"\ ANNUAL
.\ REVIEWS

Annu. Rev. Biochem. 2019. 88:281-306

First published as a Review in Advance on
December 19,2018

The Annual Review of Biochemistry is online at
biochem.annualreviews.org

https://doi.org/10.1146/annurev-biochem-013118-
110817

Copyright © 2019 by Annual Reviews.
All rights reserved

wviens CONNECT
—

www.annualreviews.org

* Download figures

* Navigate cited references

* Keyword search

* Explore related articles

* Share via email or social media

Annual Review of Biochemistry

Jochen Bafiler and Ed Hurt

Biochemistry Center, University of Heidelberg, 69120 Heidelberg, Germany;
email: jochen.bassler@bzh.uni-heidelberg.de, ed.hurt@bzh.uni-heidelberg.de

Keywords

ribosome assembly, ribosome biogenesis, rRNA processing, cryo—electron
microscopy, in vitro reconstitution, nucleolar stress response, cancer target,
ribosomopathies

Abstract

Ribosomes, which synthesize the proteins of a cell, comprise ribosomal RNA
and ribosomal proteins, which coassemble hierarchically during a process
termed ribosome biogenesis. Historically, biochemical and molecular biol-
ogy approaches have revealed how preribosomal particles form and mature
in consecutive steps, starting in the nucleolus and terminating after nuclear
export into the cytoplasm. However, only recently, due to the revolution in
cryo—electron microscopy, could pseudoatomic structures of different pre-
ribosomal particles be obtained. Together with in vitro maturation assays,
these findings shed light on how nascent ribosomes progress stepwise along a
dynamic biogenesis pathway. Preribosomes assemble gradually, chaperoned
by a myriad of assembly factors and small nucleolar RNAs, before they reach
maturity and enter translation. This information will lead to a better under-
standing of how ribosome synthesis is linked to other cellular pathways in
humans and how it can cause diseases, including cancer, if disturbed.
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INTRODUCTION

Ribosomes are the molecular machines that produce all cellular proteins during a complex and
highly regulated biochemical process termed translation. The eukaryotic 80S ribosome consists
of a small 40S subunit and a large 60S subunit. The 40S subunit comprises the 18S ribosomal
RNA (rRNA) and 33 different ribosomal proteins [r-proteins; those of the small subunit (SSU)
are designated Rps], whereas the 60S subunit consists of 25§, 5.8S, and 5S rRNA together with
47 r-proteins [Rpl in the large subunit (LSU)] (for a detailed survey of ribosome composition,
structure, and nomenclature, see References 1, 2).

During the complicated biogenesis of eukaryotic ribosomes, the rRNA is folded, modified,
processed, and assembled with r-proteins to form the two ribosomal subunits (Figure 1). This
process takes place largely in a specialized nuclear compartment, the nucleolus, and can be divided
into five major activities: synthesis of the preribosomal RNA (pre-rRINA) and r-proteins, base
modification of the pre-rRNA, folding of the pre-rRNA, assembly of the pre-rRNA with the
r-proteins, and endo- and exonucleolytic processing of the pre-rRNA to remove external and
internal transcribed spacer rRNAs (5-ETS, ITS1, ITS2, 3'-ETS) (Supplemental Figure 1a).
In eukaryotes, this process is mediated by approximately 200 different biogenesis factors
[also known as ribosome assembly factors (AFs)] and approximately 80 small nucleolar RNAs
(snoRNAs). Most of these assembly and processing steps are tightly coupled and occur within
preribosomal particles that travel, as folding and maturation progresses, from the nucleolus,
through the nucleoplasm, and across nuclear pore complexes (NPCs) into the cytoplasm, where
they ultimately mature into translation-competent ribosomal subunits (Figure 1). Ribosome
assembly is the most energy-consuming process in a growing cell, requiring extensive regu-
lation and coordination with other cellular pathways. Perhaps, then, it is no surprise that a
growing number of diseases (termed ribosomopathies) are associated with defects in ribosome
synthesis. Moreover, strong upregulation of ribosome assembly is an important molecular
alteration of rapidly dividing cancer cells, owing to the high demand for ribosomes. All these
findings make the entire ribosome synthesis machinery an attractive target for the treatment of
cancer.
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Figure 1

Overview of the eukaryotic ribosome assembly pathway. Ribosome assembly requires all three RNA
polymerases: Pol I synthesizing the 35S rRNA precursor, Pol II synthesizing the 5S rRNA, and Pol I
synthesizing snoRINAs and mRINAs, which also encode the ribosomal proteins (r-proteins). During
transcription, the pre-rRINA is folded, nucleolytically processed, and modified (e.g., methylated or
pseudouridinylated). Already at this early stage, ribosome assembly factors and r-proteins assemble with the
nascent pre-rRNA to form preribosomal particles, which subsequently go through further maturation steps,
thereby moving from the nucleolus and through the nucleoplasm into the cytoplasm, where mature 60S and
40S subunits join to form the 80S ribosomes, which translate the mRNAs into proteins. Abbreviations: mRNA,
messenger RNA; pre-rRNA, preribosomal RNA; rRNA, ribosomal RNA; snoRNA, small nucleolar RNA.

In this review, we first provide an overview of the ribosome assembly path by charting the
history that gave us the key discoveries and then highlight recent breakthroughs in the structural
analysis of preribosomal particles. In addition, we describe how in vitro assays that reconstitute dis-
tinct preribosome maturation steps give unprecedented mechanistic insight when combined with
structural findings. Finally, we refer to the importance of an intact ribosome assembly pathway in
human cells for the sensitive balance between cell proliferation, cell cycle arrest, and apoptosis in
health and disease conditions.
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TIMELINE OF RIBOSOME BIOGENESIS RESEARCH
Identification of the rRNA Processing and Ribosome Assembly Pathways

