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Abstract

Ribosome biogenesis requires the intertwined processes of folding, modification, and processing
of ribosomal RNA, together with binding of ribosomal proteins. In eukaryotic cells, ribosome
assembly begins in the nucleolus, continues in the nucleoplasm, and is not completed until after
nascent particles are exported to the cytoplasm. The efficiency and fidelity of ribosome biogenesis
are facilitated by >200 assembly factors and ~76 different small nucleolar RNAs. The pathway is
driven forward by numerous remodeling events to rearrange the ribonucleoprotein architecture of
pre-ribosomes. Here, we describe principles of ribosome assembly that have emerged from recent
studies of biogenesis of the large ribosomal subunit in the yeast Saccharomyces cerevisiae. We
describe tools that have empowered investigations of ribosome biogenesis, and then summarize
recent discoveries about each of the consecutive steps of subunit assembly.

Introduction

Ribosomes are ribonucleoprotein (RNP) complexes responsible for the synthesis of proteins
in all cells in Nature. They contain two asymmetric subunits (large and small subunits), the
core structure and function of which are largely conserved across all kingdoms of life [1,2].
Eukaryotic ribosomes differ from their prokaryotic counterparts in size and complexity due
to the addition of eukaryote-specific ribosomal proteins (r-proteins), r-protein extensions,
and ribosomal RNA (rRNA) expansion segments (ESs) [3—7]. In the yeast Saccharomyces
cerevisiae, the large 60S subunit that hosts the catalytic peptidyl transferase center (PTC)
contains 25S rRNA (3396 nucleotides), 5.8S rRNA (158 nucleotides), 5S rRNA (121
nucleotides), and 46 r-proteins (Figure 1). The small 40S subunit containing 18S rRNA
(1800 nucleotides) and 33 r-proteins functions as the decoding center to bring together
messenger RNAs and transfer RNAs (reviewed in ref. [8]).

In rapidly growing cells, a vast majority of cellular resources, including the gene expression
and nuclear transport machinery, are devoted to the production of these mega-dalton scale
nanomachines [9]. Since protein synthesis and translational fidelity are central to cellular
homeostasis, major defects in ribosome assembly or function are lethal, observed as
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embryonic lethality in higher organisms. Partial loss-of-function mutations in ribosomal
components or its assembly machinery in humans result in cancers and various other
diseases referred to as ribosomopathies (reviewed in refs [10—12]).

The basic framework of ribosome assembly

Ribosome assembly begins with transcription of precursor rRNAs (pre-rRNAs), which then
undergo base modification, co-transcriptional folding, pre-rRNA processing, and assembly
with r-proteins to form functional ribosomal subunits (reviewed in ref. [13]). These events
occur in a co-ordinated manner in a series of events spanning three subcellular
compartments: the nucleolus, the nucleoplasm, and the cytoplasm (Figure 2). Studies over
several decades have demonstrated that the concerted action of 76 small nucleolar RNPs
(snoRNPs) and ~200 trans-acting proteins, referred to as assembly factors (AFs), facilitates
production of translation-competent ribosomal subunits in S. cerevisiae. AFs include
proteins with a wide range of biochemical activities, such as endonucleases and
exonucleases, GTPases, ATP-dependent RNA helicases, AAA-ATPases, kinases, and
structural proteins, predicted to function as scaffolds or chaperones. During ribosome
assembly, the structural AFs help to stabilize pre-ribosomes, and to establish molecular
interaction networks within pre-ribosomes. The enzymatic AFs link maturation events with
substantial changes in free energy to remodel molecular interaction networks during
assembly (reviewed in refs [14,15]). The structural and functional integrity of pre-ribosomes
are tested prior to their entry into the translation pool by AFs (reviewed in ref. [16] and see
‘The Middle Stage: Remodeling Events Required to Trigger Removal of the ITS2 Spacer’
and ‘Cytoplasmic Maturation of Large Ribosomal Subunit’). Finally, the existence of
heterogeneous ribosomes and their roles in translational regulation are becoming
increasingly evident (reviewed in refs [17-19]), although it remains to be understood if
ribosome assembly mechanisms can be altered to construct them.

There are many recent reviews highlighting details of different aspects of eukaryotic
ribosome biogenesis (reviewed in refs [13,14—17,20-25]). Here, we focus on principles of
eukaryotic ribosome biogenesis emerging from recent studies of 60S subunit assembly in
yeast.

Functional sites in the large ribosomal subunit

When trying to understand the mechanism of 60S ribosomal subunit biogenesis, it is
important to consider that the assembly process must have evolved to inspect the structural
and functional integrity of these functional sites at different steps of the assembly, and to
protect them from premature binding to 40S subunits and translation factors. Functional sites
in the large subunit include: (1) the P-stalk that recruits and activates translation factors; (2)
the sarcin ricin loop (SRL) responsible for activation of GTPases involved in translation; (3)
the tRNA accommodation corridor that contains the A-, P-, and E-sites to bind tRNAs
bearing the substrate amino acid, tRNAs attached to the growing polypeptide chain, and
tRNAs from which the 2”-acyl amino acid has been removed, respectively; (4) the PTC that
catalyzes peptide bond formation; and (5) the polypeptide exit tunnel (PET) through which
all nascent polypeptides exit the 60S subunit (Figure 3). Even though the PET is often

Biochem J. Author manuscript; available in PMC 2017 August 14.



1duosnuep Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Konikkat and Woolford Page 3

considered as a mere passive conduit for nascent polypeptides, many recent studies have
shown it to be an active participant in determining the rate of translation and protein folding
[26,27]. All of these functional sites, except the PET, are present on the subunit interface of
the 60S subunit that interacts with the 40S subunit (reviewed in refs [1,8]).

