting RPs L8, L15, or L36; (C) binding of
L8 and L15 to domain I rRNA and to each other in Noc1-Noc2 pre-ribosomes (PDB: 8E5T). Flexible
rRNA is depicted as transparent in the secondary structure. Regions where L8 and L15 contact rRNA
are indicated; (D) the globular domain of L8 (red) binds to rRNA domain I, while the 70-amino acid
long N-terminal domain (grey) binds to rRNA domain V (PDB: 4V88).

The effects of depleting L8, L15, and L36 have been investigated, but not yet for
L13 [32,40,46,49]. Primer extension assays have revealed the accumulation of modest
amounts of pre-rRNAs with 5′ ends at the A2, A3, and BL sites. Northern blotting showed
increased levels of 35S and 23S pre-rRNAs, while amounts of other downstream processing
intermediates and mature rRNAs were significantly decreased. Consistent with these
steady-state assays, pulse-chase experiments showed that the 27S pre-rRNAs are rapidly
turned over. Thus, blocking assembly of domain I results in disassembly and degradation
of early assembly intermediates.

Analysis of pre-ribosome protein constituents following domain I RP depletions
suggested that assembly of the four domain I RPs is largely, but not completely, hierarchical
(Figure 2B). L13, L15, and L36 are the RPs most strongly diminished in the absence of L8,
while L13 is affected by the depletion of L15 or L36, but L8 is much less so. However,
this pattern of linear dependence does not appear to be consistent with the structure of
domain I in the mature LSU. L15 is located on the interior of domain I embedded within
domain I rRNA, while L8 is located on the outer surface bound to L15 (Figure 2C). Both
L8 and L15 contact distant rRNA helices 10 and 15, appearing to pinch them together. In
this configuration, we imagine that L8 would depend upon L15 to assemble, as well as
vice versa. For example, we suspect that because L15 associates with numerous domain I
rRNA regions, L15 could help the rRNA fold co-transcriptionally. This chaperoning could
facilitate L8 binding, which requires the coming together of distal secondary structure
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elements, ultimately stabilizing the proximity of helices 10 and 15 in three dimensions. Thus,
the seeming contradiction between molecular assays and existing structural snapshots
suggests that the pathway of assembly may be more complex than initially evident from
depletion experiments. This example signifies the need for more sophisticated real time
assays of subunit maturation (see below in Section 6).

Depletion of L8, L15, or L36 affects steps upstream and downstream of their assembly.
Amounts of the very early scaffolding AFs Nop4, Rrp5, Noc1, and Noc2 increase in the
population of purified pre-ribosomes, suggesting that early stages of assembly cannot
proceed efficiently when domain I cannot properly form. Alternatively, a pool of pre-
existing earlier intermediates containing these scaffolding factors might remain in the
depletion strains and could be more stable than later particles in which assembly of domain
I is aborted. Meanwhile, there are decreased amounts of the A3 AFs surrounding the RPs
bound to domain I (Figure 2A). Interestingly, the reverse is not true. Depletion of A3 factors
does not affect the assembly of domain I RPs, consistent with these AFs coating the exterior
surface of domain I RNP in pre-ribosomes [50,51]. The absence of L8, L15, and L36 also
impairs the assembly of other RPs. Amounts of the proximal stem and domain III RPs L17,
L26, L19, and L31 that join in downstream steps of subunit maturation strongly decrease,
yet the effects on assembly of other RPs with rRNA domains II or III are much weaker.

Strikingly, many RPs contain N- or C-terminal domains or internal loops that extend
from their globular core. These extensions thread through neighboring rRNA domains
across the surface of the ribosome or penetrate into the ribosome core [52]. Domain I RP L8
is one example of such a protein that contacts multiple rRNP domains. While the globular
domain of L8 binds to rRNA domain I, the N-terminal extension bridges rRNA domain
I with domain V and the proximal stem. Greater than half of the L8 contacts with rRNA
occur via its N-terminal extension (Figure 2D).

Deletion of the L8 extension revealed that this portion of L8 participates in late stages
of assembly that involve domain V [45]. A mutant RP L8 lacking the 70 N-terminal amino
acids can assemble into pre-ribosomes, but it causes a dominant lethal growth defect. While
depletion of L8 aborts early steps of pre-rRNA processing and subunit assembly, the rpl8
∆1-70 mutation blocks later steps: processing of the 7S pre-rRNA, a precursor of 5.8S rRNA,
and assembly of AFs required for remodeling of domain V and the 5S RNP. Thus, binding
of the globular domain of L8 with domain I rRNA is important for the construction of
domain I in the early steps of LSU biogenesis, while insertion of its N-terminal extension
into domain V plays a role in later steps of subunit maturation that are coupled with the
compaction of domain V and 7S pre-rRNA processing.

4.2. rRNA Domain II: L4, L6, L7, L14, L16, L18, L20, L32, L33

Nine RPs have extensive contacts with rRNA domain II (nucleotides 652–1455) in
mature LSUs (Figure S1 and Figure 1C). Among these proteins, L4, L7, L18, and L32 form
one “node” that bridges domain II with rRNA domain I, while L6, L14, L16, L20, and L33
form a separate node that contacts both rRNA domains II and VI (Figures 3A and S3).

Domain II (as well as domain I) adopts its mature conformation very early; both
domains are organized in the Noc1-Noc2 particle in a fashion that is very similar to that
in mature LSUs [26,53]. During the transition from the Noc1-Noc2 particle to the State 2
intermediate, a molecular switch draws together domains I and II (Figure 3B). Rrp1 and
Mak16 bind primarily to domain II in the Noc1-Noc2 particle, but Nsa1 and Rpf1 are only
loosely tethered to this complex. Upon release of Noc1 and Noc2, Nsa1 and Rpf1 become
stably accommodated into State 2 particles, working with Rrp1 and Mak16 to form a bridge
connecting domains I and II.

Anchoring of domain VI onto domain II, mediated by RP bridges, may function as a
“lid” to protect the 5′ end of 5.8S rRNA from degradation by nucleases [34]. Node II RPs
L14 and L16 bound to domain II RNA may function in this compaction of domain VI by
acting as clamps to stabilize the docking of domains II and VI. The globular portions of
L14 and L16 are adjacent to one another, as are contact domains II and VI. The C-terminal
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extensions of these RPs contact one another in the Noc1-Noc2 particle, similar to the
mature structure, while the C-terminal domain of L16 also cradles domain VI rRNA in
mature subunits (Figure 3C). Truncating the C-terminal portion of either of these proteins
(rpL14-∆109, rpl16-∆171) results in lethality [34,54,55]. The truncated L16 ∆171 protein
assembles into pre-ribosomes, but pre-rRNA processing is affected similarly to a depletion
of L16. Thus, analogous to the behavior of L8 in domain I, the globular domain of L16 is
sufficient for assembly of this RP, but the C-terminal extension plays an important role in
LSU maturation.
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Figure 3. Domain II: (A) Structure of node 1 containing RPs L4, L7, L18, and L32 (left), and of node 2
containing RPs L6, L14, L16, L20, and L33 (right) (PDB: 4V88). Domain VI (purple) is shown docked
onto domain II rRNA. The bottom panel depicts the contact points of each protein with the rRNA;
(B) a molecular switch between the co-transcriptional Noc1-Noc2 particle and the State 2 intermediate
(PDB: 8E5T, 6C0F) [20,26]. State A (lower resolution) precedes State 2 and is not shown; (C) docking of
domain VI rRNA onto domain II rRNA during the transition from the co-transcriptional Noc1-Noc2
particle to the State 2 intermediate. Panels below show extensions of L14 and L16 binding to domain
VI after compaction. Truncations of L14 and L16 C-termini (grey) result in lethality (PDB: 8E5T, 6C0F);
(D) binding of AF Rrp1 to node 1 domain II RPs (PDB: 8E5T).

The effects of depleting each of the domain II RPs have been examined, except for
L6 [32,34,40,54,55]. In each case, as observed for depletion of RPs present in domain I,
amounts of 27SA2 and 27SA3 pre-rRNAs increase slightly, then are rapidly degraded. When
domain II RPs are depleted, the association of RPs with domain I is less affected than for
domain II RPs, and vice versa. Thus, the assembly of rRNA domains I and II is somewhat
independent of each other, consistent with their initial physical separation from each other
in Noc1-Noc2 particles (Figure 3B). However, in each depletion, abortive pre-ribosomes
rapidly disassemble, and the pre-rRNA is degraded.

When domain II RPs are depleted, the amounts of RPs and AFs in pre-ribosomes that
assemble downstream of domain II are diminished. This likely results from the turnover of
particles containing 27SA pre-rRNAs, preventing the construction of later intermediates
containing 27SB pre-rRNA. However, as observed for depletion of domain I RPs, a subset
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of RPs in the proximal stem (L17 and L26) and in domain III (L19 and L31) are consistently
affected more than others (see discussion in Section 4.5 below).

Assembly of AF Nsa1 is also decreased upon depletion of domain II RPs. This probably
results from preventing the transition of Nsa1 from a flexible state, loosely associated with
pre-ribosomes, to being stably installed into State 2 particles following the exit of AFs Noc1
and Noc2 (Figure 3B) [26].

Binding of the AF Rrp1 to pre-ribosomes is also strongly affected by depletion of L4,
L18, or L32. L18 and the globular body of L4 appear to form the binding site for Rrp1 in
the Noc1-Noc2 particle (Figure 3D). Thus, Rrp1 relies on the accurate incorporation of L4
and L18 into pre-ribosomes. However, Rrp1 does not appear to make direct contact with
L32. We speculate that the absence of L32 disrupts the local structure of this neighborhood,
impairing the binding site for Rrp1 [26].

4.3. Proximal Stem: L17, L26, L35, L37

In mature 60S subunits, the proximal stem is formed by base-pairing portions of 5.8S
rRNA with nucleotides in domain I of 25S rRNA (Figures S1A, 1D and 4A,B). RPs L17, L26,
L35, and L37 bind to rRNA in the proximal stem but also contact multiple other domains of
rRNA (Figures 1D, 4A and S3). L17 binds to helix 2, formed by base-pairing the very 5′ end
of mature 5.8S rRNA with 25S rRNA, while L26 is positioned downstream bound to helix
4. The globular domain of L35 contacts folded 5.8S rRNA, while its C-terminal extension
snakes into domain I. Similarly, L37 binds 5.8S rRNA but also bridges domains I and III.

The proximal stem begins to form during the early stages of LSU assembly. Nucleotides
in 5.8S rRNA base-pair with those in 25S rRNA co-transcriptionally, visualized in Noc1-
Noc2 particles [26]. Formation of these base-pairs creates the pre-ribosome “foot structure”
containing the ITS2 spacer RNA sequences that lie between 5.8S rRNA and domain I in the
27S pre-rRNA (Figure 4B). Subsequent nucleolytic removal of ITS2, at much later steps of
LSU assembly in the nucleoplasm, creates the 3′ end of mature 5.8S rRNA and the 5′ end of
mature 25S rRNA, whose proximal sequences base-pair with each other to form helix 10
(Figure 4B).

While the proximal stem rRNA structure is formed early, all four proximal stem RPs are
visualized in pre-ribosomes only after assembly of rRNA domains I and II, upon conversion
of the Noc1-Noc2 particle to the State A intermediate (Figure 4C). Their incorporation
during this transition is enabled by a molecular switch (Figure 4D) [26]. In the Noc1-Noc2
particle, Noc1 encircles helix 2. Upon release of Noc1, L17 binds to helix 2. Likewise,
the exit of Noc2 bound to helix 25 enables the incorporation of L26 as well as AFs Nsa1
and Rpf1.

Although ribosomal protein L26 is evolutionarily conserved, it is one of 11 yeast RPs
in the LSU that is not essential for cell growth [37]. Deletion of both RPL26 genes has only
mild effects on pre-rRNA processing, the composition of pre-ribosomes, or the transit of
pre-ribosomes from the nucleus to the cytoplasm [56]. In contrast, L17, L35, and L37 are
essential RPs. Their depletion strongly blocks processing of 27SB pre-rRNA, leading to
turnover of the rRNAs, although more slowly than occurs for 27SA2 and 27SA3 pre-rRNA
when domain I or II RPs are depleted [32,46,57,58].

The proximal stem RPs do not appear to depend on each other to stably associate
with pre-ribosomes. Depletion of any one of them does not strongly affect the assembly
of the other three. In contrast, downstream assembly of other RPs and AFs is diminished,
most likely as a result of the turnover of the abortive earlier intermediates. Again, as
with domain I and II RP depletions, the assembly of L19 and L31 is consistently affected
significantly more than that of the other six RPs that contact domain III (see discussion
below in Section 4.5).
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Figure 4. Proximal stem (RPs L17, L26, L35, and L37): (A) The structure of the mature proximal
stem RNP (PDB: 4V88); (B) processing of the ITS2 spacer rRNA to create the mature proximal stem
(PDB: 6C0F, 4V88); (C) Maturation of the proximal stem during the transition from the Noc1-Noc2
particle to the State A intermediate (PDB: 8E5T, 6EM3) [18,26]; (D) a molecular switch resulting in the
replacement of AF Noc1 with RP L17 and AF Noc2 with L26, Nsa1, and Rpf1 during the transition
from Noc1-Noc2 to State 2 (PDB: 8E5T, 6C0F).

4.4. rRNA Domain VI: L3, L9, L23

rRNA domain VI (nucleotides 2995–3396), (Figures S1A, 1E and 5A) is stably accom-
modated into pre-ribosomes in a stepwise fashion during the early stages of large subunit
maturation [18,20]. Approximately 22 percent (88/401 nucleotides) of the rRNA in domain
VI becomes visible in State A particles, while the remainder of domain VI can first be seen
by cryo-EM in State 2 particles (Figures S3 and 5A). RPs L3 and L23 primarily contact
domain VI rRNA and are first visible in State 2 particles (Figures 1E and 5A). L9 interacts
with rRNA in both domains IV and V, as well as domain VI, and is first visible in State C
assembly intermediates (Figures S3, 1E and 5A).

Pulse-chase and steady-state assays of L3-depleted cells reveal only a minor effect
on amounts of 27SA2 pre-rRNA compared to wild-type cells. In contrast, levels of 27SB
pre-rRNA are strongly reduced [32,46,59]. Consistent with this early block in subunit
maturation, the amounts of RPs and AFs recovered in affinity-purified pre-ribosomes are
decreased in all but the earliest assembly intermediates. These strong effects upon L3
depletion might result from the fact that L3 functions early in assembly, together with the
Npa1 complex of AFs, to bind to and consolidate rRNA from multiple domains [60]. In
mature subunits, L3 is proximal to the clustered root helices of all six rRNA domains, as
well as the 5′ end of 5.8S rRNA and the 3′ end of 25S rRNA (Figure 5B).

Depletion of either L9 or L23 blocks a later step in subunit maturation than when L3
is depleted and results in slower turnover [32,46]. However, L23 and L9 are important
for different steps of assembly. Upon depletion of L23, the formation of State 2 particles
is blocked, resulting in decreased amounts of AFs Tif6, Rlp24, and Nog1 that first enter
these State 2 particles (Figure S3) and in decreased amounts of proteins that associate with
downstream intermediates. Tif6 binds directly to L23, while Rlp24 and Nog1 are proximal
to L23 but do not contact it directly. Without proper incorporation of L23, it is possible
that local RNA structure is perturbed, impacting binding of Rlp24 and Nog1 (Figure 5C).
Interestingly, during the remodeling of helices 90–92 in the PTC by the RNA helicase Dbp10,
L23 stabilizes both the initial alternate helix 92 as well as the subsequent mature helix 92
(Figure 5D) [23]. In both structures, this function may be enabled by the interaction of L23
with nearby domain VI rRNA.
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Figure 5. Domain VI (RPs L3, L9, and L23): (A) The sequential assembly of domain VI from State
A to State C intermediates (PDB: 6EM3, 6C0F, 6EM1). Bottom panel: secondary structure diagrams
indicating the successive stabilization of domain VI rRNA, including contacts with the domain VI
RPs; (B) L3 contacts all six root helices, and is proximal to the 5′ end of 5.8S rRNA and the 3′ end of
25S rRNA in the mature LSU (PDB: 4V88); (C) the assembly of AFs Nog1, Rlp24, and Tif6 proximal
to L23 is most affected by depletion of L23 (PDB: 6C0F); (D) the assembly of AFs Nug1, Nsa2, and
Dbp10 adjacent to L9 is most affected by its depletion (PDB: 6EM1). Note that Dbp10 is invisible in
these particles; (E) L23 stabilizes both conformations of H92 (H92-alt, then H92 in its mature form)
(PDB: 8V83, 8V87) [23].
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Depletion of L9 blocks the stable construction of State C particles. This is evident by
the decreased amounts of AFs Nug1, Nsa2, and Dbp10 that enter pre-ribosomes during the
transition of State 2 to State C (Figure 5E). Although the head domain of Nog1 lies near L9,
assembly of this factor is not affected by L9 depletion, likely because the middle domain of
Nog1 is anchored onto particles before entry of L9 [18].

4.5. rRNA Domain III: L19, L22, L25, L27, L30, L31, L34, L38

The nine RPs L19, L22, L25, L27, L30, L31, L34, L38, and L39 primarily contact rRNA
domain III in mature 60S subunits (nucleotides 1456–1877, Figure S1, 1F and 6A). Because
L39 seems to have completed its assembly and function after all of the other domain III
RPs, it will be discussed in a later section (see below Section 4.8). L22, L25, L27, L30, and
L38 bind to the exterior surface of domain III, while L19, L31, and L34 are embedded
within domain III rRNA. The long C-terminal alpha-helix of L19 extends outward from the
ribosome to form an inter-subunit bridge with 40S subunits during translation [47,61]. L31
bridges the root helix of domain III with domain VI rRNA, while the N-terminal extension
of L25 threads from domain III into domain I. Deleting 61 amino acids from the N-terminus
of L25 does not impact its ability to recognize its binding site in a fragment of 25S rRNA
in vitro, suggesting that the C-terminal globular domain could be responsible for initial
assembly onto the pre-ribosome [62].

Domain III rRNA is remodeled from an initially flexible state to stably compact
onto the body of State D pre-ribosomes, where it is first visible (Figure S3) [18]. It is not
yet completely clear precisely when RPs assemble with domain III rRNA, because this
rRNA and any proteins bound to it are not visible by cryo-EM until State D particles (but
see below).

Interestingly, of the 11 nonessential RPs in the LSU, L22, L30, L38, and L39 are bound
to domain III rRNA. The rpl22 knockout strain grows slowly at 30 ◦C and is unable to grow
at low temperatures [37]. Depletion of the essential RPs L19, L25, L27, L31, or L34 has a
strong pre-rRNA processing defect with the accumulation of 27SB pre-rRNA followed by
its slow turnover [32,33,46,61,63].

Effects on pre-ribosome maturation have been examined upon depletion of L19 and
L25, but not yet for other domain III RPs [33,63]. When either of these RPs is depleted,
most of the proteins that assemble after the compaction of domain III fail to associate
with pre-ribosomes. However, incorporation of many of the RPs that bind to domain III
rRNA is not significantly affected, except for L19, L31, and L39. Similarly, assembly of
L19, L31, and L39, but not that of the other domain III RPs, is also strongly diminished
when maturation of domains I, II, VI, or the proximal stem is blocked during earlier stages
of subunit maturation, before domain III is stably compacted and visible [34,46]. Taken
together, these results suggest that L22, L25, L27, L30, L34, and L38 might associate with
flexible domain III rRNA before it undergoes remodeling to compact into/onto the pre-
ribosome. Their assembly may be independent of that of domains I, II, and VI during the
early stages of LSU assembly and also might not depend on the completion of domain III
construction at later stages of subunit maturation. Because assembly of L19 and L31 is
coincident with compaction of domain III, and both proteins are juxtaposed with the root
helices of domain III (helices 47, 48, and 60) (Figure 6A), it is tempting to speculate that
compaction of domain III is driven by remodeling of its root helices coupled with insertion
of L19 and L31. Alternatively, the formation of the mature root helix for domain III may
simply create binding sites for L19 and L31.

Interestingly, amounts of RPs bound to the proximal stem decrease when domain
III RPs L19 and L25 are depleted, even though this neighborhood assembles upstream of
domain III compaction (Figure S2C). This apparent anomaly might be explained by the fact
that the proximal stem RPs L17, L26, L35, and L37, together with domain III RPs L19, L25,
and L31, are components of the exit platform of the polypeptide exit tunnel (Figure 6B).
We speculate that failure to complete the tunnel exit platform by incorporation of L19, L25,
and L31, and/or failure to compact domain III rRNP to complete the wall of the tunnel,
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might destabilize the platform and cause the RPs that had previously joined the platform
to disassemble.
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4.6. rRNA Domain IV: L2, L43 
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mains II, III, IV, and V in mature ribosomes (Figures 1G and 7A). Consistent with the ex-

Figure 6. Domain III (RPs L19, L22, L25, L27, L30, L31, L34, and L38): (A) The locations of domain
III RPs in mature LSU based on structural features. L19, L31, and L34 are shown embedded on the
domain III root helix. L22, L27, L30, L38 are bound to the exterior surface of the domain III rRNA. The
L25 globular domain (yellow) binds domain III rRNA, and the N-terminal extension of L25 containing
amino acids 1–61 (grey) contacts neighboring rRNA domains (PDB: 4V88); (B) the completion of exit
platform construction by assembly of RPs L19, L25, and L31 (PDB: 6C0F, 7NAC) [20,21].

4.6. rRNA Domain IV: L2, L43

Ribosomal proteins L2 and L43 bind to each other, sandwiched between rRNA do-
mains II, III, IV, and V in mature ribosomes (Figures 1G and 7A). Consistent with the
extensive contact between L2 and L43, their assembly is mutually interdependent. These
two RPs are first visible by cryo-EM in pre-ribosome State NE1, coincident with the transi-
tion from State E2 to NE1 (Figure 7B, left and center panels) [21,28]. The previously flexible
portion of rRNA domain IV can now be visualized compacted onto rRNA domains II and
III, stabilized by contacts of L2 and L43 with all three of these domains (Figure 7B, center
panel). In the subsequent State NE2, the L1 stalk of rRNA domain V now becomes visible,
compacted onto the body of the particle to contact L2 and L43 (Figure 7B, right panel).
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Figure 7. Domain IV (RPs L2 and L43): (A) L2 and L43 are positioned between rRNA domains II, III,
IV, and V in the mature LSU (PDB: 4V88); (B) the entry of L2 and L43 enables compaction of rRNA
domain IV and stabilizes the rotation of the L1 stalk (PDB: 7NAC, 7U0H, 6YLY) [21,28]. The bottom
panel depicts changes in the stabilization of domain IV rRNA during this interval; (C) significant
particle remodeling occurs during the entry of L2 and L43 just prior to the exit of pre-60S particles
from the nucleolus to the nucleoplasm. AFs that contain intrinsically disordered domains and that
exit at this interval are shown in bold. Note that Nip7, Nop2, and the L1 stalk are invisible in State
NE1. (PDB: 7NAC, 7U0H).
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This cascade of rRNA compaction is triggered by the release of ten AFs from the E2
particle by the Rea1 AAA-ATPase (Figure 7C) [21,64]. This remodeling includes yet another
molecular switch. When Noc3 and Rrp17 are released from the E2 particle, L2 and L43
can then bind to the same sites in the NE1 intermediate. The subsequent rotation of an
Spb1 alpha-helix located above L43 appears to “lock down” L43 onto the particle, driving
assembly forward by preventing re-entry of Rrp17 (Figure 7C).