The analysis of ribosome biogenesis has a long history. Fifty years ago, it was discovered that the
two eukaryotic ribosomal subunits are assembled in the nucleolus from a common “giant” pre-
cursor rRNA. Pioneering insight came from radioactive pulse-labeling of RNA in mammalian
cells, which revealed that initially this large ~45S rRINA precursor is cotranscriptionally modified
and processed into 188, 5.8S, and 28S rRNA in different subcellular compartments (3, 4). Sucrose
gradient centrifugation studies of pulse-labeled RNA demonstrated the existence of preribosomal
particles (termed 90S, 66S, and 43S) that contained these various radioactive pre-rRINA interme-
diates (5, 6). Notably, the 90S and 66S preribosomal particles had a higher protein to RNA ratio
than mature subunits, which led to the postulate that these particles contain additional proteins
besides the r-proteins (7). At that time, the use of an electron microscopy (EM) technique termed
Miller spreads made nascent pre-rRINA transcripts visible, giving a first structural glimpse into
the earliest ribosome assembly intermediates (8). Typically, Miller spreads revealed that several
RNA polymerase I enzymes sequentially synthesize pre-rRNA along a single rDNA repeat in a
Christmas-tree like pattern. Besides being the location for pre-rRNA transcription, the nucleolus
also functions as a factory that houses the assembly line for the production of ribosomal precursor
particles from r-proteins, which are made in the cytoplasm and imported into the nucleus, and the
nascent rRINA. To fulfill this role, the nucleolus is highly organized into distinct subcompartments,
which were initially identified by EM and immunolabeling of nucleolar proteins (9-11). The so-
called fibrillar centers harbor the rDNA genes and polymerase I, and hence they are believed to
be the site of rRINA transcription. The fibrillar centers are surrounded by the dense fibrillar com-
partment, where the nascent rRNA associates with both ribosomal and AFs. Finally, the granular
compartment receives and further processes these preribosomal particles. Cell fractions analyzed
for the different pre-rRNA processing intermediates suggested that processing of the large ~45S
pre-rRNA leading to mature 28S and 5.8S rRNA takes place mainly in the nucleolus, but that
final 18S rRNA processing occurs in the cytoplasm (12).

In later experiments, the use of the yeast Saccharomyces cerevisine allowed the combination of
genetic manipulation with pulse-chase labeling and biochemical assays to further dissect the eu-
karyotic ribosome assembly pathway. Similar to human cells, 90S, 66S, and 43S preribosomal par-
ticles were found in this fungus, demonstrating that ribosome assembly is conserved from yeast
to humans (7, 13). However, despite progress in identifying most of the r-proteins and being able
to describe the course of pre-rRINA transcription, modification, and processing (reviewed in Ref-
erences 14, 15), the drivers of ribosome assembly remained unknown. This changed when the
trans-acting factors were discovered on the basis of yeast genetic screens or raising antibodies
against nucleolar proteins (reviewed in References 16, 17). Initially, these factors were named Drs
(deficiency of ribosomal subunits; e.g., Drs1), Nop (nucleolar proteins; e.g., Nopl, Nop58), Mak
(maintenance of killer plasmid; e.g., Mak21), Rrp (ribosomal RNA processing; e.g., Rrpl), Kre
(killer resistance; e.g., Kre33), Ecm (extracellular matrix; e.g., Ecm16), or Spb (suppressor of Pab;
e.g., Spb4), with the number behind the gene name either indicating the molecular weight (kDa)
or reflecting the chronological order of discovery.

Besides AFs, groups of snoRNAs, which clearly differ from the spliceosomal small nuclear
RNAs, were found to play a key role in early ribosome assembly (18). In particular, the U3 snoRNA
identified in the 1970s (19, 20) has been recognized as a key driver of pre-rRNA processing reac-
tions and hence has garnered much interest. Pioneering work on the U3 snoRNP (small nucleolar
ribonucleoprotein particle) composition and assembly came from the Lithrmann laboratory (21),
whereas the laboratories of Tollervey, Steitz, and Pederson demonstrated U3 hybridization to 18S
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pre-rRNA (20, 22, 23). Additionally, snoRINAs such as U14 and snR30 were shown to be required
for endonucleolytic cleavage of the pre-rRNA at distinct sites, known as Ag, Ay, and A, in yeast
(24-26) (Supplemental Figure 14). Thus, pre-rRNA processing resembles pre-mRNA (messen-
ger RNA) splicing, except that cleaved rRNA fragments remain unjoined and are trimmed by exo-
and endonucleolytic enzymes to yield the mature rRNA species (27-29).

Subsequently, approximately 80 snoRNAs were identified, mostly by bioinformatic searches,
and grouped into two major classes: () ~45 C/D box snoRNAs, which include U3, U14, and
snR190, commonly immunoprecipitated by antifibrillarin (Nop1) antibodies or antibodies against
the trimethylguanosine 5" cap structure; and (4) ~30 H/ACA box snoRINAs, which differ in sec-
ondary structure and associated proteins (27, 30, 31). Importantly, most of the C/D box snoRNPs
(except U3, U14, and snR30) were recognized as having a role in 2’-O-ribose methylation at nu-
merous rRNA sites by the snoRINP-associated fibrillarin/Nop1. In contrast, H/ACA box members
are involved in snoRNA-guided pre-rRNA pseudouridinylation, catalyzed by the pseudouridine
synthase Cbf5 (18, 27). As this mechanism requires a (locally) unfolded rRINA for the snoRNA-
pre-rRNA hybridization, it is widely accepted that these modifications occur largely during tran-
scription and initial folding of the pre-rRNA. Surprisingly, these snoRNAs turned out to be
nonessential for yeast cell growth, even if several of them were knocked out. However, a few
snoRINPs, which are essential for ribosome assembly, do not modify pre-rRNA, but keep the pre-
rRINA unfolded or immature at specific sites, and in addition give structural support for the as-
sembly and maturation processes of different preribosomal particles (e.g., U3 snoRNP; see the
section titled Atomic Structure of the 90S Preribosome). Additionally, a few base modifications
occur at the later stages of preribosome assembly if the particles have already reached a significant
maturation stage. In these cases, specific methyltransferases (32-34) or acetylases (35) act without
the support of guide snoRNAs. Astonishingly, the result of all these modifications was recently
visualized by cryo—electron microscopy (cryo-EM), showing 130 individual rRNA methylations
and pseudouridinylations in the 3D structure of the human 80S ribosome (36).

Besides the snoRNPs, 19 helicases have been implicated in yeast to participate in ribosome
assembly, in particular in the earlier steps, but their precise roles in most cases remain unclear
(37). This is partly due to their rather transient association with preribosomal particles. Hence, it
is commonly believed that these helicases function to dismantle snoRNAs from the pre-rRNA or
in remodeling the pre-rRNA to promote correct folding and/or processing.

Nuclear Export of Preribosomal Particles

At the beginning of the new millennium, the mechanism of nuclear export of ribosomal sub-
units was addressed by performing visual screens that detected mislocalized preribosomal sub-
units in mutant yeast cells. These assays were based on GFP-tagged r-proteins, which served
as reporters to reveal the nuclear accumulation of preribosomal particles under mutant condi-
tions (38), or they used in situ hybridization to detect mislocalized pre-rRNA intermediates (39).
Together, these screens revealed that nucleoporins, the Ran-GTPase system, and its cooperat-
ing nuclear export receptors (exportins, karyopherins) are involved in both 60S and 40S sub-
unit export but that nuclear import factors (importins) are also required to supply the nucleus
with r-proteins and biogenesis factors. In addition, dedicated chaperones assist in the nuclear im-
port and subsequent loading of several r-proteins onto these early preribosomal particles, thereby
contributing to their hierarchical incorporation (for recent reviews, see References 40, 41). To
drive nuclear export, a nuclear export sequence (NES) containing adaptor protein, such as Nmd3,
recruits the Crm1/Xpol export receptor to the pre-60S subunit to facilitate its nuclear export
(39, 42-45). However, additional noncanonical export factors were detected on the nascent 60S
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subunit, leading to the view that the relatively large preribosomal export substrates require more
than one transport factor for efficient nuclear exit (for overview, see 46). Similarly, the pre-40S
subunit is also exported in a RanGTP-dependent mechanism involving the Crm1/Xpol export
receptor (46); this finding was supported by the identification of several NES-containing adaptor
proteins specifically bound to the SSU (47-49). However, it remains unclear how export compe-
tence is gained during 40S biogenesis and how the multiple transport factors cooperate in SSU
export.