Breaking down the pathway into steps

Three of the four rRNAs in eukaryotic ribosomes (188, 5.8S, and 25S rRNAs) are
synthesized by RNA polymerase I as a pre-RNA (35S pre-rRNA) that needs to undergo
processing to acquire functionality (reviewed in ref. [22]). The 35S pre-rRNA contains
mature rRNA sequences separated by two internal transcribed spacers (ITS1 and ITS2), and
flanked by two external transcribed spacers (5”-ETS and 3’-ETS) (Figure 2). The fourth
TRNA, 5S rRNA, is separately transcribed by RNA polymerase III and loaded onto nascent
large subunits. Processing of pre-rRNA is executed in multiple steps by endonucleases and
exonucleases. Most r-proteins and a subset of the AFs bind pre-rRNA co-transcriptionally, or
very soon after transcription is completed, to generate the earliest pre-ribosomal
intermediates. Other AFs enter pre-ribosomes at later times. Unlike r-proteins, association of
AFs with pre-ribosomes is transient; they are not present in mature ribosomes. Thus, pre-
ribosomes at different stages of ribosome assembly can be distinguished by their protein
composition and by the presence of distinct pre-rRNA processing intermediates.

Assembly of 60S subunits can be grouped into at least six steps based on the pre-rRNA
content of assembly intermediates (Figure 2). (1) ‘Very early steps’ occur as pre-rRNA is
synthesized and initially compacted to form 90S pre-ribosomes, from which the 5’-ETS is
removed and ITS1 cleavage occurs. Cleavage at the A site in ITS1 separates the 20S pre-
rRNA from 278 pre-rRNA. These two pre-rRNAs are packaged into 43S and 66S precursors
to mature 40S and 60S subunits, respectively. Thus, after cleavage at the A; site, assembly of
40S and 60S subunits is largely independent. (2) ‘Early steps’ include removal of the ITS1
spacer sequence from 27SA, and 27S A3 pre-rRNAs to produce 27SB pre-rRNA in 66S pre-
ribosomes. (3) ‘Middle steps’ include cleavage at the C site in ITS2 of 27SB pre-rRNA to
produce 7S and 25.5S pre-rRNAs, and exit of pre-ribosomes from the nucleolus. (4) ‘Late
nuclear steps’ include removal of the ITS2 spacer (processing of 25.5S and 7S pre-rRNAs to
25S and 5.8S rRNAs) and remodeling of the central protuberance (CP). (5) Export of
nascent particles through the nuclear pore complex (NPC) into the cytoplasm is enabled by
binding of export factors. (6) ‘Final steps’ of subunit maturation occur in the cytoplasm and
include the final steps of formation of 5.8S rRNA, assembly of the last few r-proteins,
release of remaining AFs, and quality control checks of functional sites.

Evolution of tools to study ribosome assembly

The field of eukaryotic ribosome assembly emerged in the 1960s and 1970s with the
discovery of pre-TRNA processing intermediates that were packaged into ribonucleoprotein
particles (RNPs) containing r-proteins and unidentified non-r-proteins [28-33]. Owing to the
availability of a wide spectrum of genetic, molecular, and proteomic techniques, S.
cerevisiae has been the model organism of choice in the ensuing years to investigate
ribosome assembly in eukaryotes [34]. Following a quiescent period for eukaryotic ribosome
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assembly research, the 1990s witnessed the development of genetic screens for ribosome
assembly mutants, which led to the discovery of frans-acting AFs (reviewed in ref. [35]).
This was followed up in the 2000s with the purification and characterization of pre-
ribosomes using epitope-tagged AFs and mass spectrometry, which provided an almost
complete catalog of AFs [36-38]. Conditional null mutants of essential AFs were then used
to identify the pre-rRNA processing step(s) for which the AFs are required and the role of
AFs in large ribosomal subunit biogenesis (reviewed in ref. [18]). Assaying the proteins and
pre-rRNAs that co-purified with AFs in wild-type pre-ribosomes revealed their entry and
exit points during assembly. These functional genetic and biochemical investigations
reached another dimension with the elucidation of low-resolution cryo-EM structures in the
2000s, and high-resolution crystal structures of mature yeast ribosomes about 5—6 years ago,
providing us with a detailed blueprint of the final product of the assembly pathway. Most
recently, advances in cryo-EM technology have revealed near-atomic-resolution snapshots of
assembly intermediates [39,40]. These structures provide valuable tools to begin to
understand remodeling events during different steps of ribosome assembly, and help guide
the design of experiments to uncover the precise mechanisms of action of AFs. The
combination of methods to elucidate binding sites of AFs on rRNAs (CRAC), to determine
rRNA structure, and to map protein—protein interaction networks (yeast two-hybrid and pull-
down assays), together with advances in mass spectrometry (SILAC, iTRAQ SRM, and
SWATH) and structure-based site-directed mutagenesis, is now enabling ribosome biologists
to uncover mechanistic details of this complex process at an ever more rapid pace [41-48].

Roles of rRNA in assembly

The 5.8S and 25S rRNAs in the 60S subunit fold into six conserved domains of secondary
structure (I-VI), which are then compacted to form the rRNA tertiary structure (Figure
4A,B). The high copy number of rRNA genes in yeast (~200 copies) poses a significant
challenge for mutational analysis of rRNA structural elements, although the development of
genetic approaches to overcome this challenge has revealed functionally important regions
in transcribed spacer sequences (ITSs and ETSs) and rRNA [50-55]. Recently, it has been
shown that eukaryotic-specific rRNA sequences, so-called ESs, participate in early, middle,
and late nuclear steps of ribosome biogenesis [49]. Their roles in assembly correlate with
their position in 60S subunits, identically to the situation for r-proteins (see below). The
early-acting ESs localize to 25S rRNA domains I and III, the middle-acting ESs to the
neighborhood surrounding the PET, and the late-acting ESs are near the CP and the subunit
interface (Figure 4C). Structures of mature and pre-60S subunits revealed that most ESs
have co-evolved with the r-protein extensions (‘R-Protein Extensions Are Crucial to
Ribosome Assembly’), which potentially aid the folding of the ESs. Some ESs and
transcribed spacers also serve as binding sites for AFs [56,57].