Both L2 and L43 co-immunoprecipitate significant amounts of 7S pre-rRNA and small
amounts of 27SB pre-rRNA, suggesting that they assemble just before cleavage and removal
of the ITS2 spacer RNA in 27SB pre-rRNA to produce 7S pre-rRNA [33]. Consistent with
this timing of their entry into pre-ribosomes, depletion of L2 or L43 blocks this cleavage
event, resulting in the accumulation of pre-ribosomes containing the three AFs that bind to
ITS2 (Nop15, Rlp7, and Cic1) [32,65].

Importantly, L2 and L43 are the last RPs to associate with pre-60S particles before they
transit from the nucleolus into the nucleoplasm. Assembly of these RPs was hypothesized
to facilitate this exit of pre-ribosomes from the nucleolus (Figure 7C) [66]. Installation
of L2 and L43 is coincident with the release of AFs Noc3, Ebp2, Erb1, and Nop16 that
contain intrinsically disordered regions (IDRs), and with the compaction of flexible rRNA
domain IV. The IDRs in these AFs and this flexible rRNA are hypothesized to form an
interaction network between pre-ribosomes to create the nucleolar condensate [66]. Thus,
these remodeling events, including the entry of L2 and L43, could decrease the potential of
pre-ribosomes to interact with each other and therefore favor the release of pre-ribosomes
from the nucleolar condensate. Indeed, depletion of L2 or L43 prevents the nucleolar exit
of pre-ribosomes, whereas blocking the next step, maturation of NE2 particles to Nog2
particles, does not [65].

4.7. rRNA Domain V: L1, L21, L28

Both L21 and L28 primarily contact rRNA domains II and V on the top surface of the
mature large subunit, directly underneath the central protuberance (Figures 1H and 8A). L21
spans the solvent-exposed and inter-subunit surfaces, while L28 binds to the solvent-exposed
surface. A helical portion of L21 is initially resolved in State D. Then, in State E1, the C-terminal
domain of L21 is visible contacting domain II RPs L7 and L20 (Figure 8B) [21]. The C-terminal
globular portion of L28 is first seen in State NE1, whereas the N-terminal domains of both
L21 and L28 are not visible until the cytoplasmic stages of maturation (Figure 8C) [19]. The
trigger for entry of L28 into pre-ribosomes is another example of a molecular switch, where
the AF Brx1 is removed by the AAA-ATPase Rea1 to free up the binding site for the C-terminal
portion of L28. The C-terminal domain of RP L13 then clamps down on L28 in state NE1 to
stabilize its binding (Figure 8C).

Depletion of L21 and L28 appears to primarily affect steps downstream in the nu-
cleoplasm. Small amounts of 27SB pre-rRNA and much larger amounts of 7S pre-rRNA
accumulate [32,33,46]. In addition, depletion of L21 results in modest accumulation of 25.5S
and 6S pre-rRNAs. Levels of AFs released from pre-ribosomes in the nucleoplasm moderately
increase in L21-depleted cells. The release of AFs Rsa4, Nog2, Rpf2, and Rrs1 that are proximal
to L21 appears to be slightly delayed, suggesting a partial effect on the remodeling of domain
V, including the rotation of the 5S RNP that sits above L21 (Figure 10). Upon depletion of L28,
the binding of nuclear export factors Bud20 and Nmd3 to pre-ribosomes is slightly diminished,
consistent with their entry after L28. L10, L24, L29, and L40 are the only RPs markedly affected
by the absence of L21 and L28 (Figure 8D) [33,46]. Of these, L10, L29, and L40 lie proximal to
L21 and L28. L10 and L24 assemble in the cytoplasm, and therefore their assembly may be
precluded due to a block in nuclear export.
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(PDB: 4V88); (B) the C-terminal domain of L21 is stabilized on domain II RPs in State E1 (PDB: 

Figure 8. Domain V (RPs L1, L21, and L28): (A) The location of L21 and L28 in domain V beneath
the central protuberance (CP) in the mature LSU. Note that L1 is not resolved in this structure (PDB:
4V88); (B) the C-terminal domain of L21 is stabilized on domain II RPs in State E1 (PDB: 7R7A); (C) a
molecular switch: the exit of Brx1 enables the entry of the C-terminal globular domain of L28 (7NAC,
7U0H); (D) the assembly of L10, L24, L29, and L40 during nucleoplasmic and cytoplasmic stages of
LSU construction is most affected by the absence of L21 or L28 (PDB: 4V88); (E) the rotation of the
L1 stalk during the transition of the state E1 intermediate to state NE2. Note that L1 and H77-78 are
not resolved following L1 stalk rotation in the nucleus. L1 and H77-78 are overlayed onto the NE2
structure (PDB: 7NAC, 6YLY).
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Ribosomal protein L1 binds the loop formed by helix 77 in rRNA domain V to form
the L1 stalk, located adjacent to the E site in mature 60S subunits. There, L1 participates
in translation elongation by facilitating the release of E site tRNAs and translation fac-
tors [67]. L1 is first visualized in state E1/E2 particles prior to the rotation of the L1 stalk
(Figure 8E) [21]. In the NE2 particle, the L1 stalk swivels to its mature position, yet L1 is
not visible in this conformation (Figure 8E).

Depletion of L1 results in a modest increase in 7S pre-rRNA [32]. Consistent with this
late phenotype, L1 co-immunopurifies with more 7S pre-rRNA than 27S pre-rRNA.

A portion of the essential ribosome export factor Nmd3 binds to L1 and holds the L1
stalk in a closed conformation in late nuclear assembly intermediates [19,68]. Restraining
this hydrophilic stalk onto the pre-ribosome body might be important for particles to
efficiently travel through the constrained, hydrophobic environment of the nuclear pore
complex. Nmd3 as well as the export factors Bud20 and Arx1 are efficiently recruited
to pre-ribosomes lacking L1 [69], but the export factor Mex67/Mtr2 does not assemble.
Exactly how L1 affects the assembly of this factor remains unclear. Nevertheless, the
absence of L1 or truncation of the rRNA that binds to L1 results in inefficient nuclear export
of pre-60S particles. Some fraction of mutant particles enter the cytoplasm and associate
with polysomes. Yet, their enrichment with relatively smaller polyribosomes suggests a
defect in translation elongation, consistent with the role of L1 in this process. The effect of
depleting L1 on the assembly of other RPS or AFs has not been reported.

4.8. The Polypeptide Exit Tunnel: L39

Ribosomal protein L39 is one of three RPs situated in the nascent polypeptide exit
tunnel (NPET) of the 60S ribosomal subunit (Figures 1F and 9A). L39 is embedded within
helices 49–51 of domain III rRNA in the wall of the tunnel, near the tunnel exit site
(Figure 9A). In eubacteria, the C-terminal extension of RP uL23 (a homologue of eukaryotic
RP L25) is present adjacent to the NPET, but it is replaced by L39 in eukaryotes. Internal
loops of two other RPs, L4 and L17, extend into the tunnel proximal to the PTC to form the
so-called “constriction site”. L39 reduces the diameter of the NPET right at the exit of the
tunnel, which could affect protein synthesis (Figure 9B). Indeed, L39 is important for the
folding of nascent polypeptides to minimize their aggregation [38].

L39 is first visualized fully accommodated into the NPET of pre-ribosomes in Nog2
particles at the late nuclear stages of subunit maturation (Figure 9C) [70]. However, L39
appears to initially begin loading onto pre-ribosomes at State C or earlier. L39 copurifies
with pre-ribosomes containing the AF Ssf1 that exits before State D particles, and partial
densities of L39 are present in cryo-EM structures of E and NE1 particles [38]. The inability
to visualize all of L39 in pre-ribosomes at these early stages of subunit assembly may result
from its incomplete accommodation into the particle, leading to a flexible conformation.
Thus, L39 may begin to assemble during or soon after the compaction of domain III, but it
is not completely accommodated into pre-ribosomes until later.

While L39 is not essential under normal growth conditions, rpl39∆ mutants grow very
slowly in the cold and are defective in 60S subunit assembly [38]. In the absence of L39,
small amounts of 27SB pre-rRNA and much larger amounts of 7S pre-rRNA accumulate,
then both undergo slow turnover. This effect on processing of both 27SB and 7S pre-rRNAs
is observed in other mutants blocked during late nucleolar stages, e.g., upon depletion of
L21, L28, Nog2, or Rsa4 [32,71,72].
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Figure 9. The polypeptide exit tunnel (RP L39): (A) The polypeptide exit tunnel is comprised of
portions of rRNA domains I, II, III, IV, and V. Segments of L4 and L17 are inserted into the tunnel and
L39 is embedded near the tunnel exit (PDB: 4V88); (B) the presence of L39 reduces the diameter of
the tunnel exit. The space outlined in green highlights the size of the tunnel exit in the absence of
L39. In contrast, the space outlined in blue indicates the reduced dimensions of the tunnel exit when
L39 is present (PDB: 4V88); (C) particles before and after L39 entry, including RPs surrounding the
tunnel exit. The C-terminal tail of Nog1 enters the tunnel coincident with L39 in the Nog2 assembly
intermediate (PDB: 6YLY, 3JCT) [28,70].
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Despite the fact that L39 binds to domain III rRNA, the absence of L39 does not appear
to impact the compaction of domain III, likely because the protein does not stably associate
with pre-ribosomes until after this compaction has occurred (Figure 9C) [70]. Consistent
with this idea, the stable installation of L39 is necessary for later nucleoplasmic steps of
subunit assembly. In rpl39∆ knockout strains, AFs that are required for rotation of the 5S
RNP and for nuclear export of pre-60S particles assemble much less efficiently. Interestingly,
this same phenotype is observed in rpl4∆63-87 mutants where the RP L4 tunnel constriction
site is deleted. L39 fails to assemble in this rpl4∆63-87 mutant, but assembly of L4 is not
perturbed in the rpl39∆ mutant [38,73]. Thus, this failure of L39 assembly may account for
the rpl4 mutant phenotype.

4.9. Central Protuberance: L5, L11

RPs L5 and L11 bind to 5S rRNA to form the central protuberance (CP). This conserved
structural feature of LSUs includes helices 80 and 82–88 of rRNA domain V situated
on top of mature large ribosomal subunits, just above the peptidyl-transferase center
(Figures S1B,D and 1I).

As stated earlier, 5S rRNA is transcribed separately from the 35S precursor of the
mature 18S, 5.8S, and 25S rRNAs. The 5S rRNA is assembled together with RPs L5 and L11
onto pre-ribosomes at an early, nucleolar stage of subunit maturation in particles containing
27SA2 pre-rRNA [7]. First, the dedicated chaperone Syo1 binds L5 and L11 in the cytoplasm
and facilitates their import into the nucleus [74]. L5 and L11 join 5S rRNA and AFs Rpf2
and Rrs1 to form the 5S rRNP, which incorporates together into pre-ribosomes [7,8]. These
four proteins and 5S rRNA, as well as helices 80 and 82–88 of domain V, are present but not
visible by cryo-EM in the early assembly intermediates. Thus, the nascent CP, including
portions of domain V, is initially flexible (Figure 10). Surprisingly, when the CP is first
visible in Nog2 particles by cryo-EM, it is rotated almost 180 degrees backwards from its
mature conformation, linked to domain V by Rpf2 and Rrs1. Release of Rpf2 and Rrs1 then
destabilizes the pre-rotation state, helices 80 and 82–88 undergo remodeling, and additional
AFs, including the AAA-ATPase Rea1, join the particle to stabilize the rotated state of the
CP [75,76]. Subsequent ATP hydrolysis by Rea1 activates the release of Nog2 and other AFs
to enable binding of the nuclear export adaptor Nmd3 and trigger the export of pre-60S
subunits from the nucleus to the cytoplasm.

Depletion of L5, L11, Rpf2, or Rrs1 prevents association of the 5S rRNP with pre-
ribosomes [7]. Specifically, the C-terminal extensions of Rpf2 and Rrs1 are required for
initial docking by tethering the RNP to early assembly intermediates [8]. Interestingly,
preventing entry of the 5S RNP into pre-ribosomes does not block early steps of large
subunit maturation, probably because the tethered, flexible 5S RNP does not physically
impact other neighborhoods of the pre-60S particles [7]. Likewise, in mutants where
the assembly of other rRNA domains is compromised during the early stages of subunit
maturation, the 5S rRNP can still assemble into the mutant particles, before they are turned
over [46]. Thus, the initial docking of the 5S RNP is independent of the assembly of
other domains during the early stages of subunit maturation. The presence of the 5S RNP
in pre-ribosomes is only important at later steps, when it is stably accommodated into
Nog2 particles together with rRNA domain V (Figure 10). When L5, L11, Rpf2, or Rrs1 are
depleted, 27SB and 7S pre-rRNAs accumulate, and the AF Nog2 fails to efficiently assemble.
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Figure 10. The central protuberance (RPs L5, L11): RPs L5 and L11 bind to the separately transcribed
5S rRNA and dock onto domain V on top of the LSU to form the central protuberance. The 5S RNP
assembles with pre-ribosomes early, but is not visible by cryo-EM until the transition from state
NE2 (top) to the Nog2 particle (middle). The 5S RNP undergoes ~180◦ rotation to form the mature
structure (bottom) (PDB: 6YLY, 3JCT, 4V88) [28,47,70]. Abbreviation: peptidyltransferase center, PTC.
Adapted from [28].

5. Discussion: Lessons Learned from RPs
5.1. An Ordered Pathway?

Unexpectedly, mapping the molecular phenotypes of RP depletions onto the crystal
structure of yeast 60S subunits revealed that the 5′ and 3′ domains of rRNA (domains I, II,
and VI) are assembled with RPs before middle domains III, IV, and V assemble into stable
neighborhoods [46]. This was later confirmed by cryo-EM [18]. This pathway makes sense
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from the perspective of the 60S subunit structure: the solvent-exposed surface is built prior
to the inter-subunit interface that contains the functional centers. However, the extent of
alternate assembly pathways, as observed for bacterial ribosome subunit reconstitution
in vitro [77], is not yet clear.

5.2. Individual Neighborhoods May Assemble in Discrete Stages

Portions of rRNA domains IV, V, or VI, including the proteins bound to them, are
visualized by cryo-EM in a stepwise fashion (Figures 5A, 7B and 10). Similarly, domain III
appears to assemble in several different steps. Even though domain III is largely invisible to
cryo-EM in early stages, a subset of domain III RPs might bind to flexible domain III before
the stable installation of the domain onto the body of the pre-ribosome. The subsequent
compaction of domain III might be driven in part by the binding of the remaining RPs to
the root helix of domain III (Figure 6).

Functional centers also assemble in multiple steps. For example, the exit platform for
the polypeptide exit tunnel is constructed in two separate stages. L17, L26, L35, and L37
bind to the proximal stem portion of the platform several steps before L19, L25, and L31
bind to the section comprised of a portion of domain III (Figures 6B and S2C).

5.3. RPs Enable rRNA Folding

Extended domains of RPs may function as bridges between rRNA domains. Globular
domains of some RPs bind to one rRNA domain, while an N- or C-terminal extension of the
same RP threads into an adjacent domain (e.g., L8, L16, and L25) (Figures 2D, 3C and 6A).
Bridges between rRNA domains are also mediated by different portions of the globular
domains of RPs (L2 and L43 with domains III, IV, and V, or L31 with domains III and VI)
(Figures 6A and 7A). RPs might also function as clamps to stabilize the binding of another
RP, e.g., L13 with L28, and thus to drive assembly forward (Figure 8C).

RPs may not establish contact with all of their rRNA ligands in one step. In several
cases, portions of an RP are not visible in the cryo-EM structure of assembly intermediates
(e.g., L39). Yet, RPs can be detected by co-immunoprecipitation assays, although weakly
associated with the rRNA. Such an RP may initially form “encounter complexes”, in which
it searches multiple RNA conformations before stably binding its substrate [44]. Thus,
depletion of such an RP can affect a stage of assembly before it is visible by cryo-EM.

5.4. Molecular Switches

The entry of an RP may be dictated by the release of an AF that occupies the same
binding site, e.g., Noc1 and L17, Noc2 and L26, or Rrp17 and Noc3 with L2 and L43
(Figures 4D and 7C).

6. Going Forward

Despite the recent near-atomic structures of assembly intermediates, we have only
pre-ribosome snapshots, not movies. We lack a detailed understanding of the dynamics of
ribosome assembly. Better approaches are needed to interrogate rRNA structure and rRNA
folding. Exactly how does each RP establish all of its contacts with rRNA? How do the
structures of the proteins and rRNAs change and affect each other during these encounters?
What roles do RPs play in the compaction of flexible domains of rRNA? How are structural
changes transmitted to proximal and distal rRNP neighborhoods in the pre-ribosome as
assembly progresses? Single-molecule assays of RP binding and rRNA folding in real
time, such as those carried out by the Woodson and Williamson labs for the assembly of
individual domains of bacterial ribosomes, could shed light on these questions [44,78].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom14080975/s1, Figure S1: (A) Phylogenetically conserved
secondary structure of LSU rRNA. The 5S rRNA, 5.8S rRNA, and six domains of 25S rRNA are color
coded. The six root helices are boxed and highlighted [1,2]; (B) The tertiary structure of rRNA in the
LSU, color coded as in (A); (C) The tertiary structure of the six LSU root helices, color coded as in (A);
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(D) The RPs in the mature LSU (color coded as in (A)). The RPs colored in white are not discussed in
this review. Abbreviations: proximal stem (PS), central protuberance (CP) (PDB: 4V88) [47]; Figure S2:
(A) Cartoon depicting transcription of rRNA and early stages of small and large subunit assembly.
Co-transcriptional assembly of some RPs is indicated. In co-transcriptional assembly, endonucleolytic
cleavage occurs in the nascent rRNA at site A2 to separate the pathway of assembly for the two
subunits (pre-40S, pre-60S). In post-transcriptional assembly, cleavage occurs at the A3 site only after
transcription has completed; (B) Pathway of endo- and exonucleolytic processing of pre-rRNA. The
co- and post-transcriptional pathways are shown; (C) Pathway of RP assembly into the LSU. The
order is based upon when each RP is first visualized by cryo-EM. RPs in each neighborhood are color
coded as in Figure S1. RPs shown in grey are not discussed in this review. Note that L41 is visualized
in a few fungal LSUs, but otherwise is only observed in the SSU of archaea and eukaryotes, and thus
is designated as eS32 in these organisms (M. Leibundgut and N. Ban, personal communication). PDB
files for each structure are shown. Abbreviations: proximal stem (PS), central protuberance (CP);
Figure S3: Assembly pathway of the LSU showing consecutive nuclear intermediates discussed in this
review. This schematic details the association of RPs and the entry and exit of AFs as visualized by
cryo-EM. Note that some proteins may be present at other points in assembly but may not be resolved
in a structural intermediate. PDB files are indicated for each structure. RPs are color coded according
to their neighborhood (Figure S1), whereas all AFs are colored in cyan (first row). Consecutive
assembly of RPs (second row). Entry and exit of AFs (third row). Visualization of rRNA tertiary
structure as it undergoes stabilization (fourth row). Secondary structure of resolved rRNA. Segments
not resolved are shown as transparent (fifth row). Adapted from [18].
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Abstract: Ribosomes are not totally globular machines. Instead, they comprise prominent structural
protrusions and a myriad of tentacle-like projections, which are frequently made up of ribosomal
RNA expansion segments and N- or C-terminal extensions of ribosomal proteins. This is more
evident in higher eukaryotic ribosomes. One of the most characteristic protrusions, present in small
ribosomal subunits in all three domains of life, is the so-called beak, which is relevant for the function
and regulation of the ribosome’s activities. During evolution, the beak has transitioned from an all
ribosomal RNA structure (helix h33 in 16S rRNA) in bacteria, to an arrangement formed by three
ribosomal proteins, eS10, eS12 and eS31, and a smaller h33 ribosomal RNA in eukaryotes. In this
review, we describe the different structural and functional properties of the eukaryotic beak. We
discuss the state-of-the-art concerning its composition and functional significance, including other
processes apparently not related to translation, and the dynamics of its assembly in yeast and human
cells. Moreover, we outline the current view about the relevance of the beak’s components in human
diseases, especially in ribosomopathies and cancer.

Keywords: ribosomal protuberances; eS12; eS31; Ubi3; eS10; translation accuracy; ribosome
biogenesis

1. Introduction: Protuberances of the Ribosomal Subunits

Ribosomes are intricate molecular machinery found in the cytoplasm of all organisms.
They play crucial roles during the translation of cellular mRNAs by efficiently and accu-
rately decoding their genetic information. In addition, ribosomes can be found inside two
types of organelles, chloroplasts and mitochondria [1–4].

All ribosomes are universally composed of two subunits, the small and large ribosomal
subunits (r-subunits), which comprise ribosomal RNAs (rRNAs) and ribosomal proteins (r-
proteins). The large r-subunit is about twice the size of the small r-subunit [2,5]. In a model
eukaryote, such as the yeast Saccharomyces cerevisiae, the small r-subunit or 40S is composed
of a single 18S rRNA and 33 different r-proteins; in turn, the large r-subunit or 60S contains
three rRNAs (5S, 5.8S and 25S rRNAs) and 46 (47 in humans) r-proteins [6,7]. The general
shape of the ribosomes has been known since the early 1970s; however, structures at high
resolution have only been obtained since the beginning of the twenty-first century, fol-
lowing significant advances in structural technologies, such as X-ray crystallography and
cryo-electron microscopy (cryo-EM) (e.g., [7–10]). In agreement with the functional conser-
vation of ribosomes in all organisms [2,5,11,12], ribosomes display considerable structural
similarity in prokaryotes, organelles and eukaryotes, although organellar ribosomes have
substantially diverged from bacterial ones, with which they share a common ancestor
(e.g., [3,13]). Moreover, structural studies have clearly shown that eukaryotic ribosomes
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(25–30 nm in diameter) are larger and more complex than their prokaryotic (20 nm in diam-
eter) and organellar counterparts [2,3,5–7]. When observed at low resolution, ribosomes
appear flattened and spherical in shape; however, this observation is far from being correct.
In fact, both r-subunits are extremely irregular complexes containing different domains
and exhibiting different discernible protuberances. The small r-subunit is formed by four
different structural domains, the head, the platform, the body and the beak; the beak
domain is the main protrusion found in small r-subunits (Figure 1A). The large r-subunit,
which is a more compact unit, displays three characteristic protuberances, the L1- and
the P-stalk and the central protuberance (Figure 1B). Importantly, the structure of several
r-subunit protuberances and protrusions has only been determined at high resolution in a
few organisms, a fact that is most likely due to the high mobility of these regions, which is
clearly connected to their functions (e.g., [6]). Thus, the movement of the beak as part of the
head of 40S r-subunits is important to allow the loading of mRNA on the ribosome and the
interaction with translation factors, as we will discuss in detail later on. In turn, the primary
role of the P-stalk is to provide a flexible hook outside of the core of the ribosome to recruit
and then stimulate the activity of different translational GTPases during various stages
of translation (e.g., [14–16]). The P-stalk also enables the activation of the Gcn2 kinase
and mediates the interaction with distinct ribosome-inactivating proteins (e.g., [17–20]).
The L1-stalk acts as a flexible protuberance at the antipodes of the P-stalk, facilitating the
binding, movement and release of the deacylated tRNAs [21,22].
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Figure 1. Protuberances of the r-subunits. (A) Structure of the mature 40S r-subunit of Saccharomyces
cerevisiae showing its different structural domains (head, body, platform and beak) and highlighting
the beak elements that include helix h33 of the 18S rRNA and the r-proteins eS10, eS12 and eS31. The
40S r-subunit is shown from the interface view; 18S rRNA is colored in gray (except h33 in yellow)
and r-proteins not belonging to the beak structure are colored in green. Protein Data Bank (PDB) code:
4V88. (B) Structure of the mature 60S r-subunit of S. cerevisiae showing its different substructures
(L1 and P0 stalks, and central protuberance) and highlighting the different protuberances: L1-stalk
formed by helices H76-78 of 25S rRNA and the r-protein uL1; central protuberance formed by 5S
rRNA and r-proteins uL5 and uL18; P0-stalk formed by helices H43-44 of 25S rRNA and the r-proteins
uL11, uL10 (P0), P1 and P2 (two copies each). As other examples of protrusions found in the 60S
r-subunits, we highlight helices H38 and H69 (yellow) and the long extensions of the r-proteins eL19
and eL24 (purple). The 60S r-subunit is shown from the interface view; 25S and 5.8S rRNAs are
colored in gray and the rest of the r-proteins are colored in light blue. PDB code: 6OIG. Cartoons
were generated using UCSF Chimera (https://www.rbvi.ucsf.edu/chimera; accessed on 1 June 2024).
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In addition to being part of the prominent, above-described protuberances, many
r-proteins have long non-globular extensions, typically serpentine ones that become deeply
embedded inside the rRNA core of the r-subunits and stabilize their overall structure.
There are also r-protein extensions (see Figure 1B for examples) that project out of the
ribosome and may serve as additional regions for interactions of the ribosome with factors
or cellular structures [23–25]. Frequently, these extensions, which are located at the N-
and/or C-terminal ends of r-proteins, are not well ordered and are highly mobile due to
the lack of stable interactions with the core of the ribosome; consequently, it has not been
possible to model all of them from the current cryo-EM density maps.