Biochemical and First Structural Characterization of Preribosomal Particles

Initially, it was unclear whether preribosomal particles, which were thought to be rather labile
and of low abundance, could be purified. However, in 2001 this assumption was disproven when
the first preribosomal particles were biochemically isolated by the powerful tandem affinity pu-
rification method. This approach revealed the biochemical complexity of the ribosome assembly
pathway, as many long-sought AFs were copurified and subsequently identified by mass spectrom-
etry (50-53). Ordering these different preribosomal particles from early nucleolar to intermediate
nucleoplasmic and late cytoplasmic particles finally established a first road map of ribosome bio-
genesis (reviewed in Reference 54) (Figure 1).

After the identification of 200 diverse AFs, the focus of research shifted toward clarifying the
spatiotemporal order of the interactions between the nascent rRNA, AFs, and r-proteins. Soon it
was recognized that different preribosomal particles carry specific modules (55-60) and different
r-proteins (61, 62), which was also made possible with the development of further sophisticated
assays, including stringent and large-scale affinity purifications (63), yeast two-hybrid screens (64—
66), biochemical reconstitution (66-69), protein—RNA crosslinking experiments (CRAC) (70), and
purification of epitope-tagged pre-rRNA truncation constructs and characterization of associated
factors (71-73).

After these biochemical advances, interest grew in gaining insight into the structure of both ri-
bosome biogenesis factors and complete preribosomal particles. Initially, negative-stain and simple
cryo-EM revealed that preribosomal particles resemble mature subunits in some regions, whereas
other structural features either were associated with AFs or contained extra RNA (e.g., 5'-ETS,
I'TS2) or unfolded rRNA (74-76). The next progression toward a deeper structural understanding
happened when the density maps of preribosomal particles reached sub-nanomolar resolutions
(approximately 8-16 A) (77-79). In parallel, mature subunits were reconstituted with recombi-
nant ribosome biogenesis factors and analyzed by cryo-EM, which also allowed visualization of
predominant late AFs (80-84). Altogether, these cryo-EM maps revealed secondary structural
elements of AFs, which made it possible to fit high-resolution X-ray structures or in silico molec-
ular models of AFs (78-80, 85-88). This approach was reinforced by structural analysis on ther-
mostable AFs from Chaetomium thermophilum (89, 90). However, further modeling and crystal-
lization were hindered by the lack of tertiary structures in many conserved AFs, which instead are
natively unfolded or contain long extensions and/or large internal loops. Nevertheless, X-ray crys-
tallography might remain an important method to obtain high-resolution structures of delicate
AF's that are only flexibly attached to preribosomal particles (91).

In 2014, cryo-EM underwent a tremendous technological revolution at a rapid pace, with ad-
vances in detector hardware and image-processing software that allowed the complex molecular
structures of preribosomes to be solved at near-atomic resolution (reviewed in 92-95). This res-
olution revolution in cryo-EM enabled unprecedented insight into how pre-rRINA, r-proteins,
snoRINAs, and the myriad of AFs are organized within preribosomal particles, which is the focus
of the next section.

BafSler o Hurt



RIBOSOME ASSEMBLY PATHWAY IN HIGH STRUCTURAL
RESOLUTION

Atomic Structure of the 90S Preribosome

During the transcription of the 35S rRNA precursor, the first modules, UTP-A and UTP-B,
are recruited to the growing 5'-ETS (Figure 1; Supplemental Figure 14), before further AFs
associate in a hierarchical order with the growing pre-rRNA to form the first stable preribosomal
intermediate, which is amenable to biochemical isolation. These particles are termed either
the 90S preribosome (the historical name, which is used here) or the SSU processome (55, 56,
58). The cryo-EM structures of these 90S preribosomes, isolated from either C. thermophilum
or yeast, were initially solved at 4.5- to 6.5-A resolution, which was later refined to 3.2 A,
beyond the critical threshold of ~4 A necessary to achieve pseudoatomic resolution (85, 86,
96-98) (Figure 2). This advance revealed how the nascent 18S pre-rRNA carrying the entire
folded 5'-ETS (notably, the noncleaved A; site is clearly visible in these structures) and the early
attached Rps proteins are embedded in a casting mold formed by ~60 biogenesis factors and
the U3 snoRNP (Figure 2b; Supplemental Table 1). This scaffold provides an encapsulated
and protected environment for the subsequent processing and maturation steps (Figure 2b).
Compared with the mature 18S rRNA with its typical folded 5', central, 3’ major, and 3’ minor
subdomains (Supplemental Figure 15), only the 5" domain is close to its mature conformation
and accordingly carries its cognate r-proteins. However, the central domain is only partially
visible, and little of the 3’ domain can be recognized in the 90S structure (Figure 2¢). Thus, it
appears that folding of the nascent 18S rRINA progresses from the 5’ to the 3" end but is locked at
an intermediate stage that requires recruitment of further AFs and other suspected triggers (e.g.,
ATP or GTP to provide chemical energy) for the next maturation steps (Figure 1).

Notably, the 90S cryo-EM structures revealed how the folded 3’ part of the U3 snoRINA car-
ries the C/D box core factors (Nopl, Nop56, Nop58, Snul3, Rrp9) and partly protrudes from
the 90S particle, whereas the single-stranded 5" half deeply penetrates the interior of the par-
ticle, hybridizing via conserved short nucleotide motifs to the nascent 18S rRNA and 5-ETS
(Figure 2d). This latter finding enables the considerable amount of published genetic and bio-
chemical data on this snoRINA to be interpreted in a structural context. In particular, U3 has been
suggested to maintain specific regions of the 35S pre-rRNA in a premature stage, which is cru-
cial for timely endonucleolytic processing at sites A; and A,. This exact premature conformation
was visualized by cryo-EM studies, which explained at the molecular level how the U3 snoRNA
hinders formation of the central pseudoknot, a hallmark RNA structure and part of the decoding
center in the mature 18S rRNA (Figure 2d).