Lessons emerging from studies of r-proteins

In vitro reconstitution of bacterial ribosomal subunits revealed that their assembly is
hierarchical and occurs largely 5" to 3" with respect to rRNA (reviewed in ref. [58]).
Importantly, determination of the crystal structure of yeast ribosomes [3-5], together with
the development of methods to purify and characterize ribosome assembly intermediates
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[36-39], provided the means to investigate how eukaryotic r-proteins assemble into
ribosomes in vivo. Systematic examination of the effects of depleting r-proteins
demonstrated that the assembly of r-proteins into large subunits in yeast cells is hierarchical
[20,59-67]. The solvent-exposed surface of the large subunit, where r-proteins bind domains
I, IL, and VI of 25S rRNA, is assembled first (Figure 4D). Its construction is required for the
earliest pre-TRNA processing steps (removal of ITS1). Subsequently, the neighborhood
adjacent to 5.8S rRNA and the rim surrounding the PET are assembled. Depletion of -
proteins located here prevents middle steps of assembly required to initiate removal of ITS2
(cleavage at the C; site). Finally, the intersubunit surface of large subunits, containing
domains IV and V of 25S rRNA, and the neighborhood surrounding the CP are assembled.
Depleting r-proteins located here affects the final nuclear steps of pre-rRNA processing, as
well as remodeling events that prepare subunits for nuclear export. The few r-proteins that
assemble in the cytoplasm are also located in the subunit interface. Thus, an important theme
that emerges is that assembly of functional sites of the large subunit is completed last.

Most r-proteins from the large subunit co-immunoprecipitate 27SA, pre-rRNA and often
35S pre-rRNA [59,68]. Thus, these r-proteins are thought to associate with nascent particles
co-transcriptionally, or else very early in the assembly pathway. However, for those 1-
proteins tested, this initial binding to early pre-ribosomes is relatively weak and becomes
stronger as assembly proceeds. Thus in yeast, as observed in bacteria, r-proteins may
initially form so-called encounter complexes with pre-ribosomes [69], which then transition
to more stable contacts with assembling ribosomes as the pathway continues. These results
suggest that the hierarchical assembly of r-proteins in the large subunit may, in fact,
represent a hierarchy of rRNP neighborhoods transitioning from encounter complexes to
form their more mature configurations. Consistent with this idea, it was found that rRNP
intermediates become more stable as their assembly proceeds; blocking early steps in
assembly causes rapid turnover of pre-rRNPs, whereas blocking later steps leads to much
slower turnover [63,64]. Furthermore, when early-acting r-proteins are depleted, middle- and
late-acting r-proteins do not stably associate with pre-ribosomes, whereas when middle- or
late-acting r-proteins are depleted, early-acting r-proteins are stably bound to pre-ribosomes.

R-protein extensions are crucial to ribosome assembly

One striking feature revealed by the crystal structure of yeast ribosomes is that a significant
fraction of r-proteins contain N- and/or C-terminal extensions or internal loops that protrude
from their globular core and reach across the surface or into the interior of the 60S subunit
core [2-6,8]. Most of these extensions contain amino acid sequences predicted to be
intrinsically disordered [70]. Thus, these extensions have properties ideally suited to enable
assembly of ribosomes: (1) they are long and flexible and thus able to access a large surface
area and (2) the disordered domains can often become more structured upon binding their
ligand and thus might help stabilize assembling ribosomes. An important role of extensions
might be to establish networks of protein—protein and protein—rRNA interactions that serve
as conduits for information transfer across the surface of pre-ribosomes or mature
ribosomes.
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Recent studies have begun to reveal specific functions of r-protein extensions [56,66,71-73].
Deletion of r-protein extensions that bind the same domains of rRNA as their globular
portion affects ribosome assembly in a manner similar to depletion of that r-protein [71].
This effect probably reflects that the same domains of rRNA are structured by binding to the
r-protein globular domains as to the extensions. In contrast, r-protein extensions that span
multiple rRNA domains are predicted to play a role in structuring or communicating
structural changes across these domains during ribosome assembly. For example, a recent
study showed that removing the N-terminal extension of L8 blocks later steps in assembly,
than are blocked when the entire protein is depleted [71]. In this case, the globular domain of
L8 binds to domain I of 25S rRNA, which assembles early, whereas the extension of L8
threads into domain V of 25S rRNA, which is constructed at later stages.

A burst of recent studies has demonstrated that r-protein extensions facilitate delivery of the
r-proteins into pre-ribosomes. The extensions of r-proteins L4, LS plus L11, and L10 have
been found to bind co-translationally to dedicated chaperones (Acl4, Syol, and Sqtl,
respectively), which prevent the aggregation of these r-proteins, transport them into the
nucleus, and stably insert them into pre-ribosomes [74—79]. Prior to delivery into pre-
ribosomes, the r-protein L4 binds to the karyopherin Kap104 via its C-terminal extension
and to the chaperone protein Acl4 via its internal loop [74,75]. In mutants defective in L4—
Acl4 interaction, L4 still binds to pre-ribosomes, but there are defects in 60S subunit
assembly, suggesting that the Acl4—L4 internal loop interaction might monitor correct
insertion of the L4 internal loop into the ribosome. Release of Acl4 from the internal loop of
L4 may be triggered by interaction of the C-terminal extension of L4 with r-protein L18,
allowing insertion of the loop into the ribosome.

The nuclear import of r-proteins LS and LL11 requires the transport adaptor protein Syol that
interacts with Kap104 [76]. Syol forms a ternary complex with L5 and L11 by its
interaction with the N-terminal domain of LS and the disordered loop of L11 [77]. This
Syol-L5-L11 complex is transported into the nucleus, where it binds to 5S rRNA.
Subsequently, AFs, such as Rpf2 and Rrsl, are required to assemble the 5S RNP onto pre-
ribosomes [80]. The 5S RNP is bound to the mature 60S subunit via interaction of L11 with
helix 84 of 25S rRNA to form the CP [77]. Syol is a molecular mimic of helix 84, and thus,
the Syol-L11 interaction might serve as a control mechanism to ensure the entry of properly
folded L11 into the pre-ribosome.