Protuberances are not only flexible components of ribosomes, but also dynamic struc-
tures. The eukaryotic P-stalk is a pentameric complex, composed of the essential r-protein
uL10 (previously named P0) and two non-essential heterodimers made up of another two
r-proteins (named P1 and P2), that is connected to the body of the 60S r-subunit by the
uL11 r-protein [15,26]. P1 and P2, when phosphorylated, can exchange during translation
with their equivalent cytoplasmic pool of non-phosphorylated P1 and P2 variants [27–29].
Interestingly, in yeast, P1 and P2 r-proteins are not essential for cell viability, but their
absence affects differently the translation of specific mRNAs [15,30]. Furthermore, it has
been described that the amount of P1/P2 r-proteins bound to the ribosome changes under
different physiological conditions. For instance, when yeast cells enter the stationary phase,
the P1/P2 r-proteins are practically absent from ribosomes [31]. This and other observations
made in different eukaryotes (e.g., [32,33]) have allowed different authors to propose that
the eukaryotic P-stalk acts as a regulator of translation and that changes in its composition
could selectively control the translation of specific groups of mRNAs [34]. In agreement
with a regulatory role of the P-stalk during translation, mutation of the phosphorylation
sites of the yeast acidic P1/P2 r-proteins does not alter their interaction with the ribosome
but influences the translation of specific mRNAs, among them, those related to osmotic
stress [35]. Further experiments, using high-resolution techniques (e.g., ribosome profiling),
are required to provide details on such a regulatory process and on the specific proteome
translated upon changes in P-stalk abundance and phosphorylation status.

To the best of our knowledge, aside from the acidic P1/P2 r-proteins, there is no evi-
dence of exchangeability of r-proteins from the other ribosomal protuberances, including
the beak; however, there are interesting reports about several other r-proteins whose nascent
forms can replace an older copy of themselves on a mature ribosome. (i) Thus, uL16 has
been described as an r-protein potentially able to cycle on and off large r-subunits [36–38].
uL16 is strategically positioned on the surface of the evolutionarily conserved core of the
60S r-subunit, near the corridor through which aminoacyl-tRNAs move during accommo-
dation and also near other functional centers, such as the GTPase-associated center (GAC)
and the peptidyl transferase center (PTC). uL16 is required for the joining of r-subunits
during translation initiation and the rotation status of the ribosome [39–41]; importantly,
the availability to assemble uL16 onto large r-subunits could also be used as a translational
regulatory mechanism to limit global translation under unfavorable circumstances [37,41].
(ii) Another interesting r-protein is RACK1 (Asc1 in yeast). RACK1 is a WD40-domain
protein located at the head region of the 40S r-subunit near the mRNA exit site, where it
interacts with other r-proteins, among them uS3, several kinases, and translation initiation
factors [42,43]. RACK1 has an important role in different aspects of the translation process:
it is required for efficient translation of mRNAs with short open reading frames (e.g.,
those of r-protein genes), it is critical for translation during heat stress, and it facilitates
ribosome-associated quality control (RQC) mechanisms such as those that are involved in
the rescue of stalled collided ribosomes at consecutive rare codons, such as CGA (Arg) in
yeast [44–49]. Although there is no experimental demonstration for RACK1 to cycle on and
off ribosomes [50], it is clear that RACK1 is a non-essential r-protein whose loss does not
disrupt ribosome integrity and translation [46]. Moreover, as RACK1 protein levels can be
modulated by a variety of environmental insults, such as hypoxic stress, glucose depriva-
tion or amino acid starvation or by the physiological cellular status (exponential versus
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stationary growth phase) (e.g., [51]), it is possible that the RACK1’s ribosome association
could be regulated, thereby, promoting differential translation. (iii) Another important
inductor of exchangeability is chemical damage. Originally reported in prokaryotes [52],
yeast ribosomes containing chemically damaged r-proteins can also be repaired by ex-
changing these with undamaged r-proteins, as convincingly demonstrated by the Karbstein
laboratory [38,53,54]. The repair of damaged ribosomes might represent an important
mechanism for maintaining the translational activity of cells following different insults as,
for example, those produced by oxidative stress [53,55]. An analogous repair process via
protein replacement has also been suggested to occur in neurons; thus, implying that this
mechanism has been evolutionarily conserved (e.g., [56]). In yeast, the molecular details for
a ribosome repair mechanism have been provided upon oxidation of eS26 and uL16, which
are released from damaged ribosomes by their respective dedicated chaperones, Tsr2 and
Sqt1, generating transiently eS26- and uL16-deficient ribosomes that are subsequently re-
paired with newly made r-proteins [38]. Ribosomes lacking eS26 can also be generated in a
Tsr2-dependent manner upon the exposure of yeast cells to high salt or high pH conditions.
Ribosome repair is extremely relevant from the physiological point of view as eS26-lacking
ribosomes preferentially translate specific transcripts bearing Kozak sequence variations,
including mRNAs enabling the biological response to high salt and high pH insults [55].
The recovery from stress is concomitant to the reincorporation of eS26 into ribosomes, again
in a Tsr2-dependent manner [38,53]. This sophisticated system of autoregulation resembles
that previously reported for the translation circuit of leaderless mRNAs (lmRNAs) in bac-
teria. These lmRNAs can be generated in response to adverse environmental conditions,
some of them (e.g., the presence of antibiotics such as kasugamycin in the culture media)
also being able to reprogram ribosomes to translate preferentially lmRNAs. Interestingly,
this reprogramming involves the formation of stable r-particles (referred to as 61S particles)
deficient in almost a dozen r-proteins from the small r-subunit, among them bS1 and other
r-proteins associated along the path of the mRNA through this r-subunit [57,58].

Of special attention is the central protuberance (CP), where the 5S ribonucleoprotein
particle (RNP), which is composed of 5S rRNA and r-proteins uL5 and uL18, plays an
important regulatory role (Figure 1B). The whole 5S RNP, rather than its individual com-
ponents, is incorporated as a prefabricated complex into early pre-60S r-particles during
the nucleolar ribosome biogenesis phase, and it temporally adopts a conformation that is
different from the one in the mature 60S r-subunit (e.g., [59–61]). From yeast to humans,
ribosome biogenesis is tightly coupled to cell growth and proliferation, with the assembly
of the 5S RNP playing a central regulatory role. Thus, in yeast, an imbalanced production
of rRNAs and r-proteins generates defects in ribosome biogenesis leading to the accumu-
lation of ribosome-unbound uL18, likely as part of the 5S RNP, which induces a delay
in the G1/S phase of the cell cycle [62]. This behavior has been interpreted as part of a
protective mechanism that prevents cell cycle progression when ribosome biogenesis is
impaired, i.e., when not all necessary components are sufficiently available to ensure a
complete and satisfactory assembly of ribosomes. In metazoans, the 5S RNP clearly accu-
mulates when ribosome biogenesis is impaired [63–66]. The free 5S RNP binds to MDM2
(HDM2 in humans), which is an E3 ubiquitin ligase that ubiquitinates p53 and thereby
channels it to degradation via the proteasome. Upon binding of the 5S RNP to MDM2,
which occurs mutually exclusively to its binding to pre-60S r-particles, p53 escapes from
MDM2-mediated degradation and accumulates [67,68]. Concomitantly, p53 is activated
and, thus, exerts its different anti-proliferative functions, ranging from temporary cell cycle
arrest to apoptosis [69]. The implications of the involvement of ribosome biogenesis in the
regulation of p53 in human health and disease have been extensively discussed in other
reviews (e.g., [68,70–72]) and will also be examined later in this work.

This review is aimed at giving insights into the composition, structure, role, biogenesis
and dysfunction of the components of the beak, which is the most prominent protuberance
found in all small r-subunits and so-called because of its resemblance to a bird’s beak.
We discuss all these features of the eukaryotic beak by specially focusing on the current
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knowledge about the beak of 40S r-subunits from the yeast S. cerevisiae and by highlighting
similarities and differences compared to the beak of human ribosomes.

2. Composition of the Beak of the Eukaryotic Ribosome

Despite the fact that the beak is overall an easily recognizable structure in the small
r-subunits of all ribosomes, the composition of the beak is quite different within the three
domains of life. In bacteria, the beak is composed exclusively of rRNA, specifically, the
helix h33 of 16S rRNA [9,73,74]. In contrast, the beak of eukaryotic ribosomes has been
transformed into a mixture of rRNA and specific r-proteins not found in bacteria, with
the biological reasons for this transformation remaining unsolved. The r-proteins bound
to helix h33 of eukaryotic 18S rRNA, which itself is shorter than the bacterial h33, are
eS10, eS12 and eS31 [1,2,6]. It is accepted that the structural core components of the
archaeal ribosomes are of prokaryotic origin, to which specific elements, some shared
with eukaryotes, have been added; therefore, archaeal ribosomes represent intermediate
steps towards the evolution of eukaryotic ribosomes [75]. In this sense, it is interesting to
mention that the beak of archaeal small r-subunits has a transitional complexity from an all-
rRNA to an rRNA/r-protein protrusion; accordingly, many archaeal genomes encode clear
homologs of the eukaryotic eS31 r-protein, which in all cases, however, lack the eukaryote-
specific N-terminal extension [76,77]. In addition, cryo-EM has shown that ribosomes of
distinct archaea contain at least two copies of eL8, one at the canonical location on the
large r-subunit and another one bound at a position on h33 that is equivalent to the one
occupied by eS12 on the eukaryotic beak [78]; further predictions suggest that this feature,
i.e., the presence of eL8 in the beak, occurs in all archaeal ribosomes [78]. Moreover, this
observation suggests that eS12 evolved from eL8, as both proteins share conserved regions
and belong to the same family (InterPro entry IPR004038). Finally, it is clear that eukaryotic
eS10 has no counterpart in archaeal ribosomes, as evidenced by different database searches,
including BLAST [77,79]. A comparison of the beak composition and structure of ribosomes
from prototypical bacteria, archaea and eukaryotes is shown in Figure 2.

Ribosomes present in organelles also contain all the structural landmarks that are
characteristic of cytoplasmic ribosomes of prokaryotes and eukaryotes, including the
beak. However, mito- and chlororibosomes have been found to be extremely diverse
in terms of their composition, including the acquisition of organelle-specific r-proteins
that has an impact on their overall structures. In general, chlororibosomes resemble
bacterial ribosomes [80–82]; hence, the beak of these ribosomes is formed by the h33 rRNA
protrusion and is devoid of r-proteins (Figure 3). In marked contrast to chlororibosomes,
the characterization of mitoribosomes from diverse species representing the different major
groups of eukaryotes has revealed that these have diverged considerably from each other
and from prokaryotic and eukaryotic ribosomes [3,83,84]. In mitoribosomes, the beak can
vary from the all-RNA prototype found in yeast to the massive protein-based beak found
in the kinetoplastid Trypanosoma brucei (Figure 3).

Cytoplasmic ribosomes of the yeast S. cerevisiae contain a standard beak, composed
of a helix h33 of 52 nucleotides and a single copy of three r-proteins, eS10, eS12 and eS31
(Figure 4) [6]. Yeast eS10 is encoded by two paralogous genes, RPS10A (YOR293W) and
RPS10B (YMR230W). The two genes code for the virtually identical eS10A and eS10B
r-proteins of 105 amino acids and ca. 12.7 kDa that only differ in three solvent-exposed
amino acids (E6, D7 and T98 in eS10A versus Q6, E7 and S98 in eS10B). Mutants harbor-
ing individual deletions of the RPS10A and RPS10B genes are viable in different yeast
backgrounds; moreover, while the rps10B∆ null mutant grows practically identical to the
wild-type strain, the rps10A∆ null mutant exhibits only a mild increase in the doubling
time [85]. In all genetic backgrounds, eS10 is an essential protein as the rps10A∆ rps10B∆
double mutant is inviable [85,86]. Yeast eS10 is a mostly globular protein; however, it con-
tains an unstructured C-terminal extension of about 20 amino acids, which interacts with
uS3 at the base of the beak in the mRNA entry channel [87]. In contrast to eS10 and most
yeast r-proteins, eS12 and eS31 are non-essential r-proteins that are encoded by single-copy
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genes (RPS12 or YOR369C, and RPS31 or UBI3 or YLR167W, respectively). However, in
most genetic backgrounds, both the rps12∆ and the ubi3∆ mutant display a severe growth
impairment [85,88,89]. Yeast eS12 is a small globular protein of 143 amino acids and ca.
15.5 kDa, containing an unstructured N-terminal extension of around 25 amino acids whose
deletion causes a slow growth phenotype of still uncertain significance (our unpublished
results). On the other hand, yeast eS31 is a small r-protein of 76 amino acids consisting of a
globular domain, which is well conserved from archaea to eukaryotes, and a eukaryote-
specific N-terminal extension of about 25 amino acids, which extends toward the ribosomal
A-site and has relevant functions in translation and small r-subunit assembly ([1,76,90]; see
later). More interestingly, it has been well reported that in most eukaryotes eS31 as well
as eL40 are produced as C-terminal parts of ubiquitin-fused precursor proteins, which are
rapidly processed to individual ubiquitin and r-protein moieties before assembly of the
corresponding r-protein into the small and large r-subunit, respectively [91]. The biological
relevance of maintaining these fusions during evolution for the correct production and
assembly of these r-proteins and for the possible co-regulation of two related cellular func-
tions, protein synthesis and protein degradation, has been previously covered and will not
be further discussed in this review [91,92].
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In consonance with the critical importance of yeast eS10, eS12 and eS31 r-proteins for
cell growth, it has also been reported that loss-of-function mutations in the genes coding
for these proteins in other model eukaryotes (Caenorhabditis elegans, Drosophila melanogaster,
Danio rerio, Mus musculus, Homo sapiens) lead to a myriad of adverse phenotypes, including
lethality, increased cell death, cell cycle arrest, reduced fertility, organ development defects
and tumorigenesis [93].

3. Roles of the Beak during Translation

The head of the small r-subunit is a flexible and dynamic structure involved in the
engagement of the mRNAs and tRNAs during translation. Taking into consideration
the strategic position of the beak at the entrance of the mRNA channel in the small r-
subunit, it is not surprising that the beak has been linked to diverse functions during the
translation process:

(i) During translation initiation, the beak is an important site for the interaction of
trans-acting factors both in prokaryotic and eukaryotic ribosomes. For example, cryo-EM
has revealed that the bacterial aldehyde-alcohol dehydrogenase E (AdhE) enzyme interacts
with ribosomes in the beak region [94]. This enzyme provides a further RNA helicase
activity, in addition to the intrinsic one of the ribosome [95], in order to ensure the linear
configuration of structured mRNAs at the mRNA entrance to facilitate their translation [94].
In eukaryotes, several RNA helicases play roles during translation initiation. The canonical
initiation factor eIF4A and the Ded1 (DDX3 in mammals) RNA helicase assist in the
unwinding of the 5′-UTR secondary structure of most mRNAs [96–98]. Interestingly, in
mammals, the translation initiation of endogenous and viral mRNAs with highly structured
5′-UTRs requires an additional RNA helicase, named DHX29 [99,100]. As revealed by cryo-
EM, DHX29 contacts the beak and adjacent regions by interacting with at least uS3, eS10
and eS12 [101]. In other examples, the beak has been described as being important for
the recognition of specific mRNAs. Accordingly, mammalian eS10 has been found to
specifically interact with a class of cellular mRNAs containing the so-called TISU-element
in their short 5′-UTRs [102].

(ii) The loading of the mRNA itself into the mRNA channel of the small r-subunit
during translation initiation is regulated by the opening and closing of an mRNA latch
situated below the beak that connects the body and the head of the small r-subunit [74].
The open conformation of this structure is promoted by the binding of distinct initiation
factors (eIF1 and eIF1A in eukaryotes, IF1 in prokaryotes) to the small r-subunit during the
formation of the eukaryotic 43S pre-initiation complex [103]. eIF1A is a globular protein
harboring unstructured N- and C- terminal extensions of ca. 25 amino acids. During
translation initiation, the globular domain of eIF1A is positioned at the A-site, while its
extensions seem to project out of this site of the ribosome; thus, preventing tRNA binding
to this site [103]. From X-ray crystallography, it can be inferred that the N-terminus of
eIF1A directly contacts the eukaryote-specific N-terminal extension of eS31 and approaches
extensions of other r-proteins, such as eS10, uS3 and uS19, that are adjacent to each other in
the A-site [104]. These interactions seem to be crucial for translation as mutations in the
N-terminal tail of eIF1A, which are frequently observed in several types of cancers [105],
result in reduced binding of eIF1A to its r-protein partners and a hyperaccurate recognition
of AUG codons that are embedded in an optimal sequence context [106,107]. Importantly,
the phenotypic analysis of yeast ubi3 mutations (e.g., ubi3G75,76A) that interfere with
the cleavage of the ubiquitin-eS31 fusion protein indicates that the non-cleaved protein
can still assemble into mature 40S r-subunits, which are active in translation but mildly
defective at the translation initiation stage. This defect is likely due to the interference of
the ubiquitin moiety with the binding and proper activity of the initiator tRNA and the
eIF1A factor [89,104]. Moreover, interactions between several subunits of the eIF3 complex
and beak components, including eS10 (e.g., [108]), have been described to occur within the
yeast 43S pre-initiation complex; these are expected to be of functional relevance during
translation initiation (e.g., [109]).
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(iii) The beak also participates in the formation of the binding surface for the internal
ribosome entry site (IRES) of some viral mRNAs on human 40S r-subunits. For instance,
among other 40S r-proteins, eS10 contributes to the binding of the hepatitis C virus (HCV)
IRES [110]. Viral proteins also interact with the beak to hijack the host’s translation machin-
ery. One interesting example concerns the SARS-CoV-2 coronavirus, whose non-structural
protein NSP1 contains a globular N-terminal domain that binds the base of the beak, while
its C-terminal extension blocks the mRNA channel entry site and thereby prevents any
mRNA accommodation; thus, inhibiting translation of host mRNAs [111–113]. However,
NSP1 does not impede the translation of viral mRNAs, which is promoted by the presence
of a cis-acting RNA hairpin in the 5′-UTR of these mRNAs [114,115].

(iv) Translation is reversibly shutdown upon nutrient starvation in a variety of ways,
including the accumulation of inactive or hibernating vacant 80S ribosomes. These dormant
ribosomes contain eEF2·GTP in the A-site and the hibernation factor Stm1 (in yeast) or
SERBP1 (in mammals) in the mRNA channel, thereby impeding mRNA binding [87,116].
This mechanism of blocking the mRNA entry tunnel resembles that mentioned above
for the coronavirus NSP1 protein. It has been described that the C-terminal region of
Stm1/SERBP1 also stably associates with the head of 40S r-subunits, likely via binding to
eS10, eS12 and eS31 [87,116].

(v) In all ribosomes, the interaction of the different translation elongation factors
with the ribosome leads to specific movements of the head domain of the small r-subunit,
including that of its associated beak towards the shoulder of the body of the same r-subunit
(e.g., [117,118]). In eukaryotes, the beak components themselves interact with distinct
domains of the translation elongation factors, as exemplified by the interaction of eS12
and eS31 with domains II and IV of eEF2 [7]. In agreement with the important role of
beak r-proteins in the fidelity of translation elongation, the depletion of the essential yeast
eS10 as well as the mutation or deletion of the genes encoding yeast eS12 and eS31 result
in translation defects, including misreading [76,88,119]. Moreover, due to the specific
position of the N-terminal extension of eS31 in the A-site of the ribosome, the assembly of
non-cleaved yeast Ubi3 is expected to sterically interfere with the binding of the translation
elongation factors to the ribosomal GTPase-associated center [89,91].

(vi) The beak is also expected to be functionally relevant during translation termination.
Cryo-EM structures have revealed how eukaryotic translation termination factor 1 (eRF1),
whose overall shape resembles a tRNA molecule, interacts with a stop codon in the A-site
of the ribosome via its N-terminal lobe (e.g., [120] and references therein). Notably, in the
structures of pre-termination complexes, a short segment of the N-terminal lobe of eRF1
is in close proximity to the initial residues of the N-terminal extension of eS31 [120,121].
Moreover, the mini-domain of eRF1, which is an insertion within the C-terminal domain,
also interacts with the N-terminal extension of eS31 and protrudes toward the beak where
it contacts helix h33 [120–122].

(vii) Another example of the role of the beak components in translation comes from
studies of the cellular responses to elongation stalls induced by different stresses (includ-
ing oxidative stress, heat shock or starvation) as well as by particular sequences, strong
secondary structures and chemical damage within mRNAs. Normally, when exposed to
stressful conditions, cells adapt by halting or decreasing the global synthesis of new pro-
teins, while, concomitantly, inducing the selective translation of mRNAs encoding proteins
that are necessary for cell survival and stress recovery [123]. This translational repro-
gramming can be mediated by multiple parallel and independent signaling pathways that
converge on the modulation of the function of a few key translation factors [124]. Relatively
recent studies from the Silva laboratory showed that following oxidative stress, induced by
an exposure of yeast cells to hydrogen peroxide, a set of r-proteins were K63-specifically
polyubiquitinated at different residues by the ubiquitin-conjugating enzyme Rad6 and the
ubiquitin-protein ligase Bre1, with the extent of this modification declining very rapidly
during stress recovery [125,126]. Most of these r-proteins are located within the head of the
small r-subunit of the ribosome and include uS3, the beak components eS10, eS12 and eS31
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and the P-stalk proteins uL10, uL11 and P2 [127]. Although oxidative stress induces a rapid
inhibition of translation initiation via activation of the Gcn2 kinase (see below), K63-linked
ubiquitination of r-proteins leads to an additional response, which results in the stalling of
translation at the elongation stage [127]. Using cryo-EM and cryo-electron tomography, the
Silva laboratory was also able to demonstrate that K63-linked ubiquitination of ribosomes
alters the conformation of distinct r-proteins, including eS31 and eS12, that are located at
the interface of the two r-subunits where eEF2 binds, thereby interfering with its efficient
binding and/or GTPase activity and promoting the translational halt at the elongation
stage, specifically at the rotated pre-translocation stage 2 [128].