The 90S preribosome carries many more biogenesis factors, including the UTP-A, UTP-B,
UTP-C, Mppl0-Imp3-Imp4, and Bmsl-Rcll modules (Figure 2; Supplemental Table 1). It
was interesting to see the GTPase Bmsl at high resolution in the 90S structure, as this energy-
consuming enzyme is thought, upon GTP hydrolysis, to trigger conformational changes that
eventually induce pre-rRINA processing coupled to the 90S > pre 40S progression. Consistent
with this hypothesis, Bmsl1 is strategically located at the interface of the different pre-18S do-
mains, with extensive contact to several other AFs that stabilize the transient structure of the 90S
particle (Figure 2e).

Approximately 18 of the ~60 AFs in the 90S particle are 3-propeller proteins, which provide
a scaffold for protein—protein interactions, as typically found in many other macromolecular as-
semblies [e.g., NPCs and COPI and COPII proteins of the vesicular transport machinery (99)]
(Figure 2f). In addition, several tryptophan—aspartic acid (WD) repeat proteins of the 90S pre-
ribosome bind directly to specific rRINA sites. Another prominent group of AFs present on the
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Figure 2

Cryo-electron microscopy (cryo-EM) structure of the 90S preribosomal particle isolated from Chaetomium
thermophilum. (a) The cryo-EM structure of the 90S preribosome with rRNA, r-proteins, U3 snoRNA, and
assembly factors shown in ribbon representation. ()) The 18S pre-rRNA (5" domain shown in light blue,
central domain in green, and 3’ domains in orznge and red) is encapsulated by a scaffold of biogenesis factors
(gray). (c) The conformation of the 18S rRNA domains inside the 90S particle is compared with the
conformation of the mature 18S rRNA. (d) The U3 snoRNA (ye/low) penetrates deeply into the 90S
structure, where its 5" single-stranded RNA sequence hybridizes to specific sites within the 5’-ETS (light
blue) and 18S rRNA (green). (¢) The Bms1 GTPase (yellow) and its cofactor Rell (purple) are located centrally
in the 90S particle, contacting all domains of the 18S pre-rRNA. (f) The 90S particle contains multiple
{3-propeller proteins, many of them organized within the UTP-A and UTP-B subcomplexes. (g) The
{3-solenoid protein Utp10 (purple) connects the 5'-ETS (bottorn) with the nascent 5 domain, which is
organized by Utp20 (red). (b)) The meandering Mpp10 protein (red) contacts multiple factors including Bms1
(yellow), the Brix factor Imp4 (pink), Imp3 (purple), and the Utp12—Utp13 interface (green). Figures were
prepared in Chimera using EMD 8143 and Protein Data Bank structures 5oql and 5jpq.

90S particle are o-helical proteins. The large x-solenoid proteins Utp20 (~220 kDa) and Utp10
(~180 kDa) are intriguing, as they can reach distant areas on the 90S particle with their highly
elongated «-solenoid structures. For example, Utp10 spans from the base of the 90S, where the
5-ETS is embedded, to the top of the 90S (5" domain), where it contacts Utp20, which itself
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wraps around the head of the 90S particle (Figure 2g). Such long-distance contacts might facili-
tate communication between different areas and/or contribute to sensing the overall conformation
to coordinate subsequent maturation steps.

In contrast to AFs with a tertiary structure, some 90S biogenesis factors are partially or com-
pletely unfolded. These polypeptide chains are often found meandering across the surface or
deeply penetrating the 90S core structure. One typical example is Mpp10, which upon winding
through the 90S, gains contacts to Imp3, Imp4, Bmsl, Utp12, Utpl3 (UTP-B), and parts of the
18S rRINA via distinct motifs (Figure 2b). Similarly, Nop14 makes contacts via its long N- and
C-terminal extensions to Noc4, Emgl, and Rcll. In this way, such sequence elements not only sta-
bilize the 90S preribosome but also participate in long-distance interaction and/or conformational
sensing.

The ultimate fate of the 90S preribosome is a transition stage, from which the pre-40S particle
is released, leaving its covering scaffold mold behind. This step is tightly coordinated with the
cleavage of the 35S precursor at sites A; and A;, which is also the prelude for the 60S biogenesis
pathway (see the section titled The Structure of the Late 40S Preribosome) (reviewed in 100,
101) (Figure 1; Supplemental Figure 14). Currently, the PIN domain protein Utp24 is a good
candidate for being the endonuclease that catalyzes the coordinated A;-A; site cleavages (102—
104). However, the Karbstein laboratory has reported that Rell is the long-sought A;—A, site
endonuclease (105). Interestingly, Utp24 is located close to site A; in the 90S particle but cannot
fulfill its function because another AF, Sofl, masks the A; cleavage site. Thus, to reach a transition-
competent stage, the 90S preribosome requires considerable conformational rearrangements and
association of new AFs (e.g., helicases) or energy input.

Several additional enzymes, for example the acetyltransferase Kre33 or the methyltransferases
Nopl and Emg1, are present on the 90S particle. Stably associated helicases are absent, although
some have been strongly implicated in 90S assembly and maturation. It is conceivable that the
90S > pre-40S transition is stimulated by the Dhr1/Ecm16 helicase, for which evidence has been
presented that it breaks the base pairing between the U3 snoRNA and the pre-rRNA (106, 107).
However, the details of this process remain unknown, and it will be challenging to develop in
vitro assays for this maturation step. During the 90S > pre-40S transition step, the 5'-ET'S par-
ticle seems to split off en bloc, carrying the 5" ETS RNA together with UTP-A, UTP-B, U3
snoRNP, and a number of other biogenesis factors (85). Subsequent degradation of the 5'-ETS
by the nuclear exosome might lead to its complete disassembly and recycling of biogenesis fac-
tors. Biochemical and structural characterization of additional 90S assembly and the 90S > 40S
transition intermediate, awaiting their isolation and characterization, might fill gaps in the spa-
tiotemporal assembly pathway.

The Structure of the Late 40S Preribosome

How pre-40S particles develop from the 90S preribosome is unclear at present, but the pre-40S
particles that have been purified to date and analyzed by biochemical and structural methods ex-
hibit a relatively simple AF composition (Supplemental Table 1) with a significantly matured
18S rRNA structure. The first cryo-EM map of a pre-40S particle revealed a nearly matured 5’
and central (platform) domain, whereas the 3’ major domain (head and beak regions) appeared
immature, which was supported by biochemical data (76). In later studies, improved cryo-EM
maps of pre-40S particles isolated from yeast and human cells demonstrated significant structural
conservation of the positions of associated late AFs that occupy functionally important sites and
block the interactions of the translation machinery (77, 79, 87). However, high-resolution struc-
tures could only be obtained after the aforementioned breakthrough in cryo-EM resolution, which
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Figure 3