Very early steps of 60S subunit assembly

Formation of very early 60S subunit assembly intermediates occurs during and after
cleavage at the A; site by the endonuclease Rcll (Figure 2) [81]. A; cleavage can occur on
nascent pre-rRNA transcripts, or else post-transcriptionally following the release of 35S pre-
rRNA from rDNA [82-84]. Co- vs. post-transcriptional cleavage of A, cleavage seems to be
closely linked to growth conditions, but the implications for ribosome assembly and
translation of these alternative pathways involving cleavage at the A, site are not yet
understood.
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Ribosomal subunit assembly at this very early stage includes assembly of proteins,
especially subcomplexes of several different AFs, with nascent pre-rRNA, together with
chemical modification of pre-rRNA and initial compaction of the pre-rRNP. Cleavage at the
Ay site results in the formation of pre-ribosomes containing 20S and 27SA; pre-rRNAs
(Figure 2). Mutations that block 3’-ETS formation prevent cleavage at the A, and Aj sites
[85,86], which suggests that all other steps of pre-rRNA processing specific to large subunits
cannot occur until after transcription is completed. In support of this idea, depletion of r-
protein L3 that binds to the 3”-end of 25S rRNA has the greatest destabilizing effect on the
earliest 60S assembly intermediates containing 27SAj and 27SA3 pre-rRNAs [64,87],
suggesting that the proper configuration of the 3"-end of rRNA is important for early steps
of assembly.

A large number of AFs are implicated in the very early steps of 60S subunit biogenesis,
because they co-immunoprecipitate only the earliest pre-TRNAs and because their depletion
leads to turnover of early pre-rRNAs before later ones can be formed (reviewed in ref. [13]).
Included among these very early factors are seven DEAD-box proteins, i.e. ATP-dependent
RNA helicases, suggesting that significant remodeling events might occur during this initial
stage of 60S subunit assembly. For the most part, though, the roles of very early AFs are
poorly defined. The best studied of these are the snoRNPs that enable rRNA modification,
and the scaffolding AF Rrp5 that is thought to play a key role in compaction of rRNA in
early assembly intermediates (see below).

Approximately 2% of rRNA nucleotides undergo chemical modifications, such as
pseudouridylation and 2”-O-ribose methylation, mediated by snoRNA-guided RNPs
(snoRNPs) or substrate-specific enzymes (reviewed in refs [88—90]). Interestingly, the
modifications cluster at the subunit interface, around the functional sites of the 60S subunit,
which is largely devoid of r-proteins. The snoRNPs enter pre-ribosomes co-transcriptionally
and are directed to their target sites via snoRNA—pre-rRNA interactions [82,90-92].
SnoRNAs form Watson-Crick base-pairs with their respective target sequences that are
located far apart in the primary sequence of 25S rRNA. Thus, together, the different
snoRNAs might enable initial compaction of the 35S pre-rRNA during initial stages of
ribosome assembly. Although deletion of any single snoRNA gene has little or no effect on
assembly, depletion of the proteins common to snoRNPs aborts ribosome assembly at very
early stages [93-97]. Chemical modifications also affect the interaction of RNA with water
and other molecules, and thus affect rRNA folding and protein binding [98—100]. Consistent
with these predictions, misdirecting modifications can have lethal consequences [91].

The methyltransferases Spbl and Nop2 modify 27S pre-rRNA residues Gm2922 and
m5C2870, respectively, in the PTC, suggesting important roles of these methylation events
in construction of the active center of the large subunit [101-104]. Mutations affecting the
enzymatic activity of Nop2 result in accumulation of 27SA, pre-rRNA, indicating that the
modification occurs during or is important for very early steps of assembly [102]. There is
some evidence suggesting that Spb1-mediated methylation occurs during late nuclear steps
of 60S subunit assembly [103]. Nevertheless, exactly when, how, and why the action of
these two modification enzymes is required for ribosome assembly is largely unclear, and
requires further investigation.
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The very early AF Rrp5 is a large protein designed to cause the compaction of assembling
RNPs; it contains 12 S1 RNA-binding motifs and 7 TPR protein-binding domains.
Consistent with this abundance of RNA-binding domains, Rrp5 cross-links to pre-rRNA
sequences destined for both subunits [105,106]. Rrp5 also forms a subcomplex with several
AFs required for very early steps [106,107]. Depletion of Rrp5 inhibits the earliest steps of
ribosome assembly, i.e. cleavage at the Ag, Aq, and Aj sites, and at the Az site [108]. When
assembling ribosomes (‘Christmas trees’ seen via the Miller spread method) are visualized
upon Rrp5 depletion, ‘loose structures’ are observed, suggesting that protein—RNA
subcomplexes can form but are not compacted [106].

Early steps of 60S subunit assembly

Following the initial compaction of pre-ribosomes, plus cleavage at the A; site and
completion of transcription to form 27SA, pre-rRNA, the spacer sequence ITS1 is removed.
In rapidly growing yeast cells, ~85-90% of pre-rRNA is cleaved at the Aj site by the
endonuclease MRP [109-112], followed by processing of the remaining sequences in ITS1
by the exonucleases Ratl, Xrnl, and Rrp17 to form 27SBs pre-rRNA [51,112-115].

In contrast, a smaller fraction, ~10-15%, is cleaved by an unknown endonuclease at the By,
site to form 27SBy, pre-tRNA [51,115]. Twelve AFs (Ytml, Erbl, Nop7, Rlp7, Cicl, Nopl5,
Hasl1, Drsl1, Rpfl, Pwpl, Nop12, and Rrpl) and 11 r-proteins were initially implicated in
27SAj pre-rRNA processing, because their depletion caused accumulation of this RNA
(Figure 5) [13,37,84,116—-128]. The r-proteins involved in this step bind domains I, II, and
IV of 25S rRNA (reviewed in ref. [20]). The three AFs Erbl, Ytm1, and Nop7 bind to each
other and to domains I and IIT of 25S rRNA, potentially helping to bring together these
rRNA domains during early stages of 60S subunit assembly (Figure 5A) [41,57]. The
remaining AFs bind to ITS2 or are thought to be located near or at the proximal stem
[41,57,62,117,127]. Thus, most of these proteins required for 27S A3 pre-rRNA processing
are not located immediately adjacent to ITS1, where the processing occurs (Figure 5A).
Upon depletion of any of these r-proteins or AFs, assembly of r-proteins L.17, L26, 1.35, and
L37 that bind to 5.8S rRNA is greatly diminished [59,63,64,68,127], indicating that this
stage of assembly includes base-pairing between the 5~ and 3”-ends of 5.8S rRNA and the
5”-end of 25S rRNA, and association of r-proteins with these rRNA domains. Importantly,
depletion of these proteins also causes rapid turnover of pre-ribosomes mediated by the 5
—3’ exonuclease Ratl, before 27SA3 can be processed into 27SB pre-rRNA [68].
Therefore, the most parsimonious explanation for the apparent block in 27SAj3 pre-rRNA
processing when each of these 23 AFs or r-proteins is depleted is that they serve structural
roles to create an early 66S pre-rRNP stable enough and properly configured to undergo
further maturation, including processing of 27SAj3 pre-rRNA, rather than these proteins
being directly involved in ITS1 removal.