If a ribosome persistently stalls on an mRNA, collisions with the trailing ribosomes
will eventually occur; this phenomenon triggers different ribosome-associated quality
control (RQC) mechanisms. It is thought that these mechanisms have evolved in order to
relieve stalled ribosomes, thus avoiding the depletion of active ribosome and tRNA pools,
which would prevent their participation in new rounds of protein synthesis and could
reduce cellular fitness or survival [129,130]. RQC mechanisms additionally target damaged
mRNAs and incomplete polypeptide chains for degradation [129]. In prokaryotes, the
rescue of ribosomes stalled at the 3′ end of mRNAs lacking a stop codon, thus containing
an empty A-site, often involves the action of the long transfer-messenger RNA (tmRNA),
whose interaction with the ribosome occurs through the formation of a ring of its large loop
around the beak of the 30S r-subunit (for further information, see [131]). In eukaryotes,
different rescue pathways center around the recognition of the empty A-site in the ribosome
(e.g., [130,132]). The rescue of eukaryotic ribosomes stalled on truncated and aberrant
mRNAs lacking stop codons (NSD, non-stop decay) relies on several factors, such as
Dom34 (Pelota in mammals), Hbs1 (HBS1L in mammals), Rli1 (ABCE1 in mammals) and
Ski7 (HBS1L3 in mammals). These factors interact or have the potential to interact with
ribosomes in a similar manner as translation elongation and termination factors [133];
therefore, it is expected that the binding and function of these factors, and, thus, the
fate of NSD, could be altered by mutations affecting beak components. Dom34/Pelota
is structurally related to tRNAs and eRF1 and binds the ribosome in a similar way to
these two; in turn, Hbs1, which interacts with Dom34/Pelota, is a member of the family of
translational GTPases that includes eEF1, which delivers aminoacyl-tRNAs to the A-site,
eRF3, which interacts with eRF1 in a similar manner to Hbs1 with Dom34, and Ski7, which
is a paralog of Hbs1 [133]. The N-terminal domain of Ski7 mediates the recruitment of the
exosome and the Ski2-Ski3-Ski8 complex (SKIV2L-TTC37-WDR61 in humans) [134–136],
while its C-terminal part contains the GTPase-like domain that it is assumed to interact,
similar to other translation GTPases, with the GAC site of the ribosome, but whose exact
role is still unknown [137,138]. Cryo-EM structures of different ribosomes, Ski2/3/8
complex and exosome intermediates suggest a scenario where a stalled ribosome bound
to the Ski2/3/8 complex recruits a pre-assembled exosome-Ski7 complex [136,139,140].
Through this triple (ribosome–Ski2/3/8 complex–exosome) interaction, aberrant mRNA
substrates are unwound and guided into the exosome. The ribosome-bound Ski2/3/8
complex specifically recognizes the 40S r-subunit by binding near the entry of the mRNA
channel and connecting the head and beak regions [140]. Concerning the beak, the Ski2
helicase interacts with several r-proteins, among them eS10 and uS3, while the N-terminal
part of Ski3 contacts eS12 [139,140].

Prolonged ribosome stalling leads to a ribosome collision of the trailing ribosomes
with the stalled ribosome [141,142]. Under these circumstances, the E3 ligase Hel2 (ZNF598
in mammals) recognizes the collided ribosomes and adds ubiquitin to a number of 40S r-
proteins at precise lysine residues, among them eS10 and uS3 ([143] and references therein).
This ubiquitination is assumed to serve as the starting signal for the progression of the
RQC response in order to dissociate the stalled ribosomes into r-subunits and degrade
their associated mRNAs and nascent peptides [144]. In addition, beside many other
responses [142], ribosome collisions also activate the kinase Gcn2, and evidence suggests
that this activation can occur independently of the presence of deacetylated tRNAs [145,146],
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which constitutes its classical activation pathway. This activation is dependent on Gcn1,
and cryo-EM has nicely revealed how this long, tube-like HEAT repeat protein spans
across a collided disome by forming an extensive network of interactions both with the
leading and trailing ribosome [147]. Interestingly, along its interaction path, the region
preceding the central eEF3-like HEAT repeats engages in contacts with eS10, eS12 and
eS31 within the beak of the 40S r-subunit of the colliding ribosome [147,148]. Perturbations
of the beak, elicited by absent or mutated beak r-proteins, could influence Gcn1 such
that its ribosome association or Gcn2-binding capacity, both of which are required for
Gcn2 activation, is affected. In turn, activated Gcn2 can then phosphorylate eIF2α to
downregulate general translation initiation and to enable the translation of specific mRNAs,
such as those encoding Gcn4 in yeast or ATF4 in mammals, in order to adequately respond
to the stress that causes ribosomes to collide. In line with the structural integrity of the
beak being necessary for an efficient Gcn1-mediated Gcn2 activation, lower levels of eS10
(individual deletion of RPS10A or RPS10B) or the absence of eS31 were shown to reduce the
extent of eIF2α phosphorylation or to impair derepression of GCN4 mRNA translation in
response to amino acid starvation, respectively (e.g., [148,149]). Recently, the ubiquitination
of eS31 has also been reported to occur in circumstances of translation elongation inhibition
where the A-site is occluded by a trapped eEF1A factor bound to an aminoacyl-tRNA [150].
In this case, the reaction is dependent on an E3 ligase called RNF25. Ubiquitination of eS31
is required for the degradation of the trapped eEF1A, which itself is ubiquitinated both by
RNF25 and an additional E3 ligase RNF14, with the latter directly interacting with GCN1,
which is also essential for eEF1A degradation [150].

4. Other Cellular Functions of the Beak Components

The beak r-proteins, in addition to their clear role in translation, participate in other
cellular processes, including ribosome biogenesis (see Section 5), activation of the p53-
dependent pathway in response to nucleolar stress as well as oncogenesis (see Section 6),
and cell competition (see below). Whether or not the effects that mutations in the beak
r-proteins have on these processes are translation-dependent or independent is still unclear
in some cases.

As mentioned above, a systematic study has analyzed the contribution of loss-of-
function mutations for most r-proteins, including eS10, eS12 and eS31, to multiple pheno-
typic features in six relevant eukaryotic model organisms (S. cerevisiae, C. elegans,
D. melanogaster, D. rerio, M. musculus, and H. sapiens) [93]. Several reports on the charac-
terization of specific features of eS10 have highlighted the important role of this r-protein.
These include the description of a hypo-proliferative phenotype, known as the Minute
phenotype, associated with loss-of-function mutations in one of the two copies of the RPS10
gene during development in Drosophila. The Minute phenotype is characterized by a pro-
longation of the developmental time, the presence of short and thin bristles, and reduced
fertility [151]. In Drosophila, eS10 is encoded by duplicated genes, and, interestingly, the
expression of one of the two genes is enriched in the germline cells of embryonic gonads,
suggesting a germline-specific role [151]. In Arabidopsis, loss-of-function mutations in one
of the genes encoding eS10 lead to a reduction in stamen number, shoot and floral meristem
defects, and a leaf polarity deficiency [152].

The r-protein eS12 also plays interesting roles not directly related to ribosome bio-
genesis or translation. In specific neurons, RPS12 mRNA levels, among other r-protein
transcripts, seem to be reduced by an acute period of sleep deprivation (hippocampus) or
injury of the sciatic nerve (dorsal root ganglion), suggesting dynamic changes in ribosome
composition following these insults (reviewed in [153]). In S. cerevisiae, a specific mutation
in the RPS12 gene leads to the suppression of phenotypes elicited by rDNA instability upon
Fob1 overexpression [154]. Whether this phenomenon is the result of an extra-ribosomal
function of yeast eS12 remains to be explored. Undoubtedly, the most interesting function
of eS12 besides its orthodox roles in ribosome biogenesis and translation is that related
to cell competition in D. melanogaster. In the classical form of cell competition, wild-type
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cells (homozygotic cells for r-protein genes; hereafter Rp+/+ cells) in genetic mosaic flies
are able to actively eliminate their adjacent heterozygotic cells (heterozygotic cells for
r-protein genes; hereafter Rp+/− cells) from imaginal discs via apoptosis [155–157]. In
this process, eS12 plays a specific role as a sensor of an imbalance of r-proteins to allow
the elimination of Rp+/− cells [158]. Thus, the viable missense rps12[G97D] mutant allele
of RPS12 in homozygosis prevents cell competition of Rp+/− cells by wild-type Rp+/+

cells [158,159]. In other words, rps12[G97D]+/+ Rp+/− cells are not eliminated by wild-type
Rp+/+ cells. Moreover, the relative copy number of the wild-type RPS12 allele in Rp+/−

cells is apparently what determines the competitiveness [158]. It has been shown that the
eS12[G97D] variant efficiently assembles into 40S r-subunits [158]. Moreover, the yeast
rps12[G102D] allele (equivalent to Drosophila rps12[G97D] allele), when it is the sole cel-
lular source of eS12 r-protein, neither confers a growth defect nor a global impairment of
translation (S. M.-V., unpublished results). Interestingly, it has been shown that Drosophila
eS12 is required to increase the transcription of the gene encoding the transcription factor
Xrp1 [159,160], which itself also directly regulates cell competition [156,159]. Consistently,
loss-of-function mutations in Xrp1 also prevent competition of Rp+/− by wild-type Rp+/+

cells [159]. Whether the function of eS12 in promoting Xrp1 expression is extra-ribosomal
still needs confirmation.

As for eS10 and eS12, there are reports indicating that eS31 could also have ribosome-
independent functions (for a recent review, see [161]). First, eS31 has been identified
as a regulator of the LMP1 protein encoded by the Epstein-Barr virus (EBV); thus, eS31
binds directly to LMP1 and increases its stability by reducing its proteasome-mediated
degradation [162]. Moreover, overexpression of eS31 leads to increased cell growth and
survival as the result of LMP1-mediated oncogenic events (e.g., epithelial to mesenchymal
transition, motility, migration and invasion). In addition, as RPS31 (also known as RPS27A)
mRNA levels are reduced in sperm with low motility, eS31 might be necessary for optimal
sperm functionality in humans [163]. In plants, eS31 seems to be highly expressed in
meristematic tissues, pollen and ovules [164], and flowers of RPS31-silenced plants exhibit
abnormal development [165]. Finally, it has been observed that double-strand break DNA
damage results in the MDM2-independent proteasomal degradation of eS31 in HEK293
human cells, and as a consequence, these cells contain ribosomes that specifically lack eS31
and exhibit lower global translation activity [166]. Whether this phenomenon is part of an
adaptive response to deal with DNA damage remains to be determined [166].

5. Assembly and Maturation of the Beak Structure

The assembly of the beak has been analyzed in the context of the general maturation
of the 40S r-subunit, which begins in the nucleolus and ends in the cytoplasm, both in
yeast and in human cell lines (for a review, see [167]). Moreover, given the fact that the
beak is a pronounced protrusion in the structure of the 40S r-subunit, the assembly of the
beak represents a challenge for the nucleocytoplasmic transport of this r-subunit. Using
genetics in yeast and siRNA technology in human cell lines, the role of the beak r-proteins
in pre-rRNA processing and r-subunit assembly has also been well examined. In both cases,
it has been described that the three r-proteins that form the eukaryotic beak are required
for the production and the stability of mature 40S r-subunits.

In yeast, eS10 is an essential r-protein whose contribution to ribosome biogenesis has
been assessed by the use of a yeast strain conditionally expressing this r-protein [86,168].
These studies showed that eS10 is required for the efficient maturation of the 20S pre-
rRNA, which accumulates to high levels upon eS10 depletion both within nucleoplasmic
pre-40S r-particles, as a consequence of a delay in the export of pre-40S r-particles and
cytoplasmic pre-40S r-particles, and as a consequence of inefficient 20S pre-rRNA processing
at site D [86,168]. Interestingly, knocking down the expression of human RPS10 leads to
cytoplasmic accumulation of the 18S-E pre-rRNA, which is the equivalent human form
of the yeast 20S pre-rRNA [169,170]. In yeast, we and others have demonstrated that
the quasi-essential r-proteins eS12 and eS31 are also crucial for the efficient cytoplasmic
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processing of the 20S pre-rRNA into mature 18S rRNA [88,89,92]. Similarly, the cytoplasmic
accumulation of 18S-E pre-rRNA has also been reported upon siRNA-mediated knockdown
of human RPS12 or RPS27A expression [170–172].

The precise timing of the assembly of the beak rRNA and r-proteins has also been
analyzed in both yeast and humans at a reasonable resolution. Assembly of this structure
involves compositional and structural changes of both the beak rRNA and r-proteins. In
general terms, while the timing of eS31 assembly (nucle(ol)ar or cytoplasmic) is still contro-
versial, it is likely that eS12 is incorporated early during the formation of 90S pre-ribosomal
particles and that eS10 assembly occurs within late cytoplasmic pre-40S r-particles (see
below). In yeast and the fungus Chaetomium thermophilum, the structural analysis of 90S
pre-ribosomal particles suggests that the four subdomains of the 18S rRNA (5′, central,
3′ major, and 3′ minor) fold independently and associate co-transcriptionally with a set
of r-proteins and ribosome assembly factors (RAFs), before being compacted into a de-
fined pre-ribosomal particle. Analysis of the first reported structures of 90S pre-ribosomal
particles indicated that the folding of the 3′ major domain of the 18S rRNA, the helix h33
included, requires the prior co-transcriptional structuring of the 5′ domain [173–175]. How-
ever, a more recent structural determination of a series of 90S assembly intermediates from
C. thermophilum provides evidence that the formation of the 90S does not follow a strict
5′ to 3′ co-transcriptional direction; instead, the 3′ major and 3′ minor domains seem to
assemble first with the 5′-ETS domain of 35S pre-rRNA, preceding the incorporation of the
5′ and central domains of pre-18S rRNA into 90S pre-ribosomal particles [176]. In any case,
from the diverse collection of structurally stable 90S r-particles available in the literature, it
is clear that these particles contain a clearly identifiable, immature beak structure. In most
of these particles, the nascent beak structure comprises eS12, while only a few of them also
contain eS31. As an example of this, in the 90S structure reported by Sun et al. [173], the
beak forms a protrusion and it is composed of helices h32-34 and the r-proteins eS12 and
eS31, connected to the body of the particle by the RAF Emg1 (see Figure 5). At this level,
it is also clear that the presence of Enp1, which stabilizes the beak by binding to helices
h32-34, impedes the incorporation of eS10, which can only occur after the release of Enp1
from late pre-40S r-particles in the cytoplasm [177,178]. Moreover, the fact that eS31 (and to
a lesser extent eS12) is not present in many of the structural maps of 90S r-particles available
in the literature, as well as in a variety of further pre-40S r-particles (see below), clearly
indicates that the association of these r-proteins with early precursors of 40S r-subunits
might be highly labile and should only become stable during late and cytoplasmic steps of
40S r-subunit maturation, concomitant with the formation of a more rigid beak structure.
In this regard, another RAF, Tsr1, apparently blocks the correct binding of eS31 until its
repositioning at a late maturation step occurring on cytoplasmic pre-40S r-particles [179].
Alternatively, as favored by other authors, eS12 and especially eS31 are only incorporated
into cytoplasmic pre-40S r-particles [179,180]. However, at least in the case of eS31, we have
identified a functional nuclear localization signal (NLS) within the first 25 amino acids of
the N-terminal extension of yeast eS31, which is conserved in other eukaryotes [76]. This
sequence is sufficient to target a triple GFP reporter to the nucleus, and most importantly, a
functional GFP-tagged eS31 protein notably accumulates in the nucleus upon depletion of
different 90S RAFs, among them Emg1, which leads to the nuclear retention of pre-40S r-
particles ([76] and S. M.-V., unpublished results). Whatever the case may be, the N-terminal
ubiquitin moiety present in the linear precursor of eS31 in many eukaryotes, including
yeast and humans, is very rapidly and efficiently processed. Accordingly, under wild-type
conditions, the Ubi3 precursor has so far never been detected; hence, it must be processed
prior to the incorporation of eS31 into pre-40S r-subunits [89,92,181]. Consequently, it
is unlikely that the ubiquitin moiety fused to eS31 directly participates in the ribosomal
assembly of eS31. Moreover, when a wild-type and a cleavage-deficient Ubi3 variant are
co-expressed in the same cells, eS31 derived from wild-type Ubi3 is preferentially incorpo-
rated into pre-40S r-particles compared to the non-cleaved ubiquitin-eS31 fusion protein,
which in turn is rapidly degraded [89]. Forcing the assembly of non-cleaved Ubi3 into
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nascent 40S r-subunits only mildly impairs their biogenesis, but, as mentioned above, may
lead to translation initiation defects [89].
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eS12 in red and eS31 in blue. The interaction of Enp1 with the beak is shown. The beak is connected 
to the rest of the 90S particle by its interaction with Emg1/Nep1 (colored in pink). Left, close-up 
view of the beak (b) region. Cartoons were generated using UCSF Chimera 
(https://www.rbvi.ucsf.edu/chimera; accessed on 1 June 2024). 

Following the sequential cleavages at sites A0–A2 within the 35S pre-rRNA, the yeast 
90S r-particle is dismantled and converted into an early nuclear pre-40S r-particle, which 
is rapidly exported to the cytoplasm. At this step, and before export, most 90S RAFs have 
disassembled and only a few others have been recruited, among them Rio2, Tsr1, Ltv1 
and Rrp12 [182]. Perhaps the characteristic that defines best the nucleoplasmic pre-40S 
intermediates is the high flexibility of their head domain, which becomes more structured 
as the particles transition through their maturation [183–185]. The incorporation of Ltv1 
is relevant for beak formation as it interacts with Enp1 and the r-protein uS3, which binds 
at the base of the beak structure [119,186,187]. The recruitment of uS3 is initiated just be-
fore or concomitant with that of Ltv1 [188,189]. The r-protein uS3 consists of two distinct 
N- and C-terminal domains and is delivered to nuclear pre-40S r-particles by its dedicated 
chaperone Yar1 [190]. Yar1 binds only the N-terminal domain of uS3; thus, initial interac-
tion of uS3 with pre-40S r-particles likely occurs through its C-terminal domain 
[188,191,192]. The release of Yar1 is concomitant with the interaction of the N-terminal 
domain of delivered uS3 with Ltv1. This interaction also contributes to preventing uS3 
from prematurely acquiring its final and stable position within cytoplasmic pre-40S r-par-
ticles, which is only achieved upon the global structural changes occurring in these r-par-
ticles after Ltv1 release [119,179,190,191]. Indeed, a subcomplex formed by Ltv1, Enp1 and 
uS3 can be untethered from purified yeast pre-40S r-particles at high salt concentrations, 
while uS3 cannot be extracted from mature 40S r-subunits by the same treatment [193], 
indicating that uS3 is less stably integrated into pre-40S than mature 40S r-subunits. It has 
been suggested that a certain degree of flexibility in the beak is required at this nucleo-
plasmic stage because a rigid beak structure close to the head of the pre-40S r-subunit 
might hinder export through the nuclear pore complex (NPC) [179,193–195]. 
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Figure 5. Formation of the early beak structure. Structural model of the yeast 90S pre-ribosomal
particle (PDB code 5WYJ). The pre-rRNA is colored in gray, all r-proteins except eS12 and eS31
are colored in green and all ribosome assembly factors in light blue. Helix h33 is highlighted
in yellow, eS12 in red and eS31 in blue. The interaction of Enp1 with the beak is shown. The
beak is connected to the rest of the 90S particle by its interaction with Emg1/Nep1 (colored in
pink). Left, close-up view of the beak (b) region. Cartoons were generated using UCSF Chimera
(https://www.rbvi.ucsf.edu/chimera; accessed on 1 June 2024).

Following the sequential cleavages at sites A0–A2 within the 35S pre-rRNA, the yeast
90S r-particle is dismantled and converted into an early nuclear pre-40S r-particle, which is
rapidly exported to the cytoplasm. At this step, and before export, most 90S RAFs have
disassembled and only a few others have been recruited, among them Rio2, Tsr1, Ltv1
and Rrp12 [182]. Perhaps the characteristic that defines best the nucleoplasmic pre-40S
intermediates is the high flexibility of their head domain, which becomes more structured
as the particles transition through their maturation [183–185]. The incorporation of Ltv1 is
relevant for beak formation as it interacts with Enp1 and the r-protein uS3, which binds at
the base of the beak structure [119,186,187]. The recruitment of uS3 is initiated just before or
concomitant with that of Ltv1 [188,189]. The r-protein uS3 consists of two distinct N- and C-
terminal domains and is delivered to nuclear pre-40S r-particles by its dedicated chaperone
Yar1 [190]. Yar1 binds only the N-terminal domain of uS3; thus, initial interaction of uS3
with pre-40S r-particles likely occurs through its C-terminal domain [188,191,192]. The
release of Yar1 is concomitant with the interaction of the N-terminal domain of delivered
uS3 with Ltv1. This interaction also contributes to preventing uS3 from prematurely
acquiring its final and stable position within cytoplasmic pre-40S r-particles, which is
only achieved upon the global structural changes occurring in these r-particles after Ltv1
release [119,179,190,191]. Indeed, a subcomplex formed by Ltv1, Enp1 and uS3 can be
untethered from purified yeast pre-40S r-particles at high salt concentrations, while uS3
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cannot be extracted from mature 40S r-subunits by the same treatment [193], indicating
that uS3 is less stably integrated into pre-40S than mature 40S r-subunits. It has been
suggested that a certain degree of flexibility in the beak is required at this nucleoplasmic
stage because a rigid beak structure close to the head of the pre-40S r-subunit might hinder
export through the nuclear pore complex (NPC) [179,193–195].