Evolutionary conservation of pre-40S particles from yeast to human. (#) Comparison of cryo-EM structures
of pre-40S particles from human (lef?) and the yeast Saccharomyces cerevisiae (right). The subunit interface of
the pre-40S particles with the characteristic head, platform, and body domains is shown, and the conserved
pre-40S assembly factors are highlighted in the same colors. (5) The structure of the Nobl1-Pno1/Dim2
dimer on the human pre-40S particle. The left panel depicts the EM volume of Pnol (/ight purple) and Nobl
(blue) binding the neighboring rRINA sequences of the cleavage site D, between platform and head domain of
the pre-40S particle. The right panel shows the derived pseudoatomic structure (ribbon model) of the
Nob1-Pnol heterodimer contacting the 18S and I'T'S1 rRNA at cleavage site D. Note that Pnol masks
cleavage site D, hindering the catalytic center of the Nobl endonuclease to attack its substrate. The catalytic
residues of the nucleolytic center of Nob1 (filled red residues) and the cleavage site D (#770w) are highlighted.
Figures were prepared in Chimera using EMD 4337 (human), EMD 4214 (yeast), and PDB structure 6g18.
Abbreviations: cryo-EM, cryo—electron microscopy; EM, electron microscopy; PDB, Protein Data Bank;
rRNA, ribosomal RNA.

demonstrated a number of principles on how the yeast SSU assembly intermediate is organized at
the molecular level and how it differs from mature 40S subunits (108, 109). Specifically, the major
40S subunit active sites such as the decoding center and mRINA binding groove are not formed,
but the AFs Tsrl, Enpl, Rio2, and Pnol/Dim2 collectively control these immature sites, allowing
coordinated and timely maturation of the 18S pre-rRNA (Figure 34). In the premature 3’ major
domain (head and beak), Enpl and Ltvl occupy the binding site of ribosomal eS10 but are re-
leased in subsequent steps upon phosphorylation/dephosphorylation of Ltvl and Enpl, involving
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the Hrr25 protein kinase (76, 110, 111). Connected to Enpl-Ltvl release is the recruitment of
€S31 and relocation of the uS3 C-terminal domain, thus stabilizing the interface between the 40S
body and head (108).

Moreover, the mechanism of the timely 20S pre-rRNA cleavage by the endonuclease Nobl
could be deduced from the cryo-EM structures. The RNA-binding protein Pnol masks the
cleavage site at the 3’ end of the mature 18S rRNA, suggesting the Nobl endonuclease requires
structural rearrangement to reach its substrate RINA. This might be achieved by coupling Nob1-
dependent 20S > 18S processing to a quality control step, in which the pre-40S particle is checked
for its proper interaction with the mature 60S subunit (112-117). Such a translation-like cycle was
suggested to trigger final processing atsite D and release of the remaining biogenesis factors. Cou-
pling the formation of such an 80S-like particle with final 18S rRNA maturation might be a way
of guaranteeing that only correctly assembled 40S subunits enter translation.

Recently, cryo-EM structures of different late human pre-40S particles were reported by the
Beckmann laboratory, ranging from nuclear to late cytoplasmic states (118). The structure of one
earlier intermediate revealed the position of the biogenesis factor Rrp12 and the two methyltrans-
ferases Bud23 and Trm112 at the 40S head. A later cytoplasmatic pre-40S particle is highly similar
to the yeast pre-40S subunit, with conserved AFs at identical positions (Figure 34). Additionally,
the associated human endonuclease Nobl was visualized in high resolution, indicating precisely
how Pnol masks the Nobl cleavage site at the 3’ end in the 18S rRNA (Figure 35). Thus, amaz-
ingly, both the pre-40S structure and the final pre-18S rRNA processing mechanism are extremely
conserved over one billion years of evolution.

High-Resolution Structures of the Early Nucleolar Pre-60S Particles Reveal
Sequential rRNA Domain Folding

The initiation of the 60S assembly pathway in yeast is initiated by cotranscriptional A, cleavage
within the 35S pre-rRNA, which generates a 5’ fragment, the 20S pre-rRNA remaining with the
pre-40S particles (see the section titled Atomic Structure of the 90S Preribosome) and a 3’ frag-
ment termed 27SA pre-rRNA (Supplemental Figure 14), which is the RNA precursor that enters
the 60S biogenesis pathway. Currently, it is not clear how the initial steps in pre-60S assembly oc-
cur, but the early 27SA > 27SB rRNA processing is perhaps coupled with rRNA folding in the de-
veloping pre-60S particles. Only at significantly later stages is the I'T'S2 removed by a complicated
processing reaction (see the next section). It is also currently not clear exactly when and how the
5SS RNP (5S rRNA, uL18/Rpl5, uL5/Rpl11) is incorporated into these earliest pre-60S particles,
but this incorporation happens in a twisted 5S RNP conformation and hence requires a confor-
mational rotation by 180°, again occurring later in the 60S maturation pathway (88, 89). This step
is coupled with formation of the peptidyl transferase center (PT'C) and checked for correct occur-
rence through removal of Rsa4 by the huge Real AAA-ATPase and GTP-hydrolysis-dependent
Nog2/Nug? dissociation (90, 119). Only if these checkpoints are passed can the recruitment of
nuclear export factors to the pre-60S particle and nuclear exit occur (119). However, not all do-
mains of the maturing pre-60S particle are coupled to a nucleus-controlled surveillance system,
as pre-60S particles in mutant cells that did not correctly remove the I'TS2 pre-rRNA and its
associated factors can escape into the cytoplasm and even enter translation (120-122).

To date, most of the obtained cryo-EM-based structural snapshots of nascent preribosomes
are derived from the pre-60S assembly branch. These images gave intriguing insights into the
structural maturation of the LSU: () the organization of the I'TS2 rRNA with associated bio-
genesis factors (also known as the foot structure) (88); () the attachment of the 5S RNP in ro-
tated intermediate arrangement (88, 89); (¢) the successive occupancy of the peptide exit tunnel by
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different biogenesis factors (84, 88); () the binding of biogenesis factors at the nascent PTC (90,
123), which serve as sensors for quality control (119); () the recruitment of nuclear export factors
(82,124); and (f) the release of the remaining biogenesis factors into the cytoplasm (83, 125). The
structural details and implications from these intermediate nucleoplasmic and late cytoplasmic
preribosomes have been recently reviewed and discussed in detail (93) and hence are not further
outlined in this review. Instead, we focus on the recent high-resolution cryo-EM structures of the
nucleolar pre-60S particles, which revealed the early pre-rRNA folding events and assembly with
biogenesis factors and Rpl proteins.