The middle stage: remodeling events required to trigger removal of the ITS2

spacer

The middle stage of large ribosomal subunit maturation includes remodeling events that
trigger removal of the ITS2 spacer from 27SB pre-rRNA and the exit of pre-ribosomes from
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the nucleolus. ITS2 removal is initiated by cleavage at the C; site in ITS2 by the
endonuclease Las1 [130-132] and requires the association of many AFs with pre-ribosomes
(reviewed in ref. [13]). Pre-ribosomes transit from the nucleolus to the nucleoplasm
following ITS2 cleavage [123], although it is unclear what enables this movement. During
this period, many early-acting AFs exit from pre-ribosomes [57]. The mechanisms
underlying their release, and the consequences of doing so, have only been investigated for
three factors, such as Nsal, Ytm1, and Erb1, which are released by the AAA-ATPases Rix7
and Real [133-135].

Interestingly, analysis of a large number of r-protein and AF mutants defective in C,
cleavage and ITS2 removal suggests that checkpoints exist to prevent this irreversible step if
other neighborhoods distal to ITS2, including several functional sites of the large subunit,
have not properly assembled (Konikkat S. and Woolford J.L., unpublished work). These
neighborhoods include the CP situated on top of the subunit, as well as the PET and the
PTC.

At early steps of large subunit assembly, the AFs Rpf2 and Rrs1 deliver the 5S rRNP
complex, containing 5S rRNA and r-proteins L5 and L11, to the top of nascent particles to
form the CP (Figure 6A) [80]. However, mutations in these four proteins or 5S rRNA that
block this step block middle steps of assembly, resulting in accumulation of 27SB and 7S
pre-rRNAs. Thus, docking of the CP onto early assembly intermediates is necessary for later
steps of subunit maturation [80].

The GTPase Nog1 also assembles into pre-ribosomes early in the biogenesis pathway [136].
The N-terminal domain of Nogl is positioned at the entrance of the PET, whereas the
extremely long C-terminal tail extends from the P-stalk base to protrude deep into the PET
from its exit almost back to the PTC (Figure 6A) [57,137]. This location suggests several
functions for Nogl: as a scaffold for the assembly of the PET, as a tunnel inspector to ensure
its proper construction, and/or as a means to prevent premature or inappropriate entry of
other proteins into the tunnel. Depletion or inactivation of Nogl prevents cleavage at the C,
site; thus, proper assembly of the PET is probably a prerequisite for removal of ITS2
[137,138]. Consistent with this idea, depletion of any one of six r-proteins that bind the
rRNA surrounding the tunnel exit prevents cleavage of ITS2 [64-66].

Construction of the PTC also appears to be necessary to initiate removal of ITS2. Five AFs
(Nsa2, Nog2, Dbp10, Nugl, and Rsa4) bind at or adjacent to the PTC [57,129,139-142]
immediately before C, cleavage (Figure 6) [38,59,143]. Depletion of any one of these AFs
results in accumulation of uncleaved 27SB pre-rRNA-containing ITS2 [38,143-147].

Before most of these AFs bind to the PTC, the AAA-ATPase Real enables the release of the
AFs Ytm1 and Erb1 from pre-ribosomes [135]. This remodeling event is required for stable
association of r-proteins around the PET exit and assembly of the AFs with the PTC, as well
as for the removal of ITS2 (Konikkat S. and Woolford J. L., unpublished work). Mutations
that prevent release of Ytm1 and Erb1 block each of these three events.

Taken together, the effects of these assembly mutants suggest that five remodeling events
involved in construction of essential functional sites of the large subunit must occur during
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early and middle stages of large subunit biogenesis, to commit the assembly pathway to the
irreversible step of ITS2 removal. Early in the pathway, the 5S rRNP docks onto the top of
the subunit and Nog1 assembles to enable proper formation of the PET. Just before C,
cleavage, Real releases AFs Ytm1 and Erbl. This structural transition may trigger both
proper construction of the rim around the PET exit, including the ‘bowtie structure’ formed
by 5.8S rRNA base-pairing with 25S rRNA, and binding of AFs to the PTC. Failure to carry
out any one of these remodeling events may activate a checkpoint to prevent C, cleavage.

It is not yet known how the endonuclease Las1 recognizes the Cj site, nor whether any of

the mutants described above alter accessibility of Lasl to its substrate, although studies in

mammalian systems have demonstrated direct interactions between Las1 and homologs of
the Rix1 (Ipi) sub-complex that recruit Real to pre-ribosomes [148].

Late nuclear stages

Late nuclear steps of 60S subunit maturation include several major remodeling events:
processing of 7S and 25.5S pre-rRNAs [132,149], a 180° rotation of the CP [140], and
further assembly of 25S rRNA domain V containing the PTC (discussed below). Successful
completion of these structural transitions is coupled to subsequent export of nascent 60S
subunits to the cytoplasm.

The 5”-end of 25.5S pre-rRNA is trimmed by the Ratl exonuclease, which is a component
of the Las1 complex [120,132,149]. The 3-end of 7S pre-rRNA is processed to form 6S
pre-rRNA by the exosome ([150], reviewed in ref. [22]). The exosome is recruited to pre-
ribosomes by interaction with the AF Nop53 [151] and potentially by interaction with other
AFs [152-154]. Following removal of Ytm1 and Erbl by Real, Nop53 binds to 25S rRNA
near ITS2 [57] (Figure 6), and to the exosome-associated helicase, Mtr4 [151]. In
mammalian cells, interactions have been reported between NvI2 (the homolog of Rix7) and
the exosome complex [152-154]. Exonucleolytic trimming of the ITS2 spacer must require
removal of the AFs Nop15, Cicl, and Rlp7 that are bound to ITS2 to render it accessible to
the exosome [57,155]. How and when these three AFs exit pre-ribosomes remain to be
understood.