Once exported, the early cytoplasmic pre-40S r-particles undergo a cascade of matu-
ration events, the first ones being essential for beak formation. The precise chronology of
these events remains to be elucidated at high resolution, but it seems that it first involves
the recruitment of the casein kinase Hrr25, also favored by the previous binding of the
uS3 r-protein [190,192]. Moreover, the direct interaction between Hrr25 and Ltv1 appears
to weaken the association between Ltv1 and Enp1 [192]. Hrr25, which is an essential
protein, then phosphorylates Ltv1 on specific conserved serine residues, leading to the
release of Ltv1 from pre-40S r-particles [188,189,192]. Strikingly, Hrr25 is no longer essential
in the absence of Ltv1 or upon phosphomimetic substitutions of the specific Ltv1 serine
residues [188,189], indicating that the essential function of Hrr25 is linked to Ltv1 in ribo-
some biogenesis. Interestingly, the release of Ltv1 is coordinated with that of Rio2 on the
intersubunit side of the head domain of the pre-40S r-particle; a process that is mediated
by the correct assembly of the uS10 r-protein [192]. The release of Ltv1 now provokes the
dissociation of Enp1, which is also phosphorylated by the Hrr25 orthologue (CK1δ/ε) in
humans [196]; phosphorylation of yeast Enp1 by Hrr25 is still controversial [189,193]. The
dissociation of Enp1 and Ltv1 is absolutely required for nascent 40S r-subunits to become
translationally competent, as their interaction with the beak environment would hinder
the opening of the mRNA channel [177]. Another consequence of the dissociation of these
factors is that eS10 gains access to its binding position and is integrated into the beak
structure [180,186,197]. Concomitantly, uS19 and the two domains of uS3 are fitted into
their mature position [119,179,192]. All these events promote the structural organization of
the beak, which then enables the progression of the maturation events in other regions of
the pre-40S r-particles [167,180].

Formation of the beak in human 40S r-subunits seems to occur in a similar way to
that described in yeast, albeit with certain peculiarities [167,197,198]. Orthologs for all key
factors mentioned above have been described in humans, including Enp1, Ltv1 and Hrr25
(Bystin, LTV1 and CK1δ/ε, respectively) [199]. Most importantly, despite differences in pre-
rRNA processing between yeast and humans [200], the positioning, timing of interaction
and dissociation, and function of all these RAFs have been well conserved [199]. Moreover,
the structures of several nuclear and cytoplasmic pre-40S r-particles have been described,
providing detailed insights into the maturation steps [184,197,198,201]. As an example,
the cryo-EM structures of apparently nucleoplasmic human pre-40S r-particles contain, in
addition to the orthologs of Enp1 and Ltv1, the r-proteins eS12, eS31 and uS3, despite the fact
that, as in yeast, the assembly time point of eS31 and eS12 is again controversial [184,197].

Finally, although beyond of the scope of this review, the assembly of the prokaryotic
beak is also an important late event during the maturation of 30S r-subunits; in this regard, it
is interesting to mention that some authors have proposed that the bacterial assembly factor
RimM, which is involved in the maturation of the 3′ domain of the head of 30S r-subunits
(see [202] and references therein), works as a functional analog of Ltv1 in bacteria [119,189].
Strikingly, in the absence of RimM, the 30S beak (h33) is not correctly folded, and several
r-proteins, including uS19 as well as the tertiary binders uS3 and uS10, do not efficiently
assemble into pre-30S r-particles [203,204]. Moreover, the assembly of the small subunit of
the trypanosomal mitoribosome represents a major challenge for those researchers who are
studying this process (e.g., [205]).

6. Beak Components and Human Diseases

It is evident that mutations and dysregulation of the majority of r-protein genes are
linked to a range of human genetic diseases, such as ribosomopathies and cancer [206,207];
in this regard, beak r-proteins are not an exception.
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Ribosomopathies are a group of rare inherited or acquired genetic diseases linked to
defects in r-proteins or ribosome biogenesis factors [207–209]. Despite the importance of
ribosomes in all cell types, these diseases result mainly in tissue-specific manifestations,
especially in the hematopoietic system [207]. Intriguingly, inherited ribosomopathies are
congenital and normally exhibit a paradoxical transition from early symptoms related to
cellular hypo-proliferation to a hyper-proliferative oncogenic state later in life [210]. The
best studied ribosomopathy, which is also one of the most prevalent ones (10 individuals
per million live births) is the so-called Diamond–Blackfan Anemia (DBA) [211]. DBA is
mostly a dominant genetic disorder (autosomal or X-linked) that is characterized by the
reduced formation of red blood cells and is also associated with a series of other congenital
anomalies, such as skeletal abnormalities, heart and genitourinary malformations, and
an increased cancer susceptibility [212]. Most patients diagnosed with DBA harbor het-
erozygous loss-of-function mutations in particular genes encoding r-proteins, either of
the small or the large r-subunit [212]. About 3% of all DBA patients have been reported
to carry mutations in the RPS10 gene, most likely leading in all cases to the production
of non-functional eS10 variant proteins [212,213]; these mutations mostly consist of (i) in-
sertion mutations that cause a frameshift and the appearance of a premature termination
codon, (ii) nonsense mutations, namely, changes of particular codons to a stop codon (often,
the R113Stop mutation), (iii) missense mutations that transform the RPS10 start codon
into an isoleucine or a threonine codon (M1I or M1T), and (iv) different other missense
mutations (e.g., L14F, P30L) of so far unknown biological significance ([213,214]; for more
details, check the UniProt entry P46783 and the OMIM entry 603632). Mutations in the
human RPS27A gene, which codes for human eS31, have also been identified in patients
with DBA (e.g., S57P); however, whether these mutations are indeed pathogenic genetic
variants remains to be determined [215]. To our knowledge, no DBA-linked mutations
have so far been reported in the RPS12 gene. However, as the underlying mutations
in at least 20% of patients with DBA syndromes have not yet been identified [212], it is
still possible that RPS12 alleles could be responsible for DBA manifestations; in line with
this possibility, RPS12 haploinsufficiency in mice leads to an erythropoiesis defect that
recapitulates the one found in DBA patients (discussed in [216]). From a very simplistic
point of view, as the DBA disease is mostly caused by loss-of-function mutations in several
r-protein and a few RAF genes, all associated DBA symptoms and manifestations must
come from common dysfunctions of the same molecular process that, in this case, can
be no other than ribosome biogenesis [217], ultimately leading to an impairment or a
limitation of translation. Thus, in a non-exclusive manner, it has been proposed that (i) the
hypo-proliferative, pro-apoptotic anemia associated with DBA could be the consequence
of a global reduction in translation, limiting below a critical threshold the synthesis of
critical proteins, such as the globins and the transcription factor GATA1, with the latter
being essential for normal erythropoiesis [218]. In agreement with this possibility, GATA1
translation is reduced in erythroid precursor cells of DBA patients with mutations in differ-
ent r-protein genes (e.g., [219–221]), and loss-of-function mutations in GATA1 result in a
DBA-like phenotype (e.g., [222,223] and references therein). (ii) DBA cells display elevated
levels of reactive oxygen species (ROS), which, by generating a high oxidative stress, inhibit
cell proliferation [206,207]. In this regard, lowering cellular ROS levels by antioxidants
can rescue the proliferation defects in cells subjected to r-protein haploinsufficiency or
carrying selected r-protein mutations [207,224]. (iii) As a consequence of the ribosome
biogenesis deficiency occurring in DBA cells, the so-called nucleolar stress response is
triggered in these cells, which induces p53 stabilization and enables p53 to transactivate its
target genes, leading to cell cycle arrest, apoptosis, autophagy, and senescence [225,226].
In normal growth conditions, cellular levels of p53 are maintained low due to its efficient
recognition and ubiquitination by the E3 ubiquitin ligase MDM2 (HDM2 in humans) and
the subsequent degradation of ubiquitinated p53 by the proteasome. However, when
ribosome biogenesis is impaired, non-assembled r-proteins tend to accumulate and can
be released from the nucleolus to the nucleoplasm. Several different free r-proteins, but
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primarily uL5 and uL18 as part of the 5S RNP, can bind and sequester MDM2, thereby
preventing the degradation of p53; thus, the upregulation of p53 explains many of the
hypo-proliferative phenotypes displayed by DBA patients, including bone marrow ery-
throid hypoplasia [206,227,228]. In consonance with the relevant role of nucleolar stress
in DBA, genetic or pharmacological inactivation of p53 can rescue disease-associated phe-
notypes [206,209,225,229]. Interestingly, it has been shown that eS31 is able to regulate
the MDM2-p53 loop in response to nucleolar stress [230,231]. Moreover, eS31 apparently
interacts with the central acidic domain of MDM2 through its eukaryote-specific N-terminal
extension [230]. Therefore, this interaction seems not to be mutually exclusive from the
ones of MDM2 with p53, which used a short, N-terminal segment to bind to the N-terminal
domain of MDM2 [232], and with the r-proteins uL5 and uL18, which mostly involve the
Zn-finger and RING domains of MDM2 [59,233]. Importantly, the overexpression of eS31
reduces MDM2-mediated ubiquitination of p53, thereby leading to its stabilization and
activation [230,234]. The induction of p53 by eS31 may likely be additionally fueled by
the observation that the RPS27A gene is apparently also transcriptionally activated by
p53 [234]. Moreover, it has also been shown that MDM2 mediates the ubiquitination and
proteasomal degradation of eS31 in response to nucleolar stress, indicating that free eS31
could be a physiological substrate of MDM2 [230]. It has been proposed that this mutual
inhibitory regulation between MDM2 and eS31 may contribute to cellular recovery after
the experienced stress [230]. Another report has suggested that the RAF PICT1 seems to
regulate the interaction between eS31 and MDM2, as low levels of PICT1 are apparently
required for the efficient translocation of eS31 from the nucleolus to the nucleoplasm, so
that it can bind MDM2 [235]. It has also been described in several human lung cancer
cell lines that eS31 could interact with uL5 in a way that might weaken the strength of
the interaction between uL5 and MDM2; thus, knockdown of RPS27A stabilizes p53 in a
uL5-dependent manner, promoting the p53 tumor suppressor functions [231]. Altogether,
the above-mentioned data highlight that eS31 is connected to the MDM2-p53 axis and
suggest that eS31 may be relevant for fine-tuning the cellular response to and recovery from
nucleolar stress. However, its importance is apparently cell-type dependent, as recently
shown by the Schneider group, who demonstrated that knockdown of RPS27A robustly
induced p53 in certain cell lines but not in others [181].

Cancer cells require a high production of ribosomes to sustain boundless growth and
cell division (e.g., [236]). Moreover, many r-proteins, including the beak ones, have been
implicated in cancer development (e.g., [206,237–239]). Mutations and altered expression of
beak r-proteins have been described in many cancer types, in some cases likely displaying
an extra-ribosomal function: (i) high expression of RPS10 has been found in colorectal,
renal and prostate cancer [240], whereas it has been reported that ribosomes purified from
MDA-MB-231 breast cancer cells contain substoichiometric levels of eS10, among other
r-proteins [119]. (ii) Overexpression of RPS12 has been observed in colon adenomatous
polyps and carcinomas as well as in gastric cancers [241]. Deletions of RPS12 are frequently
observed in diffuse large B cell lymphomas [242], and eS12 has been reported to play a
role as a stimulator of WNT secretion in cancer cells, which is particularly important in the
context of triple-negative breast cancer initiation and progression [243]. (iii) It has been
reported that eS31 is overexpressed in renal, colon, cervical, and breast cancers, chronic
myeloid leukemia and lung adenocarcinoma [161,231,244,245]. In most of these cases, the
overexpression of eS31 correlates with poor prognosis for the patients. A recent review has
highlighted the expression and role of eS31 in cancer cells and tumor tissues [161].

7. Concluding Remarks and Future Perspectives

Herein, we have discussed the relevance of the beak, a structurally conserved region
of the small r-subunit of cytoplasmic ribosomes in all three domains of life. Notably, the
beak has transitioned from a structure composed exclusively of rRNA in bacteria to a
protuberance comprising three specific r-proteins, eS10, eS12 and eS31, in eukaryotes, while
an intermediate situation prevails in archaea as the beaks of many species only contain two
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r-proteins, eS31 and eL8, with the latter being clearly the ancestor of the eukaryotic eS12
r-protein. As also discussed, the beak has diverged considerably in the mitoribosomes of
some organisms, such as in trypanosomatids, perhaps owing to the particular translation
requirements inside these organelles [246,247]. As outlined in this review, the beak has
important roles in the three major phases of translation (initiation, elongation and termina-
tion) and is involved in many other events of the translation process, including ribosome
stalling and collisions, as well as other seemingly translation-unrelated processes, such
as cell competition in Drosophila. In many of these processes, the biological significance
of post-translational modifications, such as ubiquitination, is still poorly understood. We
have also highlighted the implication of the beak r-proteins in the stepwise assembly of
nascent 40S r-subunits. Regarding the maturation of the eukaryotic beak, it is evident that
further research is required to precisely define the assembly timing of the beak r-proteins;
for instance, it is still controversial whether eS31 associates with 40S r-subunit maturation
intermediates in the nucleus or the cytoplasm. More studies are also required to elucidate
whether the beak r-proteins play active or passive roles during the assembly and nuclear
export of pre-40S r-subunits. Finally, we discussed the relevance of the beak r-proteins in
human diseases, especially ribosomopathies and cancer. A deeper understanding of the
connection between these diseases and the ribosome biogenesis process is expected to offer
new perspectives for therapeutic approaches.
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Abstract: Magnesium ions are abundant and play indispensable functions in the ribosome. A decrease
in Mg2+ concentration causes 70S ribosome dissociation and subsequent unfolding. Structural
distortion at low Mg2+ concentrations has been observed in an immature pre50S, while the structural
changes in mature subunits have not yet been studied. Here, we purified the 30S subunits of E. coli
cells under various Mg2+ concentrations and analyzed their structural distortion by cryo-electron
microscopy. Upon systematically interrogating the structural heterogeneity within the 1 mM Mg2+

dataset, we observed 30S particles with different levels of structural distortion in the decoding
center, h17, and the 30S head. Our model showed that, when the Mg2+ concentration decreases, the
decoding center distorts, starting from h44 and followed by the shifting of h18 and h27, as well as the
dissociation of ribosomal protein S12. Mg2+ deficiency also eliminates the interactions between h17,
h10, h15, and S16, resulting in the movement of h17 towards the tip of h6. More flexible structures
were observed in the 30S head and platform, showing high variability in these regions. In summary,
the structures resolved here showed several prominent distortion events in the decoding center and
h17. The requirement for Mg2+ in ribosomes suggests that the conformational changes reported here
are likely shared due to a lack of cellular Mg2+ in all domains of life.

Keywords: structural distortion; magnesium concentration; ribosome; CryoEM

1. Introduction

Metal ions are the second most abundant component after water molecules in living
cells and are involved in all fundamental biological processes, including protein synthesis,
enzymatic reactions, and others [1]. Protein synthesis is mediated by ribosomes, in which
the information carried by mRNA is translated into amino acid sequences. A ribosome
requires metal ions, including Mg2+, Zn2+, and K+, to maintain its structure and activity.
Mg2+ is the most abundant multivalent cation in cells and plays an essential role in the
assembly of ribosomes by neutralizing negative charges from phosphates present in the
rRNA backbone and enabling the correct folding and compaction of rRNA [2,3].

The bacterial 70S ribosome is a complex macromolecule composed of small (30S)
and large (50S) subunits. Recently, a high-resolution ribosome structure was determined,
showing that a single ribosome in Escherichia coli (E. coli) contains at least 309 Mg2+ ions [4].
It has been known for decades that the structure and function of ribosomes are strongly
influenced by the presence of Mg2+ [5]. For example, the in vitro association between small
and large ribosomal subunits required to form intact ribosomes depends strongly on the
Mg2+ concentration [6], and decreasing the Mg2+ concentration below 1 mM causes the
dissociation and subsequent unfolding of 70S ribosomes [2,7,8]. Meanwhile, extremely
low Mg2+ causes irreversible structural distortions and even disassembly into individual
ribosomal constituents [3]. Research on ribosome unfolding showed that EDTA-dialysis
could be used to progressively remove the Mg2+ from ribosomes and resulted in the conver-
sion of 50S subunits into 21S particles via a 36S intermediate and the conversion of the 30S
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subunit into 16S particles via a 26S intermediate, in which the 36S and 26S particles were
reversible through the readdition of Mg2+, whereas the 21S and 16S particles containing
only 23S and 16S rRNA were irreversible [2]. The growth of E. coli cells under conditions
of Mg2+ starvation results in ribosome degradation [9]. Furthermore, Mg2+ stabilizes the
codon–anticodon interaction at the A site and influences the binding of RRF to the ribo-
some [10,11]. In addition, Mg2+ can partly complement the functions of several ribosomal
proteins, such as L1, L23, and L34 [6,12]. For instance, an increased Mg2+ concentration
suppresses the defects in 70S ribosome formation caused by a lack of ribosomal protein
L34. Previous studies have also suggested that lower Mg2+ concentrations greatly increase
the susceptibility of ribosomes to attack by ribonuclease [13,14]. In E. coli cells, the concen-
tration of intracellular free Mg2+ ranges from 1 mM to 5 mM [15,16]. Although Mg2+ is
essential for ribosomes, excess Mg2+ reduces their translation activity and accuracy [17,18].
For instance, the error frequency measured in vitro at 10 mM Mg2+ is 10 times higher than
that at 5 mM Mg2+ [19].

In order to examine the impact of low Mg2+ exposure on the 30S structure, we used
cryo-electron microscopy (cryo-EM) to explore the structures of 30S particles and char-
acterize a series of unnatural 30S structures at 1 mM Mg2+. The 30S ribosomal subunit
is composed of one rRNA molecule (16S rRNA) and approximately 21 r-proteins, which
are organized into four distinct structural domains: the body (5′ domain), the platform
(central domain), the head (3′ major domain), and helix 44 with h45 (3′ minor domain) [20].
The assembly of the 30S subunit is a robust process proceeding via multiple redundant
parallel pathways, where the 5′ body domain forms first, followed by the central platform,
head domains, and lastly, the 3′ minor domain with the functionally important decod-
ing center [21–24]. Although ribosome unfolding has been studied with many different
techniques, such as the measure of the sedimentation coefficient, viscosity, and diffusion
constant, as well as ultraviolet absorption and laser Raman spectroscopy, and despite
the fact that evidence has been presented to show that discrete intermediates exist in the
unfolding reaction, little information about specific structural changes during unfolding
has been provided [3,5]. A recent study of rRNA self-folding showed that in the absence of
Mg2+ or with Mg2+ of up to ~1 mM, the tertiary interactions of the 16S central domain are
disrupted, resulting in expanded conformations containing only secondary structures [8].
How does Mg2+ facilitate the folding of rRNA fragments, especially the formation of ter-
tiary contacts? In this study, our cryoEM structures showed that the 30S particles collected
at 1 mM showed several missing structural features and conformation changes, including
missing h44 and S12 and the movement of h17 and h27. These structural distortions in
unfolding intermediates provide insight into ribosome biogenesis and should be taken into
account in vitro assembling studies.

2. Materials and Methods
2.1. E. coli Strains and Cell Culture

In this study, 30S particles were purified from an E. coli strain with the mutant DbpA
protein overexpressed, obtained from another project conducted by our research group.
Since the structural distortion observed in these 30SDbpA at 1 mM Mg2+ was shown to be
exactly the same as that of 30S purified from the wild-type BL21 strain (data not shown),
the cryoEM data of 30SDbpA were used for reconstruction and designated as 30S1mM in
this study. Wild-type E. coli BL21 and MRE600 were used for the sucrose gradients and
purification of 30S at 2.5 and 10 mM Mg2+.

For the sucrose gradient and 30S purification, E. coli cells of the strains BL21 and
MRE600 were grown to an OD600 between 0.6 and 0.8 at 37 ◦C and 220 rpm in LB medium
before harvesting. Yeast cells of the strain BY4742 were grown to an OD600 of 0.65 at
30 ◦C and 220 rpm in YPD medium. HEK293F cells were grown in suspension culture to
approximately 2 × 106 cells per milliliter before harvesting.
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2.2. Sucrose Gradient Centrifugation Analysis

For the sucrose gradient analysis, 50 mL of cells were collected by centrifugation at
3500 rpm at 4 ◦C for 10 min and were resuspended in 200 µL of lysis buffer (20 mM HEPES-
KOH pH 7.5, 150 mM NH4Cl, 4 mM β-mercaptoethanol) with different concentrations of
Mg2+ and EDTA, according to the experimental requirements, and DNase I (RNase-free)
was added at a final concentration of 20 U/mL. The cells were broken with a grinder,
followed by centrifugation at 14,000 rpm at 4 ◦C for 20 min. Fifteen units of A260 of clarified
lysates were loaded onto a twelve milliliters of sucrose gradient.

For the EDTA-treated assay, the clarified lysates were loaded onto a 10–50% sucrose
gradient in lysis buffer with 10 mM EDTA and then centrifuged at 4 ◦C with an SW41
rotor for 4 h at 35,000 rpm. For the assay of different concentrations of Mg2+, the clarified
lysates were loaded onto a 10–50% sucrose gradient in lysis buffer with 0.5 mM, 1 mM,
2.5 mM, 5 mM, 10 mM, and 20 mM Mg2+ and then centrifuged at 4 ◦C with an SW40 rotor
for 12 h at 32,000 rpm. The profiles were detected through the continuous monitoring of
the absorbance at 260 nm using a Biocomp Gradient Master/AKTA pure.

2.3. Cryo-EM Sample Preparation and Data Collection

Samples of 30S1mM, 30S2.5mM, and 30S10mM with the corresponding peaks were col-
lected and dialyzed to remove the sucrose. The fresh samples were diluted to 300 nM in a
corresponding buffer, and then 2.5 µL of isolated particles was applied to glow-discharged
R1.2/1.3 holey carbon grids with 2–4 nm continuous carbon film on top. After 30 s of
waiting, the grids were blotted for 3 s and plunged into liquid ethane using a Vitrobot
device (FEI) operating at 4 ◦C and 100% humidity.

Micrographs were collected on a Titan Krios G3i operating at 300 kV with a Gatan K3
Summit. Data acquisition was performed using the software EPU, with a nominal magnifi-
cation of 81,000× g, which yields a final pixel size of 1.095 Å on the object scale (defocus
ranging from –1.5 µm to –2.5 µm). For each micrograph stack, 30 frames were collected,
for a total dose of 30 electrons per pixel. For the EDTA-treated sample, micrographs were
recorded on a Titan Krios G3i operating at 300 kV with a Gatan K2 Summit.

2.4. Image Processing

Motion correction on the micrograph level was performed with MotionCorr2 [25]. The
program CTFFIND4 was used to estimate the contrast transfer function parameters [26]. Im-
age processing, including micrograph screening, particle picking, 2D and 3D classification,
refinement, and postprocessing, were performed with RELION 3.1.0 [27].

For the 30S1mM sample, a total of 497,673 particles were subject to a cascade of 2D and
3D classification. After one round of 3D classification, 440,474 particles were subjected to
3D auto-refine and then subjected to 3D classification with a mask on the decoding centers,
S12 and h17, respectively, in which the alignment of the particles was omitted.

For the 30S2.5mM and 30S10mM samples, a total of 360,621 and 349,073 particles were
subjected to several rounds of 2D/3D classification to remove the non-ribosomes and
bad particles. Finally, 139,475 and 146,689 particles, respectively, were used for the
3D reconstructions.

2.5. Model Building

A high-resolution cryo-EM structure of the E. coli ribosome (PDB:7k00) was used
as the initial model, and rigid-body fitted to the density map using Chimera and Coot
0.8.9 [4,28,29]. The ribosomal protein and 16S rRNA were then fitted individually as rigid
bodies and manually adjusted for the best fit between the map and the model. For the
additional h17 density on the map, h17(437–497) was extracted from 7k00 23s rRNA and
fitted as a rigid body. To illustrate the shifting of the rRNA helices, h6, h16, h18, h24, h27,
and h45 were fitted to the maps using rigid-body fitting followed by real-space refinement
in Coot [28].
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2.6. CryoDRGN Analysis

To study the correlations of the structural distortion between different blocks, we ex-
ploited cryoDRGN’s powerful generative model to analyze the structural heterogeneity [30].
The particles were processed in RELION 3.1.0 until 3D refinement was achieved with the
mask on the body, which contained 440,474 particles. Then, the results were applied
for cryoDRGN training, in which the particles were downsampled to a box size of 256
(1.638 Å per pixel). The networks for the datasets were trained with an eight-dimensional
latent variable.