Asrecently as the end 0of 2017, three laboratories presented high-resolution cryo-EM structures
of nucleolar pre-60S particles, which revealed the folding mechanism of its pre-rRINA (126-128).
Despite the fact that these particles contain the complete 27SB rRNA, not all of the known rRNA
domains from I to IV were visible in these structures (Figure 4a—d). The 5S rRINA, with its specific
proteins uL.18/Rlp5 and uL.5/Rpl11, although recruited, was also not discernible in these particles,

a Pre-60S

. Domain Il
Domainl| g

Domain VI

f  Mature 60S e

Figure 4

Folding and maturation of the 5.8S and 255 rRNA within the early nucleolar pre-60S particles. (#) The first rRINA precursor of the
large subunit (27SA;) contains I'TS1, I'TS2, domain I-IV, and 3’-ETS sequences (see also Supplemental Figure 1), for which
structural information is not available. (»)) Removal of ITS1 and 3’-ETS leads to 27SB pre-rRNA with assembled domains I, I, and VI,
but domains IIT, IV, and V remain unstructured and are only schematically indicated. After stable incorporation of domain VI into the
particle, part of (¢) domain V and (4) domain III also become incorporated. The 5S RINP is also recruited at these stages. (d—¢) At the
next step, a major relocation of domain V occurs to bring the L1 stalk toward its mature position, which is stabilized by subsequent
assembly of domain IV. (¢) Subsequently, parts of domain V with attached 5S RNA twist by approximately 180° to form the mature
central protuberance (CP), and I'TS2 is removed to generate 5.8S and 25S rRNA (see Figure 5 for details). (f) Final rearrangements
include domains IV and V to form the active sites of the large subunit (A, P, and E tRNA binding sites), which is coupled to nuclear
export. The rRNA was taken from PDB structures (b)) 6em4, (¢) 6em1, (d) 6em5, (e) 3jct, and (f) 4v88. An animation of the maturation
process is presented in Supplemental Video 1. Abbreviations: ETS, external transcribed spacer; I'TS, internal transcribed spacer; PDB,
Protein Data Bank; rRNA, ribosomal RNA; tRNA, transfer RNA.
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suggesting that the 5S RNP is peripherally and/or flexibly attached, requiring further integration
to reach the conformation typically seen in later pre-60S particles.

Initially, it was speculated that the 60S subunit assembles from the center to the periphery,
around the most evolutionarily conserved part, the PTC. However, sorting the various nucleolar
pre-60S particles according to the stably assembled rRINA domains (126-128) revealed a different
mechanism (Figure 4). Presumably, the first rRNA domains, including 5.8S, ITS2, and domains
I and II, fold and assemble into an initial rigid core particle, forming an exoskeleton for further
assembly (Figure 44; Supplemental Figure 1¢). In this model, the I'TS2 RNA and its associated
biogenesis factors (Nsa3, Nop7, Erbl, Rlp7, Nop15) play an essential role, perhaps by facilitat-
ing the hybridization between 5.8S and domain I of the 25S rRNA (Figure 5b). This model is
supported by genetic findings that I'TS2-processing mutants consistently impair early pre-rRNA
processing (129-132). Thus, I'TS2 could be a long-lasting structural element that is exploited as
a scaffold for several 60S assembly steps, similar to what has been proposed for the 5'-ET'S in the
early 18S rRNA folding pathway (see the section titled Atomic Structure of the 90S Preribosome).

Next, domain VI, which corresponds to the 3’ end of the 25S rRNA, is stably incorporated
into the core particle, leading to ring closure of the rRINA but leaving domains III-V flexible
(126-128) (Figure 4b). Then, the remaining domains III-V are sequentially assembled around
the later-developing exit tunnel, leaving the PT'C in an immature conformation even when the
particle exits the nucleolus. This sequence is in contrast to the 40S biogenesis pathway, where the
rRNA folding follows a clear order from the 5’ to 3" end of the 18S rRNA. Remarkably, a prerequi-
site for the formation of these ring-like 60S intermediates is the removal of ITS1 and the 3’-ETS
(Figure 44; Supplemental Figure 14), as these sequences sterically hinder the association of the
rRNA domain VI. Finally, the ring-like intermediate that covers both the 5 and 3’ terminus of
the rRNA can protect the rRNA against degradation but still might enable RNA modifications
at flexible/exposed areas. Moreover, fixation of the 5" and 3’ ends might facilitate the subsequent
assembly of the flexible neighboring domains by acting as a scaffold. Domain V especially benefits
from the prior assembly of the other rRNA domains, as its complicated folded rRNA makes con-
tact with all other domains including the 5S rRNA (Figure 4f) and has to pass through at least
three different major conformations (Figure 4ce,f).

The early nucleolar pre-60S particles contain approximately 30 AFs and 30 r-proteins
(Supplemental Table 2). Similar to the 90S particle, most of them seem to be important for
structural stabilization. A few of these AFs also have enzymatic activity, which could drive key
steps during the 60S assembly pathway. Among these catalytic factors are Nop2 and Spb1, which
are important for non-snoRNP-dependent RNA methylation, whereas the substrate and function
of the Hasl helicase remain elusive. Also, the (regulatory) functions of the GTPases Nogl and
Nug1, which might be particularly important for their release at later nuclear pre-60S particles,
are not yet evident from their position in the structure. Interestingly, members of the Brix pro-
tein family that interact in a common manner with specific partner proteins (66, 133-135) seem
to directly support rRNA folding by connecting different rRNA domains. Examples include the
Ssf1-Rrp15 dimer, which bridges the rRNA domains III and VI; the Brx1-Ebp2 complex, which
binds at the junction between domains I and II; and the Rpf1-Mak16 pair, which is in contact
with the 5.8S rRNA and domains I, II, and VI. This model is reminiscent of how another Brix
pair, Rpf2—-Rrsl, interacts with the 5S rRNA and domain V in the successive Nog2 pre-60S parti-
cle (88) and how the Imp4-Mpp10 Brix complex connects the 5'-ET'S and the nascent 3’ domain
within the 90S particle (see the section titled Atomic Structure of the 90S Preribosome).

Many other structural components found on the Nsal-purified pre-60S particle are found in
groups or modules, such as the following: Nsal-Rpf1-Mak16-Rrp1, which stabilizes the solvent-
exposed surface; Rlp24-Nogl-Mrt4-Mak16-Tif6-Nsa2, which binds predominantly to domain
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Rrp44 l
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Figure 5