It was surprising to find that the 5S rRNP (r-proteins L5 and L11 bound to 5S rRNA) is
initially docked onto pre-60S subunits ~180° rotated from its mature conformation (Figure
6A) [140]. The AFs Rpf2 and Rrsl1 are necessary to deliver the 5S RNP to early assembly
intermediates [80], but it is unclear how they do so. Consistent with the role of Rpf2 and
Rrs1 in CP assembly, cryo-EM structures of late nuclear pre-ribosomes show that these two
AFs are located adjacent to the CP, bridging the CP with the body of the large subunit [57].
However, we do not know whether Rpf2 and Rrs1 assemble into pre-ribosomes before the
5S rRNP or enter preribosomes bound the 5S rRNP.

During late nuclear stages of 60S subunit assembly, the 5S rRNP undergoes a dramatic 180°
rotation, most probably mediated by removal of Rpf2 and Rrs1, and action of the AAA-
ATPase Real (reviewed in ref. [156]). Concurrent with rotation of the CP, the A-site finger
also undergoes rearrangement, as well as helices surrounding the PTC in domain V of 25S
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rRNA [57,140]. Real is recruited to late pre-ribosomes by the Rix1 sub-complex [129,157].
Following rotation of the CP, Real removes the WD40 protein Rsa4 from pre-ribosomes
[57]. An interaction partner of Rsa4 is the AF Nsa2 bound to helix 89 at the PTC [57,141].
Although Nsa2 is not released from pre-ribosomes along with Rsa4 [46], Nsa2 is proposed
to have a crucial role in transmitting the mechano-chemical energy generated by the action
of Real on Rsa4, to remodel neighboring rRNA helices [141]. The K*-dependent GTPase
Nog?2 bound at the PTC plays a crucial step in this remodeling event [139]. A GTP-binding
mutant of Nog?2 fails to initiate the removal of Rsa4 by Real. The removal of Nog?2, in turn,
facilitated by Real, requires GTP hydrolysis by Nog2. This scenario illustrates how the
activity of two AFs can be coupled to drive assembly forward. The exit of Nog2 opens up
the binding site for the essential export factor Nmd3, thus preparing pre-ribosomes for
nuclear export. [139,158]. The neighborhood, including the CP and the PTC, is the binding
site for other NTPases such as Dbp10, Nugl, and Nogl [57,142]. Hence, we are only
beginning to understand the dynamic chain of potentially coupled events leading to CP
rotation, PTC maturation, and acquisition of export competence.

In addition, the recent determination of cryo-EM structures and localization of AF-binding
sites by cross-linking with pre-rRNA has provided glimpses into rRNA structural
rearrangement events that occur proximal to ITS2 during late nuclear steps of ribosome
assembly [57,129,140,157]. An overlap between pre-rRNA structures in the Nog2- and
Rix1-assembly intermediates with those for mature rRNA shows that domains I, II, and VI
of 25S rRNA are largely formed prior to late nuclear stages [5,57,129] (data not shown).
However, 25S rRNA domain III, which surrounds the exit of the PET, and domain V of 25S
rRNA, which contains the PTC, are not yet in their final conformations in these
nucleoplasmic pre-ribosomes. The exit of AFs and activity of NTPases, including AAA-
ATPases, facilitate the reorientation of helices to restructure the rRNP. For example, ES19
undergoes a structural transition close to 5.8S rRNA during late nuclear steps, potentially
coinciding with the exit of Nop7, which is positioned between these two structures (Figure
7). In addition, the 5S rRNP is rotated ~180° during late nuclear stages of assembly [140].
These structural changes are thought to be facilitated by the exit of AFs such as Rpf2, Rrsl,
and Rsa4, via the action of the AAA-ATPase Real and the GTPase Nog2 (Figure 6A)
[57,129,139-141].

Nuclear export of pre-60S particles

Pre-60S particles are exported into the cytoplasm through the hydrophobic NPC in a RAN-
GTP-dependent fashion [159,160]. This irreversible step requires the action of multiple AFs,
including Arx1, Albl, Rrp12, Bud20, Nmd3, Mtr2, Mex67, Npl3, Ecml, and Gle2, that bind
to different sites on pre-60S subunits (reviewed in detail in ref. [25]). Interestingly, Nmd3 is
the only essential protein among these 10 export factors in yeast. Although deletion of any
single one of the other nine export factors is not lethal, many double mutant combinations
are lethal. This potentially redundant nature of export factors might be necessary to ensure
efficient export of ~25 pre-ribosomal particles/minute through each NPC in log-phase yeast
cells [9]. The concerted action of these AFs is crucial to prevent misassembled pre-
ribosomes from poisoning the pool of translating 60S ribosomes in the cytoplasm.
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For export of pre-ribosomes through the hydrophobic NPC to occur, three things must
happen: pre-ribosomes must be compacted so that they fit through the NPC, the negatively
charged surface of pre-ribosomes must be shielded, and the pre-ribosomes must productively
dock onto the NPC.

To fit large asymmetric pre-ribosomes into and through the NPC, pre-rRNP composition is
simplified by release of many late nuclear AFs before export [46]. Release of these factors
can also serve as timers to ensure completion of nuclear steps in subunit assembly before
committing to export. For example, the binding site of the AF Nog2 in the PTC
neighborhood overlaps considerably with that of the export factor Nmd3. Thus, release of
Nog2, which is thought to be signaled by completion of late nuclear remodeling events,
allows binding of Nmd3 and timely export [139]. It is possible that rRNA helices that
protrude from pre-60S particles can also block the transit of pre-60S particles through the
NPC. Interaction between Arx1 and the dynamic ES27 is thought to lock ES27 into a more
compact form during late nuclear stages of 60S subunit biogenesis [161].