For the subunit occupancy analysis, 500 volumes were sampled from the latent space.
Then, the body domain of 30S was split into 32 blocks using a PDB file that was rigid-
body-fitted to the refined map, including coordinates for two h17 helices (h17in and h17out).
The generated atomic models were used to create masks corresponding to each of the
rRNA helices and ribosomal proteins. Then, these 32 masks were applied to each of the
500 volumes in turn, and finally, the occupancy of the density was calculated for each block,
and the correlation between them was calculated by hierarchical clustering analysis.

3. Results
3.1. Ribosomal Subunits Are Destroyed by EDTA Treatment

It is known that metal ions are essential for stabilizing the structure of ribosomes and
maintaining their activity. EDTA-treated ribosomes of E. coli have been reported to be Y-
and X-shaped for the unfolded 30S and 50S [31], respectively. To symmetrically study the
structures of ribosome subunits under the conditions of low Mg2+ concentrations, crude
ribosomes from the E. coli strains BL21 and MRE600, as well as yeast and human cells,
were analyzed by sucrose gradient sedimentation containing 10 mM EDTA (Figure 1a–d).
Gradients with 10 or 2.5 mM Mg2+ were used as controls (gray curves in Figure 1a–d). The
profiles of the gradients with EDTA showed peaks corresponding to the small and large
subunits shifted towards the top of the gradient, which indicated a dramatic decrease in the
molecular weight or particle size of the subunits. Then, the two shifted peaks of E. coli BL21
and MRE600 were collected and pooled (Figure 1a,b). CryoEM imaging showed that the
subunits obtained from the 10 mM EDTA gradient were largely destroyed, with most, if not
all, of the ribosomal proteins being dissociated and the rRNA being exposed in extended
states (Figure 1e,f, white arrows). The shifting of the subunit peaks in the sucrose gradient
profiles and the extended shapes of the rRNA observed by cryoEM imaging indicate that
the extraction of Mg2+ from both prokaryotic and eukaryotic ribosomes by EDTA destroys
the structure of ribosomes. Following this, the destruction process was further studied
using 30S subunits as a model with a series of cryoEM structures.

3.2. Structural Distortion of 30S at a Low Magnesium Ion Concentration

Magnesium ions are the most abundant ions present in ribosomes [1]. To further
study the distortion process of the structure of ribosome subunits, relevant fractions in a
sucrose gradient sedimentation of the E. coli strain were collected and subjected to cryoEM
analysis (Figure 2a). In this study, we isolated the 30S particles from a reference-free 2D
classification strategy in Relion 3.1.0 for intensive study (Figure 2d). Typical images of the
30S1mM peak showed 30S profiles with a flexible h17 helix and smear tracks of the 30S head
(Figure 2d, red arrows), showing that the low Mg2+ concentration affected the 30S structure.
To further confirm this hypothesis, we collected the 30S peak from sucrose gradients with
2.5 and 10 mM Mg2+, respectively, for cryoEM analysis (Figure 2b,c). The 2D averages
for 30S2.5mM showed a better head and h17 helix (Figure 2d, 2nd line), and the 30S10mM
showed a far more stable 30S head and a fold-in h17 helix (Figure 2d). These observations
indicate the important role of Mg2+ ions in maintaining the structure of rRNA in the 30S
subunit. Particles from these three datasets of 30S1mM, 30S2.5mM, and 30S10mM were then
extracted for further analysis (Supplementary Materials Figures S1–S3).
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Figure 1. Subunits of the 70S ribosome were destroyed by EDTA. (a,b) E. coli cells of the BL21 DE3 
(a) and MRE600 (b) strains were collected at OD600 = 0.6 and further analyzed with a sucrose gradient 
in conditions with or without 10 mM EDTA. Shifting of the peaks was indicated, and the 30S and 
50S peaks from the gradient with additional EDTA were collected (dashed line labeled) for cryoEM 
analysis. (c,d) Yeast BY4742 cells (c) and HEK293F cells (d) grown to exponential phase were col-
lected and disrupted by a French press and homogenizer, respectively. Cell extracts were then ana-
lyzed with a sucrose gradient under conditions of 2.5 mM Mg2+ or 10 mM EDTA. (e,f) CryoEM 

Figure 1. Subunits of the 70S ribosome were destroyed by EDTA. (a,b) E. coli cells of the BL21
DE3 (a) and MRE600 (b) strains were collected at OD600 = 0.6 and further analyzed with a sucrose
gradient in conditions with or without 10 mM EDTA. Shifting of the peaks was indicated, and the
30S and 50S peaks from the gradient with additional EDTA were collected (dashed line labeled) for

181



Biomolecules 2023, 13, 566

cryoEM analysis. (c,d) Yeast BY4742 cells (c) and HEK293F cells (d) grown to exponential phase were
collected and disrupted by a French press and homogenizer, respectively. Cell extracts were then
analyzed with a sucrose gradient under conditions of 2.5 mM Mg2+ or 10 mM EDTA. (e,f) CryoEM
images representing the typical particle shapes (white arrows) for BL21 DE3 and MRE600 (f) strains.
The scale bar is labeled in white.
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Figure 2. A 30S subunit at 1 mM Mg2+ has a flexible h44, h17, decoding center, and head. (a–c) Sucrose
gradient sedimentation profile of E. coli ribosomes under 1 mM (a), 2.5 mM (b), and 10 mM (c) Mg2+

conditions. The 30S peak indicated in gray shadow was collected separately for cryoEM analysis.
(d) Reference-free 2D classification averages for 30S particles under different conditions, as shown
in (a–c). The flexible h17 and head are labeled with red arrows. (e) The overall structure and map
of a 30S subunit at 1 mM Mg2+ concentration are represented in cartoon and surface, respectively.
The rRNA helices h16/h17, h18, h27, and h44 and the S12 protein are colored in yellow, blue, green,
magenta, and red. The dashed line represents the mature 30S under 10 mM Mg2+ conditions in
this study.

3.3. Overall Structures of the 30S Subunits under Different Mg2+ Concentrations

As seen above, the 30S at 1 mM Mg2+ showed a flexible h17 and a blurry head.
To explore the structural distortion in more detail, the particles were subjected to a 3D
reconstruction using Relion 3.1.0 [27], with a mask on the 30S body to eliminate the
interference of the blurry head-on alignment, resulting in a set of structures with a resolution
of 3–5 Å (Figure 2e and Supplementary Materials Figures S1 and S2). Consistent with
the 2D averages seen in Figure 2d, 30S in the 1 mM Mg2+ condition showed the same
conformation, with a poorly aligned head and well-defined body (Figure 2e). Spahn et al.
proposed that the rotation of the head of the small subunit directs the movement of the
tRNAs to the P and E sites [32]. Hence, the head of 30S plays a vital role in translation,
and a comparative structural analysis of 55 ribosome structures showed that the 30S head
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rotated by 0–21 degrees related to the body part, as determined by the E-R method [33,34].
Using multi-body refinement in Relion 3.1.0, a program used to classify heterogeneous
cryo-EM structures, the 30S from 1 mM Mg2+ showed a much broader range of rotation in
its head (Figure S4). Even with a mask on the head, the reconstructions still failed to show a
clear map of the rRNA or proteins (Figure S4a), which means that low Mg2+ conditions can
cause the 30S head to become even more flexible on its own accord. Meanwhile, compared
to the 30S at 2.5 and 10 mM Mg2+ concentrations (Figure S3), the first thing that we noticed
in the 1 mM Mg2+ reconstructions was the absence of h44 (Figure 2e), which has almost
disappeared in 2.5 mM Mg2+ as well (Figure S3a). Flexible regions, including the decoding
center, h16, h17, and platform, and a weak S12 density were also observed on the map
(Figure 2e). These functional regions mature at different timepoints when 30S assemble,
requiring plenty of Mg2+ to stabilize their positions [35].

3.4. Movement of Incompact Helices and Loss of S12 in the Decoding Center

In 30S, the decoding center, which is composed of h27, h28, h1, h2, the upper part of
h44, and h45, offers a place for interaction between mRNA and tRNA, contributing to the
fidelity of decoding through the monitoring of codon-anticodon base pairing [20,36]. To
separate the different conformations contained in the 30S reconstructions of 1 mM Mg2+,
we first performed non-alignment 3D classification based on the auto-refined angles with a
mask on the decoding center, resulting in different reconstructions with diverse structural
distortions in the decoding center. Here, the maps are named as h27in-1, 2, and h27out-1–4
according to their h27 positions, and three main classes are obtained (Figure 3a–c and
Supplementary Materials Figures S1 and S5). Approximately 7% of particles (h27out-3)
showed long-distance (~26 Å) shifting towards h18, and, accordingly, h18, h24, and h45
became more flexible (Figure 3a). The h27out-4, with 15% particles, showed short-distance
(~19 Å) shifting compared to h27out-3 (Figure 3b), whereas the h17in-2, which contained
approximately 56% of the total particles, showed a stable h27 that was fixed to the mature
state (Figure 3c). The other three states showed a different level of movement, according to
which h27out-1 and h27out-2 were similar to h27out-4, containing a short-distance-shifted h27
helix (Supplementary Materials Figure S5a,b), and the h27in-1 state had a near-mature h27
helix, as seen in h17in-2 (Supplementary Materials Figure S5c).

In the states separated by the mask of the decoding center, in addition to the move-
ment of h27 and the correlated swing of h18, h24, and h45, we also observed a weakened
density in the S12 protein. S12 is located near the decoding center. It is composed of
two distinct parts, including the N-terminal extension and the conserved C-terminal glob-
ular region [37,38]. S12 plays a pivotal role in decoding functions and is a key mediator
in maintaining the fidelity of translation on the ribosome. Research has shown that S12
is important for the inspection of codon–anticodon pairings at the ribosomal A site [39].
The N-terminus of the protein binds the solvent surface of the SSU, with the extension
in contact with the rRNA dense regions, ending with a C-terminal globular region lo-
calized at the inter-subunit face of the SSU, which means that S12 plays a vital role in
maintaining the small subunit structure [40]. To further understand the binding of S12 in
the decoding center, we then exploited 3D classification using a mask on the S12 protein
alone, resulting in 10 different classes showing various occupancy levels of S12 (Figure 3d,e
and Supplementary Materials Figures S1 and S6). In the states of S124 and S129, which
contained approximately 14% of the total particles, the S12 protein was completely missing
(Figure 3d and Supplementary Materials Figure S6d). Along with the disappearance of
the S12 protein, helix h18 and h27 in these two states moved by approximately 7 and
18 Å, respectively (Figure 3d). State S1210 had 53% of particles and showed a high level of
occupancy at the S12 density, with slight shifting of h18 and h27 (Figure 3e). States S121–8,
except S124 and S126, also had a partial density of S12, which means that low Mg2+ only
partially destabilized the interactions between S12 and the rRNA (Supplementary Materials
Figure S6). State S126 had no density in the position of S12 but showed extra density above
S12, probably being in an intermediate state (Supplementary Materials Figure S6f). We
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should also note that, due to the steric hindrance, the helix h16 lying close to h18 moved
further when S12 was missing compared to the states with S12 proteins (Figure 3d,e).
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Figure 3. A low Mg2+ concentration destabilizes the decoding center and causes a loss of S12
protein. (a–c) Three representative reconstructions were classified from 30S particles at 1 mM
Mg2+ by applying a mask to the decoding center. A completely out-shifted h27 ((a), h27out-3), a
partially out-shifted h27 ((b), h27out-4), and h27 in its original position ((c), h27in-2), are represented
in cartoon and surface (green) for their rigid-body-fitted structure and density map, respectively.
(d,e) Two representative reconstructions with missing (d) and fully occupied S12 protein ((e), red),
were classified from 30S particles at 1 mM Mg2+ by applying a mask to S12, as shown in the cartoon
and on the surface. The rRNA helices h3 (limon), h16/h17 (yellow), h18 (blue), and h24/h45 (magenta)
are also labeled according to the positions of the decoding center. Details of the interactions and
movement (black arrows) of h27 and S12 are represented as inserted subfigures. A dashed line
represents the mature 30S under 10 mM Mg2+ conditions in this study.

3.5. Movement of h17 towards h6

In addition to the decoding center, we could also observe an extra density around h17
toward h16 (Figure 2d). Applying a mask to h17 alone, we identified four major classes
from the particles of 30S at 1 mM Mg2+ (Figure S1). The map named h17in is identical to
the mature 30S, in which h17 interacts with h10 through its tip from A465 to C470 and with
h15 through the central part of h17. Interactions between the central part of h17 and the
positively charged residues of the S16 protein were also observed (Figure 4a,b). The second
one, containing 38% of the particles and named h17out, had a clear helix-shaped density
that moved outwards by approximately 54 degrees, in which the relocated h17 could be
fitted, folding as a bridge that connected the tip of h6 and junction of h16/h17 (Figure 4c).
In this conformation, the tip of h17 (G462–U464) is close to the helix h6 (U85–G86) and
stabilized by the interactions between them (Figure 4d). Since h16 and h17 are connected
and form a long helix in the 30S subunit, we also compared the h16 helix in these two states
(Supplementary Materials Figure S7). A bent h16/h17, as one can observe in a mature
30S, was observed in the h17in state, and a long, straighter helix was found in the h17out
state. Whether h17 is located within or shifted out, h16 swayed at the same angle in both
states, which means that the junction of h16 and h17 is very flexible; thus, the movement of
h16 is independent of h17 shifting. The third class, called h17in-2, showed a blurry density
between the h17in and h17out conformations, being closer to h17in, meaning that it should
be in the intermediate state (Supplementary Materials Figure S1). The remaining 23% of
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particles comprised a 30S subunit with an invisible h17 and most of its helices, probably
due to its highly flexible rRNAs.
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Figure 4. The h17 helix shifted outwards to the tip of h6. (a) Interactions between h17 (red), h10
(green), and h15 (blue) in the reconstruction of h17in. The direction of h17 is labeled with a black
arrow. (b) Interactions between h17 and S16 proteins in the reconstruction of h17in. (c) Shifting of h17
from h17in to h17out. The shifted angle was measured in Chimerax, and the direction of h17 in the
h17out reconstruction is labeled with a black arrow. (d) The interactions between the out-shifted h17
and the tip of h6.

3.6. Correlation of the Structural Distortions between Different Blocks

Except for the decoding center and h17, as mentioned above, some other parts of the
30S also became less stable under a low Mg2+ concentration. To determine whether there
are correlations between the destabilization of these rRNA helices and ribosomal proteins,
we exploited cryoDRGN’s powerful generative model by sampling 500 volumes from the
latent space for a total of 440,474 particles with 35 learning epochs [30] (Figure 5a). In
this strategy, the coordinates of the 30S head were first removed since no clear density
could be assigned to it. Then, the body was split into 32 blocks using a PDB file that was
rigid-body-fit to the refined map, including coordinates for two h17 helices (h17in and
h17out). Each structural block contained an individual rRNA helix, or ribosomal protein.
The occupancy of the density was calculated for each block, and the correlation between
them was calculated by hierarchical clustering analysis (Figure 5a). Here, we observed
that h44 had totally disappeared, and the occupancy of h17, S11, and S21 was significantly
decreased in most of the volumes. Additionally, approximately half of the 500 volumes
had a poor overall density, revealing the global flexibility of 30S at 1 mM Mg2+. For the
other half of the volumes that had a higher occupancy for most of the blocks in the 30S
body, we could identify correlations between the unstable helices and proteins (Figure 5a,b).
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Hierarchical clustering showed that proteins S11 and S21 were omitted simultaneously in
most cases, and h23, h24, and h45 showed a similar pattern. It is worth noting that the
occupancies of h27 and protein S12 in the decoding center had different distributions in the
500 volumes compared to h17 (Figure 5a). We further analyzed the distributions of all the
particles in the states identified using different masks (Figure 5c,d). The particle number in
each state was calculated and analyzed by the chi-squared test. This showed that when h27
is in states h27out-1,2,3 or h27in-1 and S12 is in states S121–8, the h17 helix tends to be flexible,
whereas in the h17out particles, the h27 tends to be fixed in the mature position (h27in-2)
and S12 is complete (S1210). On the other hand, h27 tends to shift outward, and S12 shifts
away in the two h17in states. These results showed a negative correlation between the
movements of h17 and h27/S12, similar to the hierarchical clustering results (Figure 5a).
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columns (32) correspond to structural elements defined by the atomic model. Only the 30S body was
analyzed. (b) Atomic models of the 30S subunit used for subunit occupancy analysis are colored
according to the structural blocks defined through hierarchical clustering in (a). Structural features
of interest are annotated. (c) Correlation between h17 and h27 in the reconstructions classified with
different masks. The mask on h17 defined four different states of h17, and the mask on the decoding
center defined six states of h27. Particles in each state were selected, and the distribution of particles
in different h17 conformations was calculated. For each h27 state, the difference in distribution
compared to the total particles is colored in red. (d) Same as (c), but the correlation between h17 and
S12 was calculated.

3.7. Mg2+ Is Essential for Ribosome Structure Stability

To further investigate the effect of the Mg2+ concentration on ribosome assembly, we
performed sucrose gradient analysis with different levels of Mg2+ (Figure 6). As observed
at 1 mM Mg2+ (Figure 2a), the 0.5 mM Mg2+ condition also completely separated the 50S
and 30S subunits (Figure 6a), whereas at the 2.5 and 5 mM Mg2+ concentrations, the 70S
ribosome formed gradually (Figures 2b and 6b). Our structural study of the 30S peak at
2.5 mM Mg2+ also showed a barely visible h44 and a flexible h17 (Figure S3a). With 10 mM
Mg2+ or above, the 70S became very stable (Figures 2c and 6c). To determine whether the
30S and 50S purified from 1 mM Mg2+ were still functional, we collected and incubated
these two peaks, followed by reloading the gradient with 10 mM Mg2+. The results showed
that most of the 30S and 50S could form an intact 70S (Figure 6d). The remaining 30S that
could not interact with 50S might be the result of S12 protein dissociation, as observed
in our structures (Figure 3). Analysis of the ribosomal proteins in the 30S peak by SDS-
PAGE showed several weakened bands at 0.5 and 1 mM Mg2+ compared to 10 mM Mg2+

(Supplementary Materials Figure S8). These could be the results of weak binding to the
rRNA at a low Mg2+ concentration, followed by a falloff from 30S when the concentration
by centrifugation was applied.
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crude 70S at 0.5 mM (a), 5 mM (b), and 20 mM (c) Mg2+ concentrations. (d) Profile of 30S and 50S
purified from 1 mM Mg2+ in a gradient containing 10 mM Mg2+. Fractions corresponding to 30S and
50S under 1 mM Mg2+ conditions (Figure 2a) were pooled, and sucrose was removed, followed by
reloading onto a sucrose gradient containing 10 mM Mg2+.

4. Discussion and Conclusions

The data presented here, ranging from 1 mM to 10 mM Mg2+, represent a model of the
process of E. coli 30S unfolding during Mg2+ decrease (Figure 7). Initially, the 30S structure
is completely intact at 10 mM Mg2+. When the concentration of magnesium ions decreases,
the rotation angle of the head increases accordingly, along with the loosening of the proteins
and RNA helices. Here, h44 is most sensitive to magnesium ions, first becoming unstable,
and then h17 begins to swing away (Figure 7, dashed box at 2.5 mM Mg2+). With the
Mg2+ decreasing to 1 mM, the rRNA helices h16, h18, and h27 in the decoding center
also become unstable, and protein S12 starts to dissociate from the 30S subunit (Figure 7,
dashed boxes in 1 mM Mg2+). When there are no magnesium ions at all, that is, after EDTA
treatment, the 23S rRNA becomes completely unfolded, with a loss of ribosomal proteins.
Most likely, the secondary structures are still stable, except for those helices with only
a few canonical Watson–Crick base pairs [8]. Our cryoEM structures showed important
tertiary interactions stabilizing the rRNA fragments formed/destroyed at different Mg2+

concentrations, reflecting differences in stability between different regions. This is consistent
with the calculation showing that the midpoint, the Mg2+ concentration at which individual
secondary or tertiary interactions occur, is not unique, and the coordination of Mg2+ with
rRNA is nucleotide specific and does not occur in a random, diffusive manner [8].
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Figure 7. A model of 30S structural distortion at a low Mg2+ concentration. Here, 2.5 mM Mg2+

first causes the destabilization of h44 and partial loosening of h17, and the 30S head becomes more
flexible. A further decrease in Mg2+ to 1 mM shifts h17 toward the tip of h6, and h16, h18, and h27
become flexible at the same time. Ribosomal S12 near the decoding center starts to leave, causing
an irreversible 30S if no additional protein is supplied. EDTA incubation was used to extract all the
Mg2+ from ribosomes and completely destroy the 30S subunit, release the ribosomal proteins, and
linearize the 16S rRNA.

The magnesium ion, which is the most abundant of the divalent cations in living
cells, has an irreplaceable function in stabilizing the secondary structure of ribosomal
RNA, binding ribosomal proteins to the ribosome, and ribosomal interaction due to its
high charge density and relatively small ionic radius (0.6 Å) [3,41,42]. It is known that
the removal of Mg2+ from ribosomes results in a non-functional ribosome, especially in
the case of EDTA-treated E. coli ribosomes, which show a different structural assembly
manner [2]. In this study, we used cryoEM to study the disassembly process of the small
subunit of the E. coli ribosome and showed a series of snapshots of the distortional 30S,
which revealed a sequential movement of the rRNA helices and ribosomal proteins in the
30S subunits. Several cryoEM structures suggest that the pre30S/pre40S particles transit
through a vibrating state [43–45]. We concluded that the movements observed in this study
using a low Mg2+ concentration are correlated with the structural rearrangements observed
during 30S/40S maturation.

Firstly, all the reconstructions obtained in this study lacked a clear h44, which means
that this helix is totally moved out at a 1 mM Mg2+ concentration, although we could
observe weak densities above the decoding center in some of the states responsible for
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the moved h44. The helix h44 is directly involved in mRNA decoding, as is the formation
of two inter-subunit bridges (B2a and B3) that participate in association with the large
ribosomal subunit [46,47]. In the process of the decoding center’s maturation, h44 forms
before the correct base pairing of h28 and the linker h28/h44. The assembly factors RimP
and RsmA then lift h44 to access h28 for its refolding with the help of RbfA. In the last step,
the decoding center, with an h44 in the final position, is checked by RsgA, which means that
the placing of the h44 helix is the last step in 30S maturation. Thus, it makes sense that h44 is
the first part to be dissociated when the 30S structure becomes unstable [45]. In the decoding
center, we also observed a movement of h27 by approximately 26 degrees towards h18 due
to the disappearance of h44. Helix h27, termed the switch helix, is packed groove-to-groove
with the upper end of h44, which is the target of amino-glycoside antibiotics [20,48]. A
recent study showed that h27 and h21 had larger fluctuations than other helices in the
central domain of 16S rRNA due to their absence in extensive tertiary interactions [8]. In
other words, h27, under conditions of low Mg2+ concentration, also becomes more flexible
than other helices. In addition to h27 and h44, the surrounding helices h18, h24, and h45
also showed significant movement under the 1 mM Mg2+ conditions.