Removal of ITS2 from the pre-60S particle by the successive and coordinated action of different RNA
processing enzymes. (#) Cartoon representation showing intermediates during I'TS2 (/ight blue) removal. The
endonuclease Lasl cleaves the ITS2 at site C;, which generates 7S rRNA and 26S rRNA from the 27SB
precursor rRNA. The resulting accessible ends are degraded by exonucleases. First, the 5" end of 26S rRNA
is trimmed by the Ratl (26S > 25S’). The 7S is degraded by the nuclear RNA exosome, which is recruited to
the pre-60S substrate particle via an interaction between pre-60S factor Nop53 (pre-60S) and the exosome
cofactor Mtr4. It is predicted that the RNA helicase Mtr4 (orange) unwinds and channels the 3’ end of the 7S
rRNA (light blue) into the exosome (pink), which could also displace most of the assembly factors of the foot
structure. The structure of (b) the ITS2-containing pre-60S particle is compared with the structure of (c) the
pre-60S intermediated with attached exosome. Figures were prepared in Chimera using EMD 6615, 4301,
and 4302 and PDB structures 3jct, 6fsz, and 6ft6. Abbreviations: I'TS, internal transcribed spacer; PDB,
Protein Data Bank; rRNA, ribosomal RINA.
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VI and V; and Nsa3-Nopl5-RIp3-Nop7-Erb1-Ytm1, which organizes I'TS2 to form the foot
structure. Similar to several 90S AFs, the AF Erbl has a long N-terminal extension, which mean-
ders over the pre-60S surface contacting many distant factors, including the Brx1-Ebp2 dimer, the
Has]1 helicase, Nop16, and the foot factor Nop7 (126-128). Moreover, Erb1 stably interacts via its
-propeller domain with Ytm1, which is a substrate of the Real ATPase (136). At a certain step,
Real creates a mechanochemical force to remove Ytm1 and the deep-rooted Erbl. Notably, the
other modules also contain targets (Nsal, Rlp24) for active release by AAA-ATPases such as Rix7
and Drgl (137, 138) and in this way act as further triggers for progression in pre-60S maturation.
When all of these studies are combined, state-of-the-art cryo-EM provides near-atomic structural
information about a complicated rRINA folding pathway in a movie-like fashion. Dozens of early
AFs modify, chaperone, and stabilize immature rRNA conformations to allow a coordinated and
strictly sequential ribosome assembly pathway.

In Vitro Assays Combined with Structural Studies Reveal the Mechanisms
of Ribosome Assembly

A landmark breakthrough in the field of prokaryotic ribosome biogenesis was the in vitro re-
constitution of the prokaryotic ribosomal subunits from purified molecular components (139).
In contrast, in vitro assembly of eukaryotic ribosomal subunits is inconceivable considering the
complexity of the rRNA processing and maturation pathway. However, in vitro assays were de-
veloped to monitor certain steps of the pathway, such as incubating short rRNA mimics with AFs
to promote RNA annealing or heteroduplex unwinding, RNA modification (e.g., methylation),
or RNA processing (e.g., A; and Az cleavage). These assays revealed that AF Utpl4 stimulates
the RNA helicase Dhrl (106), Esf2 stimulates the helicase Dbp8 (140), and Pfal stimulates the
helicase Prp43 (141). Dhrl unwound U3-18S duplexes in vitro (107), and ATP-bound Rok! he-
licase stabilized Rrp5 binding to mature 40S subunits (142). Moreover, the low intrinsic activity
of the Nugl GTPase was stimulated by potassium ions (143), whereas the Lsgl GTPase was acti-
vated by the export factor Nmd3 together with 60S subunits (82). Regarding RNA modification,
2'-O-methylation of artificial RNA was reconstituted with purified C/D box snoRNPs (144), and
the methyltransferase Emgl (Nepl) bound to a model RNA target substrate (34). Last but not
least, the putative PIN domain endonuclease Utp24 and also Rell, both of which are part of the
90S preribosome, cleaved in vitro at site A, using a short pre-rRINA element (104, 105). However,
which of the two enzymes exerts the concerted A;—A, cleavage in vivo remains an open question.

The information deduced from these restricted in vitro maturation assays could be significantly
extended by using the appropriate native preribosomal particles as substrates incubated with dif-
ferent AFs. Examples include the following: (#) Real AAA-ATPase-driven removal of the AFs
Ytm1 and Rsa4 from nucleolar and nucleoplasmic pre-60S particles, respectively (75, 136); (b) in
vitro release of Nug2 from pre-60S particles requiring its own GTPase activity plus the remod-
eling Real ATPase (119); (¢) Hrr25-kinase-driven stable incorporation of ribosomal uS3/Rps3
into pre-40S particles (76); (d) Drgl AAA-ATPase-catalyzed removal of the ribosomal-like pro-
tein Rlp24 from pre-60S particles (138); and (¢) Fun12/eIF5B-dependent cleavage of 20S > 18S
rRNA occurring on pre-40S particles stimulated by mature 60S subunits (117).

Removal of the entire I'TS2 from isolated pre-60S particles has been reproduced in vitro by a
multitude of methods (145, 146). These assays recapitulated all the known steps of I'TS2 process-
ing (Figure 54), starting with cleavage at site C, within I'TS2 by the endonuclease Las1. Next,
processing of the resulting 26S pre-rRNA to 25S rRNA occurred, which required phosphoryla-
tion of the free 5'-OH group by the polynucleotide kinase Gre3 and subsequent 5" > 3’ trimming
by the exonuclease Ratl and its cofactor Rail (29, 147, 148). The second C,-cleavage-derived
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pre-rRNA (7S) was trimmed to nearly mature 5.8S rRNA by adding the nuclear exosome, a con-
served eukaryotic RNA processing complex containing multiple 3’ > 5" exonucleases (28) and con-
sisting of 13 recombinant subunits, and its cofactor, the helicase Mtr4 (146). Overall, these studies
provided not only mechanistic insight into the I'T'S2 processing pathway, including the discovery
that 26S pre-rRNA processing has to precede that of 7S pre-rRINA, but also structural clarifica-
tion, as I'T'S2 processing is coupled with the dismantling of a transient hallmark structure—the
foot (146) (Figure 5b).

Notably, it was also possible to watch the nuclear exosome at work when it was docked to
the pre-60S particle (149) (Figure 5¢). The transient exosome—pre-60S intermediate was bio-
chemically trapped by incubating the pre-60S particle with an exosome carrying a mutant Rrp6
exonuclease and was structurally characterized by cryo-EM (149). Several exciting details were
recognized in this supramolecular assembly, which together with previous findings enabled the
following model to be deduced: Prior to 7S pre-rRNA processing, the ATP-dependent Mtr4 he-
licase is recruited to the pre-60S particle via the pre-60S adapter protein Nop53 (150). Next,
the foot structure, consisting of the 7S rRNA and AFs Rlp7, Nsa3, and Nopl5 (88, 126-128)
(Figure 5b), is remodeled by the Mtr4 helicase to make the 7S substrate RINA accessible for
channeling into the exosome (146, 149). During or after these steps, the initial contact of Mtr4
to Nop53 is abandoned in favor of a tighter interaction of Mtr4 at several discrete sites of the
pre-60S particle, which also brings the exosome closer to its pre-60S substrate to carry out its pro-
cessing task (Figure 5c¢). Besides seeing the docking in great detail, perhaps the most fascinating
aspect is to watch how the 7S pre-rRNA substrate egresses from the pre-60S particle to the bot-
tom of the exosome, where the catalytic subunit Rrp44 awaits the 3’ tip for nucleolytic trimming
(Figure 5c¢). Thus, in vitro reconstruction and structural characterization of I'TS2 processing is a
long-cherished dream come true in the field of exosome function and ribosome assembly.