Compared with the solvent interface, the subunit interface of mature 60S subunits is
relatively devoid of r-proteins (Figure 4D). This is even more true for late nuclear pre-60S
particles, since they lack r-proteins L10, L.24, .29, 140, L42, PO, and P1, which assemble on
the subunit interface after export of pre-ribosomes to the cytoplasm [16]. The absence of
these cytoplasmic r-proteins in nuclear pre-rRNPs further accentuates the electrostatic
barrier presented for export of pre-ribosomes through the NPC. Therefore, multiple AFs that
bind the pre-ribosomes were predicted to facilitate transport of nascent 60S particles out of
the nucleus by shielding the negative charges on the exposed RNA. Indeed, recent cryo-EM
structures demonstrate that export factors, such as Bud20 and Arx1, and AFs, such as Nogl,
Nugl, Nsa2, Rlp24, Tif6, and Mrt4, are distributed across the intersubunit surface (Figure 8)
[57,139,140,161]. Export-competent pre-60S particles are then presented to the NPC by AFs
that specifically interact with export adaptors or FG-rich nucleoporins [162-167].

Cytoplasmic maturation of large ribosomal subunit

The last steps of maturation occur in the cytoplasm and are among the best-defined events in
608 subunit biogenesis. These include formation of the 3"-end of 5.8S rRNA by processing
of 6S pre-rRNA [149,168], release of the few remaining AFs, assembly of several r-proteins
[169], and final proofreading of functional sites (reviewed in ref. [16,24,25]).

Release and recycling of eight different AFs from cytoplasmic pre-ribosomes occur by the
recruitment and activation of the four NTPases Drgl, Ssal, Efl1, and Lsgl, and the
phosphatase Yvhl, coupled with the removal of their respective substrates (Figure 8). Most
notably, the pathway proceeds in an ordered, stepwise fashion, as each step is coupled to the
next. For example, the AAA-ATPase Drgl is recruited and activated by its substrate Rlp24,
whose release is coupled to the subsequent insertion of its homolog r-protein L24 [169-171].
Because L24 lacks the Drgl-recruiting motif found in the Rlp24 ‘placeholder’, it remains
locked into mature ribosomes as a bona fide r-protein. The presence of L24 then enables
Reil to bind and initiate removal of Arx1. Nogl is released together with Rlp24, perhaps
resulting from the interaction of its extended C-terminal tail with Rlp24 [57]. Many other
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AFs, e.g. Nugl and Nsa2, appear to be present in cytoplasmic pre-60S particles [46], but
their mechanism of release has not yet been determined.

Another important theme that emerges from investigations of cytoplasmic maturation is that
functional regions in pre-ribosomes are test-driven or proofread for their proper structure
and function by binding with AFs or r-proteins before the nascent subunits are allowed to
enter the pool of functional ribosomes (reviewed in ref. [16]). Binding of AFs to functional
sites also prevents premature association with the translational machinery. Drgl-mediated
release of Nogl opens up the binding sites for Reil in the PET and Sdol in the P-site
[57,172-174]. Reil is thought to probe the conformational space in the PET, as the addition
of bulky groups to its C-terminal domain affects 60S subunit assembly [172]. The protein
phosphatase Yvhl enables release of Mtr4 from the P-stalk [175,176]. Mtr4 is a homolog of
r-protein P0. Thus, its removal opens up the binding site for PO and the neighboring r-protein
L10, the entry of which facilitates folding of the P-stalk into its mature conformation.
Formation of the mature P-stalk enables recruitment of the GTPase Efl1, resulting in release
of Tif6 and Nmd3 from the GAC (GTPase-activating center) and PTC, respectively. Sdo1
binds the P-site with its N-terminal domain inserted into the PTC and acts as a cofactor for
Efl1 [173,174]. The C-terminal portion of Sdo1 contains dynamic domains II-III, which
potentially scan the conformational maturation of the RNP neighborhood surrounding it.
Mutations in a flexible loop of the r-protein L10 that extends toward the P-site and the PTC
block activation of Efl1 and subsequent release of Nmd3 and Tif6 [69]. Thus, it is concluded
that Efl1 is activated by the P-site loop of L10 and the SRL, which is responsible for the
activation of other GTPases involved in translation. Consequently, Efl1, Tif6, and the SRL
act in concert to test-drive translation—initiation competency before Nmd3 is finally released
from the PTC.

In the cytoplasm, pre-60S subunits are prevented from entering the translation pool by AFs
that provide steric hindrance to the association of translation factors. For example, Arx1
prevents premature association of methionine aminopeptidase, which binds nascent
polypeptides emerging from the ribosome tunnel [161,171]. Release of AFs that bind to the
PET, CP, tRNA accommodation corridor, SRL, P-stalk, and PTC, respectively, are required
to create the binding sites for tRNAs, translation factors, and the 40S subunit.

Prospective

It seems likely that the near future will include many more high-resolution cryo-EM
structures of pre-ribosomes during different stages of assembly. These structures will
provide much more information about RNP interaction networks and how they change
during assembly. Hence, it is likely that these pre-ribosome structures will inspire the
creation of numerous targeted mutations to test the importance of molecular interaction
networks, leading to more extensive and refined models for the dynamic events occurring
during ribosome biogenesis. Although highly impactful, cryo-EM is a complex and an
expensive tool to study the structure of pre-ribosomes. Therefore, an important gap to be
filled is the development of additional facile tools to probe rRNA and rRNP structural
changes during assembly.
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Abbreviations