Secondly, in part of the reconstruction, the ribosomal protein S12 dissociated from
the decoding center. S12 is the third binding r-protein according to the Nomura assembly
map [49,50]. The C-terminal globular region of S12 is close to the decoding center, and it
is unique among SSU r-proteins, because S12 is the only protein located on the RNA-rich
surface that interacts with the large subunit [20]. It is clear that the ribosomal protein
S12 plays a pivotal role in tRNA selection by the ribosome [39,51]. Crystal structures
have revealed that the closed conformation of the 30S subunit is stabilized by interactions
between the conserved amino acid residues of ribosomal protein S12 and 16S rRNA h44 at
the decoding site [52]. Recent simulation studies showed that the central domain of the 16S
rRNA without ribosomal proteins unfolds at low Mg2+ concentrations of roughly 2 mM.

Thirdly, an approximately 54 degree rotation was observed in h17, which generated
novel interactions between the tip of h17 and h6. In the mature 30S, h16/h17 comprises one
of the three long helices in the 30S subunit and interacts with h18/h15, which is situated
beside it and forms the backbone of the entire body. The three major longitudinal elements,
h44, h16/h17, and h7, act as structural pillars that extend over 110 Å, and not only stabilize
the body but also transmit conformational changes and displacements over a very long
distance [20]. Here, we observed that h17 started to shift towards the tip of h6, even at
2.5 mM Mg2+, whereas this movement did not affect the connected h16. Furthermore,
the 30S head and related helices in the neck region were too flexible to be defined in
our reconstructions. In the translation process, large-scale rotation of the head domain is
required for the movement of mRNA and tRNA translocation [33,34].

In E. coli, the Mg2+ concentration is reported to be approximately 1–5 mM, whereas
the total Mg2+ concentration, including the Mg2+ chelated by biological molecules, is
around 100 mM [16,53]. Recently, the ribosome itself was shown to be involved in Mg2+

homeostasis [5,54]. A high-resolution crystal structure of the 70S showed that it contains
more than 170 Mg2+ ions bound tightly to the ribosome [40]. Additionally, a 2.0 Å cryoEM
structure of the E. coli ribosome identified 309 Mg2+ in 70S with 93 Mg2+ in 30S [4]. Counting
the Mg2+ associated loosely or through out-sphere interactions showed that more than
585 Mg2+ are predicted to bind the elongation complex of the ribosome [55]. Studies
of B. subtilis showed that the total cellular Mg2+ concentration decreased in proportion
to the amount of 70S ribosome when B. subtilis lacked an individual copy of the rRNA
operons [12,15]. Combined with our observation of the sequential structure distortions of
30S rRNA in this study, a corollary is that the ribosome is a reservoir of Mg2+, and when
the cellular free Mg2+ decreases, the ribosome first releases the Mg2+ on the surface, which
only involves a small portion of rRNA helices, such as h44 and h17 in the 30S, and this
results in a reversible ribosome. Meanwhile, the mechanisms through which ribosomes
actively participate in Mg2+ homeostasis should be elucidated in detail in future studies.
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It has been reported that the most ancient parts of the ribosome are the PTC and the
ribonucleotides, which depend heavily on metal ions for their structural stability [56,57].
Moreover, the twofold pseudo-symmetry in and around the PTC, which is composed of
RNA and Mg2+, has been suggested to be the structural origin of the ribosome [57–60]. Mg2+

is also essential for the small subunit functional regions. According to our structures, the
E. coli 30S and 50S subunits separate and subsequently unfold when the Mg2+ concentration
is below 1 mM. Ribosomes are usually purified at 10 mM Mg2+ to ensure that they are close
to their natural state, but subunit separation occurs at 1 mM Mg2+ [61,62]. One should
pay attention to the fact that protein S12 starts to dissociate from 30S under this condition,
and long-time incubation at 1 mM Mg2+ should be avoided. These results can provide
guidance for studies of ribosome structural and functional stability as well as the process
of ribosome assembly.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom13030566/s1, Figure S1: The structure analysis procedure of
30S at 1 mM Mg2+; Figure S2: Quality of the map for 30S at 1 mM Mg2+; Figure S3: Overall maps of
30S under 2.5 and 10 mM Mg2+ conditions; Figure S4: A low concentration of Mg2+ induces a large
rotation of the head in all directions; Figure S5: 30S under 1 mM Mg2+ showed different movements
of h27; Figure S6: 30S at 1 mM Mg2+ showed a diverse S12 occupancy range; Figure S7: Movement of
h17 does not affect the location of h16; Figure S8. A low magnesium concentration disassociates the
ribosomal proteins.
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Abstract: Upon exposure to biotic and abiotic stress, plants have developed strategies to adapt to
the challenges imposed by these unfavorable conditions. The energetically demanding translation
process is one of the main elements regulated to reduce energy consumption and to selectively
synthesize proteins involved in the establishment of an adequate response. Emerging data have
shown that ribosomes remodel to adapt to stresses. In Arabidopsis thaliana, ribosomes consist of
approximately eighty-one distinct ribosomal proteins (RPs), each of which is encoded by two to
seven genes. Recent research has revealed that a mutation in a given single RP in plants can not
only affect the functions of the RP itself but can also influence the properties of the ribosome, which
could bring about changes in the translation to varying degrees. However, a pending question
is whether some RPs enable ribosomes to preferentially translate specific mRNAs. To reveal the
role of ribosomal proteins from the small subunit (RPS) in a specific translation, we developed a
novel approach to visualize the effect of RPS silencing on the translation of a reporter mRNA (GFP)
combined to the 5’UTR of different housekeeping and defense genes. The silencing of genes encoding
for NbRPSaA, NbRPS5A, and NbRPS24A in Nicotiana benthamiana decreased the translation of defense
genes. The NbRACK1A-silenced plant showed compromised translations of specific antioxidant
enzymes. However, the translations of all tested genes were affected in NbRPS27D-silenced plants.
These findings suggest that some RPS may be potentially involved in the control of protein translation.

Keywords: Nicotiana benthamiana; Arabidopsis thaliana; translation regulation; ribosomal proteins from
the small subunit (RPS); VIGS; 5′untranslated regions; transient expression; plant defense

1. Introduction

As sessile beings, plants have developed various strategies to overcome the range
of challenging conditions they are exposed to. These responses are built on finely tuned
gene expressions, which, in turn, lead to protein level variations. Changes in protein
level depend on the regulation of multiple factors, such as transcription, mRNA structure,
stability, transport, storage, protein synthesis, and degradation [1,2]. Among them, the
translation process is one of the main elements that finely modulates protein accumulation
under both biotic and abiotic stress situations; its regulation reduces energy consumption
and allows for the selective synthesis of proteins involved in the proper establishment
of an appropriate response [3,4]. Many examples of global translational inhibition and
the preferential production of key proteins that are critical for adapting to environmental
conditions are known [5–8]. A general decrease in global translation levels is observed in
plants under conditions of sucrose starvation [9,10] and those acting in response to cold
stress [11]. Furthermore, the overall translation activity in plants is higher in the light than
in the dark; this is correlated with the higher energetic status of the plant cells under light
conditions [12].

Protein synthesis is mediated by ribosomes and ribosomal-associated proteins. Ri-
bosome assembly occurs within the nucleolus and requires the coordinated production
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and transport of four rRNAs (5S, 5.8S, 18S, and 28S) and eighty-one ribosomal proteins
(RPs) [13]. The eukaryotic ribosome, termed the 80S ribosome, consists of two ribonucleo-
protein subunits; the 40S small subunit binds the mRNA and provides the decoding site,
which is formed by the 18S rRNA and thirty-three small ribosomal proteins (RPS). The 60S
large subunit, which is composed of the 5S, 5.8S, and 23S rRNAs and 48 large ribosomal
proteins (RPL), catalyzes the formation of peptide bonds [14–16]. All of these RPs are
present in a single copy in each ribosome, except for the RPs forming a flexible lateral stalk
on the large subunit [17,18]. In the model plant, Arabidopsis thaliana, each RP can be encoded
by two to seven different members of the small families [15]. Thus, the 81 RP families
may produce up to 1034 different potential ribosome structural conformations that could
theoretically serve as a source of translation heterogeneity [3]. Although each RP gene
has multiple paralogs, their expressions appear to be differentially regulated by various
environmental cues and treatments with signaling molecules [19–25]. This differential
expression between gene families, as well as within specific ribosomal gene families, opens
vast possibilities for the functional role of these RPs in stress conditions. Furthermore,
ribosome composition has, to date, been examined in several mass spectrometric studies,
which have identified different r-protein paralogs within ribosomes that act in response to
different stimuli, showing that ribosome composition may also be dynamic [3,26–28]. This
heterogeneity can constitute specialized ribosomes that may regulate mRNA translation
and control protein synthesis. Thus, specialized ribosomes are defined as a functional
subpopulation of ribosomes that appear, for example, after an altered condition; they work
to constrain translation to specific mRNAs and to shape the acclimated proteome [29].

The differential expression between the RP genes and the ribosomal composition
implies a diversified functional relevance regarding RPs [30]. This is consistent with
accumulating evidence that emphasizes the RP involvement in several ribosome functions,
as well as roles away from the ribosome, such as DNA repair, histone binding, transcription-
factors activity, and cell-cycle regulation [31–33]. For instance, mutations in some RPs
influence the integrity of ribosomes, in structure and in function. The mutational analysis of
several prokaryotic RPs has highlighted their importance in a variety of ribosomal processes.
RPS12 was shown to be required for tRNA decoding in the ribosomal A site [34] and the
RPS4 and RPS5 mutations showed ribosome translational inaccuracy [35]; whereas, RPSa,
RPS7, and RPS11 are essential for mRNA binding [36]. Furthermore, in mammalian cells,
the binding of the RACK1 (Receptor for Activated C-Kinase 1) to ribosomes is essential for
the full translation of capped mRNAs and the efficient recruitment of eukaryotic initiation
factor 4E (eIF4E) [37]. In Nicotiana benthamiana and Arabidopsis thaliana, QM/RPL10A
plays a transcriptional role in regulating translational mechanisms and defense-associated
genes [38]; also, RPS27B is involved in the degradation of damaged RNAs (induced by
genotoxic treatments) [39].

The involvement and specific constitution of the protein-translation machinery in
plant defense is poorly studied. Some reports have shown that the deficiency and mutation
of ribosome proteins themselves are associated with disease responses in plants. The
silencing of RPL12 and RPL19 in N. benthamiana and A. thaliana showed compromised
nonhost disease resistance against multiple bacterial pathogens [40]; the silencing of RPL10
in N. benthamiana and A. thaliana showed compromised disease resistance against the
nonhost pathogen Pseudomonas syringae pv. tomato T1 [38]; and the silencing of RPS6 in
N. benthamiana affected the accumulation of the Cucumber mosaic virus, Turnip mosaic
virus (TuMV), and Potato virus A (PVA), but not the Turnip crinkle virus and Tobacco
mosaic virus [41].

Despite these studies, a systematic understanding of the functional role of RPs in the
context of plant defense is still lacking. In the present study, using previously published
nuclear proteomes of plants under stress, we identified several RPS that accumulated in
the nuclei (the site of ribosome biogenesis) of stressed plants. We hypothesize that the
accumulated RPS paralogs generate ribosomes that shape the cellular translatome and plant
defense responses. To address the role of the identified RPS in a specific translation, we first
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developed a translation assay in which we tested the production of the green fluorescent
protein (GFP) fused to different 5’UTR corresponding to known defense genes, or house-
keeping genes, in the leaves of RPS-silenced and control plants. We found that three tested
proteins (RPSaA, RPS5A, and RPS24A) are involved in the efficient translation of some
defense proteins. In contrast, the protein RPS27D is involved in the general translational
activity of the ribosome; whereas, RACK1A is involved in the efficient translation of several
antioxidant enzymes. Our technical approach defines a suitable methodological strategy
for testing ribosomal protein requirements for the translation of specific groups of mRNAs.
Moreover, this suggests that RPS paralogs play a crucial role in translational control.

2. Materials and Methods
2.1. Plant Growth and Stress Treatments

Seeds of N. benthamiana were vernalized for 48 h at 4 ◦C and plants were grown in
soil (AgroMix) at 23 ◦C and 60% relative humidity with a 14 h/10 h light/dark cycle in a
growth chamber.

For 2,6-dichloroisonicotinic acid (INA) treatment, 3-week-old plants were sprayed
to imminent runoff with an aqueous solution of 0.65 mM INA containing 0.05% Sylgard
309 surfactant; whereas, the mock treatment consisted of only the Sylgard 309 aqueous
solution. Leaf tissues were harvested 24 h after being sprayed with INA, as previously
described [42]. INA was used to induce plant defense as it was shown to induce a response
similar to those of salicylic acid and pathogen infection [43]. For cold stress treatments,
3-week-old plants were placed at 4 ◦C for 6 h [44].

For the biotic stress experiments, we used the bacterial pathogen P. fluorescens EtHAn
(Effector-to-Host Analyzer) strain, which allowed for the development of the PTI response
in N. benthamiana [45]. The bacterial suspension of P. fluorescens EtHAn at OD600 = 0.2 in
10 mM of MgCl2 was infiltrated into the abaxial side of 3-week-old N. benthamiana leaves;
tissue was collected 7 h post-inoculation. Leaf samples of infiltrated plants, with 10 mM of
MgCl2 grown under similar conditions, were used as a control to normalize the expression.
All of the samples were collected in the form of three biological replicates after each time
interval and were immediately frozen in liquid nitrogen and stored at −70 ◦C.

2.2. Differential Gene Expression Analysis

A gene expression analysis in a N. benthamiana plant was performed on RNA extracted
from the frozen tissue using the Genezol Total RNA kit (Geneaid), following the manu-
facturer’s instructions. The RNA quality was assessed by agarose gel electrophoresis and
quantified by spectrophotometry. In total, 1 µg of each sample was used as the template
for first-strand cDNA synthesis using the M-MuLV Reverse Transcriptase (New England
Biolabs, Whitby, ON, Canada). Quantitative PCR amplification was performed on a CFX
Connect detection system (Bio-Rad Laboratories, Mississauga, ON, Canada) using gene-
specific primers and the SYBR Green PCR Master Mix (Bioline, Toronto, ON, Canada). The
primers used were designed using the Primer 3 software; they were designed in such a way
that they targeted a region that is completely absent of all other paralogous genes and is
unique. This selection was performed using the VIGS Tool from the Sol Genomics Network
(https://vigs.solgenomics.net/, accessed on 1 March 2018) (Figure S1). The specificity of
the primers was then verified by using the Primer-Blast tool at NCBI. In total, a 100 ng
cDNA template and 0.4 µM of each primer (listed in Supplementary Table S1) were used
in a final volume of 20 µL. The amplification protocol included an initial denaturation at
95 ◦C for 2 min, with 40 cycles at 95 ◦C for 5 s, a primer-specific annealing temperature for
10 s, and an extension at 72 ◦C for 5 s. This was followed by constructing a melt curve at
the end to estimate the amplification specificity of each gene. The data were analyzed with
CFX Maestro qPCR software. PP2A and UBQ1 (Polyubiquitin 1) were used as reference
genes for normalization under INA conditions and those of a P. fluorescens EtHAn infec-
tion [46]. ACT 2 and UBQ1 were considered suitable genes to normalize with for the cold
treatment [47]. The mean values of the relative fold change were calculated as per the ∆∆Ct
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method [48]. RPS genes in each condition were defined as differentially expressed only if
the expression value of the gene was more than 1.5-fold the control and had a p-value of
less than 0.05 compared to the control.

The expression of the identified RPS genes in Arabidopsis was analyzed using the
Genevestigator tool (https://genevestigator.com/, accessed on 6 February 2018) with
the Arabidopsis Gene Chip platforms (ATH1: 22k array). The perturbation tool of the
Genevestigator software was used to estimate the levels of gene expression as a heat map
under different conditions. Data were presented as absolute log2 values of fold change
compared with that of the control samples.

2.3. Virus-Induced Gene Silencing (VIGS)

The pBINTRA6 and pTV00 vectors were used for silencing in the N. benthamiana. The
pTV00::NbRPSaA, pTV00::NbRPS5A, pTV00::NbRPS27D, pTV00::NbRPS24A, and pTV00::NbR
ACK1A constructs were developed and used for VIGS, as described [49]. In order to select
VIGS silencing sections that were specific to a single paralog of the targeted protein, we used
the VIGS Tool from the Sol Genomics Network (https://vigs.solgenomics.net/, accessed
on 1 March 2018); we were able to design VIGS fragments unique to the 3′UTR of each
targeted gene that was absent from the other paralogs (Figure S1). Table S2 provides a
list of all of the paralogs of the investigated RPS. PCR was used to amplify the desired
fragments with specific primers (Table S3) using genomic DNA prepared from the plant
tissues. The amplified fragments of the RPS genes and the pTV00 vectors were digested by
the restriction enzymes KpnI and HindIII, according to the manufacturer’s instructions; the
purified products of the RPS sequence were inserted into the pTV00 vectors using T4 DNA
ligase (NEB, England). The vectors were then transformed into competent cells of the E. coli
strain DH5α. The selected positive clones with the correct sequence were used to transform
the Agrobacterium tumefaciens strain of GV3101 electrocompetent cells. Plant infiltration was
performed, as described previously [49]. The Agrobacterium strains of GV3101 containing
pTV::NbRPSaA, pTV::NbRPS5A, pTV::NbRPS27D, pTV::NbRPS24A, or pTV::NbRACK1A and
those of C58C1 containing pBINTRA6 were grown at 28 ◦C in a liquid Luria-Bertani medium
including antibiotics (50 µg mL−1 kanamycin and 50 µg mL−1 rifampicin). After 24 h, the
cells were harvested by centrifugation and resuspended in the infiltration buffer (10 mM of
MgCl2 with 200 µM of acetosyringone and 10 mM of MES, pH 5.6) to a final optical density, at
600 nm, of approximately 0.5 and were agitated for 2 h (28 ◦C) before mixing in a 1:1 ratio.
The Agrobacterium mix, containing either pBINTRA6 or pTV-NbRPS vectors, was infiltrated
using a needleless 1-mL syringe that was inserted into the lower leaves of 2-week-old N.
benthamiana plants [50]. As a control, the empty cloning vector pTV was used to distinguish
the nonspecific phenotypic effects of VIGS.

2.4. Quantitative RT-PCR

Leaf tissue was collected 3 weeks after TRV inoculation to test the downregulation
of ribosomal protein-encoding gene transcripts in N. benthamiana-silenced plants. The
total RNA was extracted from silenced and mock-infiltrated plants and the first-strand
cDNA was synthesized with oligo(dT15) primers using M-MuLV Reverse Transcriptase
(New England Biolabs, Whitby, ON, Canada), according to the manufacturer’s instructions.
The RT-qPCR was performed using the CFX Connect detection system (Bio-Rad Labora-
tories, Mississauga, ON, Canada). ACT 1 and EF1α were used to normalize the transcript
levels [51]. Each sample was run in triplicate and repeated six times from two pooled
biological replicates of silenced and non-silenced plants. The average of the six experiments
was calculated and the results were graphed, with the corresponding standard deviations
indicated with bars in the figures. The primers used in this study are listed in Table S4.

2.5. 5′UTR Chimeras and Plasmid Construction

The Cauliflower mosaic virus (CaMV) 35S promoter (p35S) and 5′UTR fusion con-
structs were assembled by PCR stitching. Briefly, two rounds of a PCR were carried
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out. In the first round, two separate PCRs were performed: one amplified the p35S
from the pB7FWG2 vector using specific primers listed in Supplementary Table S5; the
other amplified the 5′ upstream region of 5 defense genes, or 3 housekeeping genes, from
the N. benthamiana genomic DNA using gene-specific primers (Table S5). The selection
of these genes and the categorization of housekeeping and defense genes were made
following a literature review. For instance, the PP2A, F-BOX, and GAPDH genes were
consistently reported as housekeeping genes within the context of different viral infections
in Nicotiana benthamiana [51–53] and under different conditions in other species [54–57].
Furthermore, the catalase, peroxidase, and ascorbate peroxidase proteins play a crucial
role in overcoming various stress conditions and work as part of the antioxidant defense
system [58]. In addition, the NPR1 (NONEXPRESSOR OF PR1) protein functions as a
master regulator of plant hormone salicylic acid (SA)-signaling and plays an essential
role in promoting defense responses [59]. Finally, the MAPK3 protein is implicated in
stomatal development, biotic stress responses, and abiotic stress responses and is required
for the complete “priming” of plants [60]. The mRNAs encoding these proteins showed
a status indicating a higher translational efficiency in response to stress [61–63]. The
5′UTRs of these genes were identified using the Sol Genomics N. benthamiana draft genome
(https://solgenomics.net/organism/Nicotiana_benthamiana/genome, accessed on 3 June
2023). In the second round, the products of these two PCRs, which overlapped at one end,
were subsequently mixed and amplified.

Amplified fragments containing the p35S promoter and the 5′UTR were used to
generate expression vectors, having different 5’UTRs linked to the reporter gene GFP.
Amplicons were inserted into the pDONR221 vector (Invitrogen, part of Thermo Fisher
Scientific, Waltham, MA, USA) via BP recombination reactions and then into the plant-
expression vector PBGWFS7 via LR recombination reactions using Gateway technology [64].

2.6. Leaf-Infiltration Method

For transient GFP protein expression, constructs were introduced into the A. tumefa-
ciens strain GV3101 by electroporation and were delivered into the leaf cells of silenced and
non-silenced N. benthamiana (5-week-old) using the agroinfiltration method, as previously
described [65]. Briefly, recombinant bacterial strains were grown overnight in a liquid
Luria-Bertani medium with spectinomycin (50 mg/L); then, they were harvested and
resuspended into an infiltration buffer (10 mM of MgCl2 and 150 µM of acetosyringone)
to obtain a 0.5 unit of optical density at 600 nm. One hour after resuspension, leaves
were infiltrated on their abaxial side. To minimize leaf-to-leaf variation, each leaf was
infiltrated with a vector containing the 5′UTR of two housekeeping genes (F-box and PP2A)
as normalization controls, alongside vectors containing the 5′UTRs to be tested. Three
independent infiltrations were made for each experiment and were compared using the
Student’s t-test. Ultimatley, p < 0.05 was represented with one star (∗). The agro-infected
leaves were collected at 5 days post-infiltration to be photographed and analyzed for GFP
production by spectrofluorimetry.