IMPACT OF RIBOSOME BIOGENESIS FOR HEALTH AND DISEASE

The comprehensive structural and biochemical analyses of ribosome biogenesis intermediates
have revealed a deep mechanistic insight into this process. Notably, a growing number of clinical
studies have discovered that mutations within human orthologs of AFs or r-proteins are the cause
of human diseases (151-153). Such dysfunctions, which are triggered by subtle mutations in ribo-
somal AFs or haploinsufficiency of r-proteins and which delay ribosome assembly or affect trans-
lation, are collectively termed ribosomopathies (Supplemental Table 3). Moreover, (partially)
disturbed ribosome assembly activates the nucleolar stress response pathway, which is intimately
linked to cancer development (154, 155). Due to the high conservation of ribosome biogenesis
and function from yeast to man, the functional and structural progress described above will also
stimulate a mechanistic understanding of these diseases and might contribute to the improvement
of cancer treatments.

Most inherited ribosomopathies are characterized by tissue-specific defects including erythro-
poiesis (causing anemia) or skeletal or craniofacial developmental alteration (151-153). Notably,
many studies have revealed that defects in ribosome biogenesis activate the p53-dependent signal
pathway, a process known as the nucleolar stress response or the impaired ribosome biogenesis
checkpoint (156, 157). The key players of this signaling pathway are the transcription factor p53
and its antagonist, the ubiquitin ligase Mdm2, which marks p53 for degradation (Supplemental
Figure 24). Thus, inhibition of the Mdm2—p53 interaction activates this signal cascade, which
drives expression of antiproliferative and apoptotic genes. Several r-proteins have been found to
interact with Mdm?2, but they might be ineffective to disrupt the p53-Mmd2 interaction, as a
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cellular excess of free r-proteins is rapidly degraded (reviewed in 154, 155). In contrast, the newly
translated r-proteins uL.18/Rpl5 and uL5/Rpl11 preassemble with an existing free pool of 5S
rRNA to form the stable 5S RNP (158, 159) (Supplemental Figure 2b). During defective
ribosome biogenesis, the 5S RNP accumulates and binds via uL5 to Mdm?2 (160) (Supplemental
Figure 2¢), thereby triggering the activation of p53. Consistently, the completely assembled 5S
RNP, but not its single components, is required to trigger the p53-dependent response (reviewed
in 154, 155). Thus, active p53 alters the balance between proliferation, cell cycle arrest, and
apoptosis, therefore causing anemia and developmental disorders. Accordingly, anemia and
skeletal malformation in ribosomopathy mouse models can be suppressed by inactivation of p53
(161-163). Interestingly, the 5S RINP-dependent activation of p53 is caused not only by ribosome
biogenesis stress but also by low nucleotide levels, nutrient starvation (reviewed in 154, 155),
and possibly hypoxia or oxidative stress (Supplemental Figure 24), but it is independent from
the DNA damage checkpoint (164, 165). Taken together, ribosome biogenesis is used as a major
checkpoint in the signaling of various stress responses.

Surprisingly, patients with ribosomopathies have a significantly increased risk of developing
cancer, as diminished ribosome assembly and an upregulated p53 pathway would antagonize an
increased proliferation rate. Thus, one could speculate that ribosomopathy patients exhibit a high
evolutionary pressure to circumvent elevated p53 levels. Accordingly, spontaneous p53 inactiva-
tion might have a much stronger impact compared with that in a healthy organism. Consistently in
this regard, a zebrafish model based on mutated r-proteins showed that tumors in these organisms
do not express p53 (166). Moreover, the 5S RNP-Mdm?2 pathway might also be a bona fide target
for new approaches to cancer treatment (167-169). Many established chemotherapeutics affect ri-
bosome biogenesis, resulting in a 5S RNP-Mdm2-dependent p53 activation (170, 171). However,
more specific ribosome biogenesis inhibitors might be potent chemotherapeutics with reduced
genotoxic activity (170), or they could be combined with classic chemotherapeutics. Along these
lines, the Pestov laboratory used an AF mutant to induce the nucleolar stress response, which ar-
rests healthy cells in the G1 phase. Such G1-arrested cells were protected against the cytotoxicity
of the S-phase—specific topoisomerase I inhibitor and therefore allowed the specific elimination of
p53-deficient cells (172). However, in therapeutic applications the nucleolar stress response has to
be activated by inhibitors against polymerase I (167), for example, or inhibitors against AFs such
as the AAA-ATPases Drgl (173) or Real (174) that block ribosome biogenesis in yeast. Future
approaches have to clarify the specificity and toxicity of these compounds in mammalian cells and
the efficiency of p53 activation.

CONCLUSIONS

Half a century of research has given us a reasonable perception of the eukaryotic ribosome as-
sembly pathway. Now, we can begin to arrange the various structural snapshots of preriboso-
mal particles to watch this dynamic pathway as if it were a movie in pseudoatomic resolution
(Figure 6; Supplemental Video 1). However, for further mechanistic understanding, new in
vitro maturation assays have to be developed. These assays ultimately will help to dissect the un-
resolved steps in a reductionist way. The outstanding questions are: How do the transitions occur
between the already known preribosomal particles, and what triggers them? Particularly unclear
are the 90S > pre-40S progression and the opening of the pre-60S pathway during coordinated
pre-rRNA processing at sites A;—A,. Besides refining this in greater detail, it will be important to
identify these various assembly intermediates in the cellular context. A first step toward this goal
was the recent EM tomographic visualization of transcribing RNA polymerase I and assembly
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Figure 6

Structural snapshots of the eukaryotic ribosome assembly pathway. Cryo-EM structures of preribosomal
particles are depicted according to their spatiotemporal assembly and maturation pathway, starting in the
nucleolus during pre-rRNA transcription and ending in the cytoplasm, yielding mature 60S and 40S
subunits. For detailed descriptions of these nascent ribosomal particles, see the main text. The rRNA is
shown in tan and the r-proteins in yellow, whereas representative ribosome assembly factors are indicated in
red, green, or blue. A list of high-resolution cryo-EM structures depicting these preribosomal particles is
given in Supplemental Tables 1 and 2. Abbreviations: cryo-EM, cryo—electron microscopy; rRINA,
ribosomal RNA.

of the nascent rRINA into the earliest preribosomal particles (175). Super-resolution microscopy
could be another means to verify the spatiotemporal course of events during ribosome maturation.
Another key question in this field to be further experimentally addressed is how exactly ribosome
assembly is coupled to other cellular pathways such as gene expression, cell proliferation, apopto-
sis, stress response, and cancer development. The answers will be precious information that not
only will increase our scientific understanding of this essential cellular process but also might hold
the key for developing better medical treatments for ribosomopathies or cancer.
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