AF assembly factor

CP central protuberance

CRAC cross-linking and analysis of cDNAs

ES expansion segment

ETS external transcribed spacer

FG repeats phenylanine (F) glycine (G) repeats

GAC GTPase-activating center

ITS internal transcribed spacer

iTRAQ isobaric tag for relative and absolute quantitation

MRP RNase MRP

NPC nuclear pore complex

PET polypeptide exit tunnel

pre-rRNA precursor rRNA

PTC peptidyl transferase center

RNP ribonucleoprotein

r-protein ribosomal protein

rRNA ribosomal RNA

SILAC stable isotope labeling with amino acids in cell culture

snoRNA small nucleolar RNA

snoRNPs small nucleolar ribonucleoproteins

SRL sarcin ricin loop

SWATH sequential window acquisition of all theoretical mass
spectra

TPR tetratricopeptide repeat (a structural motif present in
proteins)
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Figure 1. Structure of the yeast 60S ribosomal subunit
The crystal structure [5] of the yeast 60S subunit is shown with 25S (gray), 5S and 5.8S

rRNAs (black), and r-proteins (blue) viewed from the solvent (left) and subunit interfaces
(right). The conserved rRNA core (gray), eukaryote-specific rRNA expansion segments
(ESs) in 25S rRNA (yellow), and eukaryote-specific r-proteins/extensions (red) are also
indicated (PDB ID: 4V88).
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Figure 2. Pathway of ribosome assembly in S. cerevisiae
Pre-rRNA processing pathway (left). The 35S pre-rRNA transcribed by RNA polymerase I

contains sequences for 18S, 5.8S, and 25S rRNAs, separated and flanked by ITS and ETS.
The processing sites in pre-rRNA are indicated. The spacer sequences are removed from
pre-rTRNAs in a series of endonucleolytic and exonucleolytic events (enzymes shown in
blue). Pre-5S rRNA is transcribed by RNA polymerase III. It is not yet known where in the
cell pre-5S rRNA processing occurs, but assembly with pre-ribosomes occurs in the
nucleolus. Spatial compartmentalization of 60S subunit assembly in S. cerevisiae (right).
Assembly occurs within RNA—protein complexes called pre-ribosomes. The protein
composition of pre-ribosomes is dynamic due to the entry and exit of AFs (red/green) at
specific steps of assembly, and due to pre-rRNA processing. Most r-proteins (blue) associate
with pre-rRNA during very early steps of assembly.
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Figure 3. Functional centers in the large ribosomal subunit
The P-stalk (blue), SRL (red), tRNA accommodation corridor beginning with helices 89 and

91 (yellow) containing the A- and P-sites, and ending with r-protein L42 (purple) at the end

of the E-site, A-site finger (green), and CP containing 5S rRNA (brown) and r-proteins L5
and L11 (pale yellow) are shown. The r-protein L10 (orange-red) is also shown. The subunit
interface is oriented to visualize the PET emerging from the active site in the PTC (PDB ID:
4V88).
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Figure 4. Hierarchical assembly of neighborhoods within 60S subunits
Folding of 60S subunit rRNAs in yeast. The 25S rRNA contains six secondary structure

domains (I-VI) (A), which are compacted along with 5.8S and 5S rRNAs to form the
tertiary structure of rRNA in the 60S subunit (B). For example, 5.8S rRNA base-pairs with
domain I (purple) and is sandwiched between domains I and III (green) of 25S rRNA that
are far apart in the primary sequence of 25S rRNA. (C) Correlation between the location and
the function of ESs in 60S subunit assembly. ESs cluster on the periphery of the 60S subunit
and are required for specific steps of pre-rRNA processing [49]. Deletion of ESs: (1) in the
equatorial belt (blue) affects early steps, (2) in the bottom half (orange) affects middle steps,
and (3) around the CP and ES19 (green) affects late steps of 60S subunit assembly (green).
(D) Correlation between the location and the function of r-proteins. Depletion of r-proteins
in the equatorial belt of the solvent interface affects early (blue) steps of 60S subunit
assembly. Depletion of r-proteins in the bottom half of 60S subunit (orange) and surrounding
the CP and on the subunit interface (green) affects late steps of 60S subunit assembly. Many
r-proteins that bind to the subunit interface (purple) associate with pre-ribosomes in the
cytoplasm. The secondary structure of large subunit rRNA was obtained from
www.ribovision.org (PDB ID: 4V88).
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Figure 5. ‘A3’ AFs localize close to the ITS2 spacer
(A) The ‘A3z’ AFs bind in or close to ITS2 in pre-ribosomes (shown in the cryo-EM structure

of the Nog2-particle) [57]. A cartoon representation of RNA is included at the 5"-end of
5.8S rRNA from which ITS1 emerges. The location of early-acting r-proteins (light blue)
relative to 25S rRNA domains I (light violet) and III (dark green). Colors of AFs correspond
to their colors in the interaction network (right). The ‘A3” AFs bind on or close to the ITS2
spacer. Depletion of A3 AFs strongly diminishes the association of r-proteins L17, L26, L35,
and L37 (red) with 5.8S rRNA (black). (B) The protein—protein interaction network of Az
AFs as inferred from refs [5,48,57,116-119] (PDB ID: 3JCT).
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Figure 6. Localization of AFs on the particles undergoing ITS2 spacer removal
Cryo-EM structure of Nog2 (A) and Rix1 (B) particles representing two late nuclear

intermediates. The Nog?2 particles represent the earlier assembly intermediate in which the
ITS2 spacer has not yet been removed and the 5S rRNP is still in a premature conformation.
In wild-type Rix1 particles, ITS2 is removed and rotation of 5S rRNP is completed. Domain
V of 25S rRNA containing the PTC (yellow), the subunit interface, and the PET of the
pre-60S particles are bound by many AFs that help to construct and inspect the functional
centers [57,129] (PDB IDs: 5FL8, 3JCT).
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Figure 7. Removal of AFs facilitates structural transitions of RNA helices
The exit of Nop7 repositions 25S rRNA ES19 to its mature conformation. Nop7 is

positioned between helices that constitute ES3 and ES19 in Nog?2 particles [57]. The exit of
Nop7 allows mature 60S-like ES3-ES19 contacts [5,57,129] (PDB IDs: 3JCT, 5FL8, 4V88).
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Figure 8. Nuclear export and cytoplasmic maturation of 60S subunits
66S pre-ribosomes that are exported from the nucleoplasm to the cytoplasm are bound to

multiple AFs, which facilitate their transport through the NPC. The cytoplasmic maturation
pathway of 60S subunit maturation prior to entering translation is shown. AFs with known
binding sites on pre-ribosomes are indicated. AFs that function in the nucleus are shuttled
back after release from cytoplasmic assembly intermediates.
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