2.7. Detection of GFP Fluorescence

Leaves producing GFP were photographed under UV illumination generated by a
100 W, hand-held, long-wave UV lamp (Model B-100, UVP, Upland, CA, USA). The GFP
fluorescence intensity was quantified at an excitation of 485 nm and an emission of 538 nm
using a Synergy H1 Microplate Reader, BioTek, as described by Diamos et al. [66]. GFP
samples were prepared by a serial two-fold dilution with phosphate-buffered saline (PBS,
137 mM of NaCl, 2.6 mM of KCl, 10 mM of Na2HPO4, and 1.8 mM of KH2PO4, pH 7.4);
100 µL of each sample was added to black-wall 96-well plates (Thermo Fisher Scientific), in
triplicate. All measurements were performed at room temperature and the reading of an
extract from an uninfiltrated plant leaf was subtracted before graphing. A standard curve
of fluorescence for the GFP concentration was generated by measuring the fluorescence of
a dilution series of GFP (triplicate) in a 96-well plate in the plate reader.
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2.8. Protein Extraction

Total protein extract was obtained by homogenizing agroinfiltrated leaf samples with
a 1:5 (w:v) ice-cold extraction buffer (25 mM of sodium phosphate, pH 7.4, 100 mM of NaCl,
1 mM of EDTA, 0.2% Triton X-100, 10 mg/mL of sodium ascorbate, 10 mg/mL of leupeptin,
and 0.3 mg/mL of phenylmethylsulfonyl fluoride) using a mortar and pestle. To enhance
solubility, homogenized tissue was rotated at room temperature for 30 min. The crude
plant extracts were clarified by centrifugation at 10,000× g for 10 min at 4 ◦C.

3. Results
3.1. Small Ribosomal Proteins Are Deregulated by Different Stresses in A. thaliana and
N. benthamiana

Ribosome biogenesis represents a compendium of steps by which the ribosomes may
become assembled, involving the import of most RPs into the nucleus and nucleolus and
their association with rRNA to constitute the ribosomal subunits [13]. Hence, many studies
have identified ribosomal proteins in the nuclei of various plants under stress [44,67–70].
In line with this idea, we analyzed the published datasets on the biotic and abiotic stress-
responsive nuclear proteomes in various plant species to identify plant ribosomal proteins
of the small subunit involved in disease resistance and selected RPS detected in the nuclei
of stressed plants [44,67,68]. A previous proteomics analysis identified a subset of 11 RPS
detected in the nuclei of elicited immunity in Arabidopsis plants following a chitosan elicitor
treatment [44,67,68] (Figure S2a). In response to cold stress, eight RPS were overrepresented
in the nuclear proteome of Arabidopsis [44] (Figure S2a). Furthermore, seven RPS had a
significant change in abundance in the nucleus of a tomato (Solanum lycopersicum) during
an infection caused by the oomycete pathogen Phytophthora capsici [68] (Figure S2a). From
these three studies, a total of 15 different RPS displayed an increased nuclear abundance
under various stress conditions.

The gene-expression patterns of these 15 RPS were evaluated under stress conditions in
Arabidopsis using the Genevestigator application’s compendium of microarray experiments.
We evaluated the expression of these genes following cold stress (Figure S2b), elicitor
treatment (Figure S2c), and biotic stress (Figure S2d). Genes that showed a strong induction
in at least two conditions were selected as upregulated. Interestingly, six genes (RPSaA,
RPS10C, RPS12C, RPS19C, RPS27D, and RACK1A) showed high levels of expression in
response to all three stresses (Figure S2e).

To gain insights into the expression patterns of RPS genes in N. benthamiana plants in
stress contexts and, also, to provide a comparative analysis of the RPS expression between
the two model plants, we performed a quantitative reverse transcription qRT-PCR of the
15 RPS genes using N. benthamiana tissues with cold stress conditions (Figure 1a), an INA
treatment, an analog of SA that induces plant defense [43] (Figure 1b), and infection with
the bacteria Pseudomonas fluorescens EtHAn (Figure 1c). Five genes (RPSaA, RPS5A, RPS24A,
RPS27D, and RACK1A) were highly regulated under the three stress treatments (Figure 1d).
It is worth mentioning that the expression patterns of RPSaA, RACK1A, and RPS27D in N.
benthamiana are consistent with the Arabidopsis data from the Genevestigator microarray
database. We herein focus on these five RPS genes for further functional analyses in
N. benthamiana.

3.2. RPSaA, RPS5A, and RPS24A Proteins Are Involved in the Translation of Defense Proteins
Encoding mRNAs

To test whether the silencing of a specific NbRPS gene compromises defense genes’
translations, direct measurements of chimeric reporter mRNA translational efficiencies
were compared between RPS-silenced and mock-infiltrated plants. Each chimeric mRNA
contained the 5’upstream region of either a defense gene or a housekeeping gene fused
to the coding sequence of the green fluorescent protein (Table 1). All silenced plants
showed more than a 50% down-regulation of the target transcripts (Figure 2a). Then, the
different chimeric constructs were delivered into the N. benthamiana leaves of silenced and
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control plants by an A. tumefaciens-mediated transformation and the green fluorescence
was monitored. To minimize leaf-to-leaf variation, each leaf was infiltrated with a vector
containing the 5’UTR of two housekeeping genes, F-box and PP2A, as controls alongside
vectors containing the 5’UTRs to be tested. No fluorescence was detected in the plant
leaves infiltrated with empty vectors without any 5’UTRs (PBGWFS7 vector); whereas,
a significant GFP fluorescence was observed with all of the 5’UTR-GFP chimeras in the
control plants (Figure 2b). Using this system, we found that the GAPDH 5’UTR construct
produced intense green fluorescence in both silenced and control plants; whereas, the
constructs containing the 5’UTRs of catalase, peroxidase, ascorbate peroxidase, NPR1, and
MAPK3 showed poor GFP signals in pTV::NbRPSaA, pTV::NbRPS5A, and pTV::NbRPS24A
compared to the mock plant (Figure 2b). GFP fluorescence was quantified by spectrofluo-
rimetry and was decreased by more than 50%; sometimes it was almost absent, particularly
for the defense chimeric constructs in RPS-silenced plants (Figure 2c–e). These results
indicated that NbRPSaA, NbRPS5A, and NbRPS24A are essential for the optimal translation
of many defense genes in planta.
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Figure 1. The mRNA levels of the ribosomal proteins of the small subunit are deregulated by different
stresses in N. benthamiana. Relative expression of selected RPS genes in N. benthamiana following
(a) cold stress, (b) INA treatment, and (c) Pseudomonas fluorescens EtHAn infection. * p-values < 0.05
and ** p-values < 0.01, Student’s t-test. (d) Venn diagram of the deregulated RPS genes under the
three conditions.

Table 1. List of the 5′UTRs used in this study.

Gene Symbol Gene Name Description Reference

F-BOX F-box protein Normalizing gene [52]
PP2A Protein phosphatase 2A Normalizing gene [52]

GAPDH Glyceraldehyde 3-phosphate dehydrogenase Housekeeping gene [52]
CAT Catalase ROS-scavenging enzymes [71]
POX Peroxidase ROS-scavenging enzymes [72]
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Table 1. Cont.

Gene Symbol Gene Name Description Reference

APX Ascorbate peroxidase ROS-scavenging enzymes [72]
MAPK3 Mitogen-activated protein kinases 3 PAMP-triggered immunity (PTI) [73]
NPR1 Nonexpressor of Pathogenesis-Related Genes1 Positive regulator of SAR [74]
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Figure 2. RPSaA, RPS5A, and RPS24A each have a role in the translation of defense proteins encoding
mRNAs. (a) Relative expression levels of NbRPSaA, NbRPS5A, and NbRPS24A using quantitative
RT-PCR analysis in the VIGS-treated N. benthamiana plants 21 days after agroinfiltration with TRV
vectors. ACTIN 1 and EF1α were used as internal references. Error bars represent the standard
deviations of six independently infiltrated leaves from two biological replicates; asterisks (∗) indicate
significant differences based on the Student’s t-test (p < 0.05). (b) GFP fluorescence in N. benthamiana
leaves under UV light 5 days after infiltration (dpi), with A. tumefaciens carrying the p35S-5′UTR-GFP-
expression cassettes (A: F-BOX, B: PP2A, C: GAPDH, D: CAT, E: POX, F: APX, G: NPR1, H: MAPK3,
EV: Empty vector (PBGWFS7)). All leaves were infiltrated with the 5′ UTRs of two housekeeping
gene vectors (A and B), in addition to the other vectors, as an internal control for leaf and plant
variability. (c–e) Fluorimetric analysis of GFP accumulation. GFP fluorescence was quantified on
ground tissue from three independently infiltrated leaves using a plate reader. Box plots show the
replicate distributions in GFP concentration for each 5′UTR construct. The asterisks (∗) represent
significant differences between silenced and mock-infiltrated samples, based on the Student’s t-test
(p < 0.05).

200



Biomolecules 2023, 13, 1160

3.3. RPS27D Is Required for Efficient Translation in N. benthamiana

The ribosomal protein S27 (RPS27), belongs to the 40S subunit and, through its zinc-
finger-like motif, it acts as an RNA-binding protein and subsequently influences the tran-
scription of many genes through transcript degradation [39]. A. thaliana and N. benthamiana
both have four RPS27 gene family members: A, B, C, and D. The amino acid similarity
between AtRPS27 and NbRPS27 proteins is between 89.8 and 96.5% (Figure 3a) [26]. The
alignment of the S27 ribosomal protein sequences of different species (rice, barley, rat, and
human) shows high conservation [39]. We. sought to investigate the role of NbRPS27D
in the translation of defense genes in N. benthamiana using the same TRV-mediated virus-
induced gene-silencing approach to downregulate NbRPS27D expression. The silenced
plants showed a more than 60% down-regulation of the target transcript compared to the
control (Figure 3b). We then tested translational efficiency by analyzing the GFP accumula-
tion from the agro-infiltration of chimeric mRNAs. NbRPS27D silencing resulted in a more
than 50% decrease in GFP production in the zone of infiltration, with the vectors containing
the 5′UTRs of defense genes (Figure 3c,d). Interestingly, a similar decrease was observed
for the GFP vector containing the 5′UTR of the housekeeping gene, GAPDH (Figure 3c,d).
The data presented here suggest that one paralog of ribosomal protein S27 (RPS27D) may
play a crucial role in the ribosome translational activity in N. benthamiana.
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Figure 3. RPS27D is required for efficient translation in N. benthamiana. (a) Sequence alignment
of A. thaliana and N. benthamiana ribosomal protein S27 family members. Conserved amino acids
in all the homologs are highlighted. Conserved cysteines forming a zinc finger are shown in bold.
(b) Relative expression levels of NbRPS27D using quantitative RT-PCR analysis in the VIGS-treated
N. benthamiana plants. ACTIN1 and EF1α were used as references. Error bars represent the standard
deviations of six independently infiltrated leaves from two biological replicates; the asterisk (∗)
indicates a significant difference based on the Student’s t-test (p < 0.05). (c) GFP fluorescence in
the N. benthamiana leaves of pTV::NbRPS27D plants under UV light 5 days after infiltration, with A.
tumefaciens carrying the p35S-5′UTR-GFP-expression cassettes (A: F-BOX, B: PP2A, C: GAPDH, D:
CAT, E: POX, F: APX, G: NPR1, H: MAPK3, EV: Empty vector (PBGWFS7)). All leaves were infiltrated
with the 5′ UTRs of two housekeeping gene vectors (A and B), in addition to the other vectors, as an
internal control for leaf and plant variability. (d) Fluorimetric analysis of GFP accumulation. GFP
fluorescence was quantified on ground tissue from three independently infiltrated leaves using a
plate reader. Box plots show the replicate distributions in GFP concentration for each 5′UTR construct.
The asterisks (∗) represent significant differences between silenced and mock-infiltrated samples
based on the Student’s t-test (p < 0.05).

201



Biomolecules 2023, 13, 1160

3.4. RACK1A Is Required for the Efficient Translation of Several Antioxidant Enzymes

RACK1 was originally isolated as a receptor for activated C-kinase 1. In addition to
its signaling roles, it interacts with the ribosomal machinery, several cell surface receptors,
and nuclear proteins [75]. The most stable and consistent interaction of RACK1 is the one
it has with the ribosome. Indeed, RACK1 is found at the surface exposed region of the
40S ribosomal subunit, next to the mRNA exit channel [14,76,77]. It is known that RACK1
specifically modulates translational efficiency in various model systems [37,78,79]; however,
its role in the efficient translation of mRNA subsets in the context of defense in planta is
not well characterized. N. benthamiana has five RACK1 homologs [26] and A. thaliana has
three [74]. AtRACK1A and NbRACK1A share 82% of their amino acid identities (Figure 4a).
Since RACK1A is the paralog that was previously detected in the nucleus of stressed
plants (Figure S2a), we silenced NbRACK1A to investigate its role in the translation of
defense genes. Additionally, qRT-PCR analyses confirmed a down-regulation of more than
70% of the targeted transcript in the silenced plants compared to the control (Figure 4b).
NbRACK1A silencing caused an important decrease in the GFP fluorescence in leaves
infiltrated with the vectors containing the 5′UTRs of peroxidase, ascorbate peroxidase, and
catalase (Figure 4c). Similarly, the quantification data indicate that the GFP production
under these 5′UTRs was decreased in the pTV::NbRACK1A plants compared to control
plants (Figure 4d). By contrast, NbRACK1A silencing had no effect on GFP production in the
areas infiltrated with the other 5′UTRs (Figure 4c,d). These results suggest that NbRACK1A
silencing in N. benthamiana compromises the translation of several antioxidant enzymes.
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Figure 4. RACK1A is required for the efficient translation of several antioxidant enzymes.
(a) Sequence alignment of AtRACK1A and NbRACK1A. (b) Relative expression levels of NbRACK1A
using quantitative RT-PCR analysis in the VIGS-treated N. benthamiana plants. ACTIN1 and EF1α were
used as references. Error bars represent the standard deviations of six independently infiltrated leaves
from two biological replicates; the asterisk (∗) indicates a significant difference based on the Student’s
t-test (p < 0.05). (c) GFP fluorescence in the N. benthamiana leaves of pTV::NbRACK1A plants under UV
light 5 days after infiltration, with A. tumefaciens carrying the p35S-5′UTR-GFP-expression cassettes
(A: F-BOX, B: PP2A, C: GAPDH, D: CAT, E: POX, F: APX, G: NPR1, H: MAPK3, EV: Empty vector
(PBGWFS7)). All leaves were infiltrated with the 5′ UTRs of two housekeeping gene vectors (A and B),
in addition to the other vectors, as an internal control for leaf and plant variability. (d) Fluorimetric
analysis of GFP accumulation. GFP fluorescence was quantified on ground tissue from three inde-
pendently infiltrated leaves using a plate reader. Box plots show the replicate distributions in GFP
concentration for each 5′UTR construct. The asterisks (∗) represent significant differences between
silenced and mock-infiltrated samples based on the Student’s t-test (p < 0.05).
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4. Discussion and Conclusions

Plants’ responses to stress vary according to stress-type and the outcome is mainly
specific to a particular stress [80,81]. Recently developed technologies, such as ribosome
profiling and quantitative proteomics, have shown that many stresses inhibit protein syn-
thesis in cells [2,5,6,82]. Protein synthesis accounts for a large proportion of the energy
budget of a cell and, thus, requires tight regulation [83]. However, a severe reduction in
translation can be harmful during stress as it is precisely the time when cells require new
protein synthesis in order to repair damage and adapt to the new environment [84]. Thus,
selective translation regulation may allow cells to react to adverse conditions more effec-
tively. As translation modulation is a fast response to environmental signals, the ribosome
could be a player in this adaptation. It has been shown that translational regulation mainly
takes place during the initiation steps [85]. In plants, the initiation of a translation requires
initiation factors, mRNAs, tRNAs, and ribosomes. It involves numerous protein–RNA
and protein–protein interactions. Briefly, the 40S subunit of the ribosome directly binds
to mRNAs in a way that is dependent on the mRNAs’ structures. After mRNA binding
and scanning to the AUG start codon in a favorable context, the 60S subunit is recruited
to form an 80S initiation complex capable of entry into the elongation phase [86]. During
the initiation process, mRNA recruitment to the 40S ribosomal subunit is thought to be
the rate-limiting step and is often modulated. The translation efficiency is determined
by structural features in the 5′ untranslated region (5′UTR) of the mRNA. These features
not only determine how well an mRNA is translated but also whether specific ribosomal
proteins and other proteins can interact with it [87].

Recent studies on Arabidopsis ribosomes revealed that numerous r-proteins are rep-
resented by two or more gene family members and most members of each family are
expressed [29,88]; meanwhile, r-proteins are generally found as a single copy per ribo-
some [17,89]. However, the expression of each RP gene appears to be differentially regulated
by different conditions. In line with this idea, changes in the expression patterns of these
15 RPS genes in Arabidopsis and Nicotiana were compared in order to gain insights into
the regulation of the response to stress. We have shown differential expression under the
three stress treatments of these seven (RPSaA, RPS10C, RPS12C, RPS19C, RPS21C, RPS27D,
and RACK1A), five (RPSaA, RPS5A, RPS24A, RPS27D, and RACK1A), and three (RPSaA,
RACK1A, and RPS27D) RPS genes in Arabidopsis, Nicotiana, and both plants, respectively.
Similarly, several r-protein genes have been found to be upregulated under different stimuli
in plants [19–21].These results indicate the fundamental stress-specific reprogramming of
RP gene transcription under stress conditions.

With that in mind, it is interesting to speculate that these RPS endow ribosomes with
the capacity for preferential mRNA selection for translation. To substantiate this hypothesis,
using the VIGS method, we prepared plants with reduced levels of RPSaA, RPS5A, RPS24A,
RPS27D, and RACK1A mRNAs and tested the translation efficiency of specific groups of
selected mRNAs. NbRPSaA-, NbRPS5A-, and NbRPS24A-silenced N. benthamiana plants
showed varying extents of compromised translation when compared to control plants.
The green fluorescence intensity from the GAPDH 5’UTR-GFP chimera was similar in
RPSaA-, RPS5A-, and RPS24A-silenced leaves and non-silenced control plants. However,
the silencing of these three RPS genes resulted in a dramatic reduction in the translations
of catalase, peroxidase, ascorbate peroxidase, NPR1, and MAPK3 5’UTR-GFP chimeras.
Interestingly, previous studies have reported that RPSaA, RPS5A, and RPS24A have roles
in the regulation of reactive oxygen species (ROS)-mediated systemic signaling. RPS5A
may play an important role in dark treatment by participating in the autophagy regulatory
process, which is triggered to degrade excessive ROS to help protect cells [90]. Then, it
was shown that RPSaA and RPS24A had lower degradation rates and were more stable
after oxidative stress [91]. Thus, the transcript levels of RPSaA, RPS5A, and RPS24A
increased significantly in vanilla infected with Fusarium oxysporum f. sp. vanilla [20];
additionally, the expression of RPS5A was also induced by Xanthomonas oryzae pv. oryzae
and Rhizoctonia solani, rice pathogens that, respectively, cause very serious bacterial leaf
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blight and sheath blight diseases [19]. Moreover, the expression of RPSaA, RPS5A, and
RPS24A was upregulated under the three stress treatments in Nicotiana in our study. A
differential accumulation of RPSaA, RPS5A, and RPS24A in the ribosomal apparatus was
reported in Arabidopsis following treatment with the defense-inducing compound INA [28].
The data obtained in this study demonstrate that RPSaA, RPS5A, and RPS24A are required
for the selective translation of defense genes to cope with unfavorable conditions.

Meanwhile, the data presented here suggest that NbRPS27D silencing leads to a
general translation defect. As mentioned above, RPS27 was shown to contain a conserved
zinc finger motif, which may confirm its ability to interact with non-ribosomal components,
especially mRNAs. In Arabidopsis, RPS27B has been said to act as a regulator of transcript
stability in response to genotoxic treatments via the degradation of damaged RNAs [39].
Recent data have shown that mutations in RPS27B influence the integrity of ribosomes in
both structure and function [90].

RACK1 is a highly conserved scaffold protein located at the surface exposed region
of the 40S subunit, near the mRNA exit channel [92]. The recent identification of RACK1
as a core component of the small subunit of the ribosome suggests it possesses signaling
functions, allowing for translation regulation in response to cell stimuli [93,94]. RACK1
regulates several signaling pathways by acting as a receptor for signaling proteins, such
as the protein kinase C (PKC) family [95,96], and by controlling mRNA-specific trans-
lation [37,97]. Previous studies have reported on the role of RACK1A in plant immune
signaling and hormone responses [98–100]. RACK1A has also been demonstrated to be a
key regulator of reactive oxygen species (ROS)-mediated systemic signaling [99,101]. ROS
are important and common messengers produced in response to various environmental
stresses and are known to activate many MAPKs [102]. They are recognized as threshold-
level signaling molecules that regulate adaptations to various biotic and abiotic stresses,
i.e., the ROS level determines whether they will be defensive or destructive molecules,
which is maintained by a balance between ROS-producing and ROS-scavenging pathways
for normal cellular homeostasis [103]. Interestingly, RACK1 affects ROS levels and ROS
levels also affect RACK1 gene expression [104]. It has been reported that the knockdown
of endogenous RACK1 increases the intracellular ROS level following H2O2 stimulation
in human hepatocellular carcinoma cells, leading to cell death promotion [105]. At the
same time, Saelee et al. showed that Penaeus monodon-RACK1 protected shrimp cells from
oxidative damage induced by H2O2 [106]. Núñez et al. have shown that RACK1 positively
regulates the synthesis of cytoplasmic catalase, a detoxification enzyme induced by hy-
drogen peroxide treatment, and controls the cellular defense against the oxidative stress
in the fission yeast Schizosaccharomyces pombe [97]. In contrast, rice RACK1 (OsRACK1A)
has been shown to be involved in the immune response against pathogen attacks through
enhanced reactive oxygen species (ROS) [99]. Our study is in line with RACK1A regulating
the ROS in plants. The observation that RACK1A knockdown reduces the translation of
catalase, APOX, and POX mRNAs is in agreement with RACK1’s positive regulation of the
detoxification enzyme synthesis induced by ROS. These enzymes are part of the antioxidant
machinery, which helps to mitigate oxidative stress-induced damage. With respect to the
role of RACK1 in signaling, accumulating evidence suggests that free RACK1 can act as
a signaling molecule at a threshold level to enhance the production of ROS. Overall, it is
noteworthy that the signal activated by free RACK1 is transient because, in the absence of
ribosomal binding, the protein is unstable [37]. In contrast, RACK1 as a ribosomal protein
controls the cellular defense against oxidative stress, positively regulating the translation
of specific gene products involved in detoxification [97]. In conclusion, we propose that
the association of RACK1A with the ribosome may indeed be regulated downstream of the
ROS burst in order to modulate its translation functions; however, this possibility should
be further investigated.

Our findings would argue that ribosomal proteins function in a modular fashion to
decode genetic information in a context-dependent manner. The silencing of one r-protein,
as was conducted in this study, could impact the stability and efficiency of the entire
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ribosome. In our case, the controls showed us that the overall translation efficiency was
not impacted and, therefore, we believe that some variable ribosomal proteins additionally
function in a coordinated manner to shape the translatome, which is adapted to different
environmental cues in plants.

Overall, our study clearly demonstrates that some RPS are involved in the optimal
translation regulation of many genes that are important for defense. However, our ex-
perimental design does not allow us to rule out whether the results presented herein are
paralog-specific or if the effects could be true for all paralogs (or more than one paralog) of
the same ribosomal protein. The findings of this study provide a novel strategy to assess
translation efficiency that opens new and interesting avenues for research about the roles
of ribosomal proteins during biotic and abiotic stress in N. benthamiana. Based on these
data, we anticipate that some of the previously described biological functions of these RPS
in plant immunity might be linked to their function as putative translational regulators.
Future studies into the connection between the RP-mediated translation of defense proteins
and the broader role of paralog specificity may provide a novel perspective on specialized
ribosomes and translational control in plant disease.
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