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Abstract

Ribosomes are essential macromolecular machines responsible for translating

the genetic information encoded in mRNAs into proteins. Ribosomes are com-

posed of ribosomal RNAs and proteins (rRNAs and RPs) and the rRNAs fulfill

both catalytic and architectural functions. Excision of the mature eukaryotic

rRNAs from their precursor transcript is achieved through a complex series of

endoribonucleolytic cleavages and exoribonucleolytic processing steps that are

precisely coordinated with other aspects of ribosome assembly. Many ribonu-

cleases involved in pre-rRNA processing have been identified and pre-rRNA

processing pathways are relatively well defined. However, momentous

advances in cryo-electron microscopy have recently enabled structural snap-

shots of various pre-ribosomal particles from budding yeast (Saccharomyces

cerevisiae) and human cells to be captured and, excitingly, these structures not

only allow pre-rRNAs to be observed before and after cleavage events, but also

enable ribonucleases to be visualized on their target RNAs. These structural

views of pre-rRNA processing in action allow a new layer of understanding of

rRNA maturation and how it is coordinated with other aspects of ribosome

assembly. They illuminate mechanisms of target recognition by the diverse

ribonucleases involved and reveal how the cleavage/processing activities of

these enzymes are regulated. In this review, we discuss the new insights into

pre-rRNA processing gained by structural analyses and the growing under-

standing of the mechanisms of ribonuclease regulation.
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1 | INTRODUCTION

All cellular protein synthesis is mediated by ribosomes, conserved ribonucleoprotein complexes (RNPs) composed of
RNAs and RPs. The rRNAs endow catalytic function through peptide bond formation as well as forming an architectural
scaffold for the complex thus enabling other aspects required for protein production, including tRNA binding and mRNA
decoding. The small subunit (SSU, 40S) of eukaryotic cytosolic ribosomes contains the 18S rRNA, while the large subunit
(LSU, 60S) contains the 25S (yeast)/28S (human), 5.8S, and 5S rRNAs (Anger et al., 2013; Ben-Shem et al., 2011). The 5S
rRNA is independently synthesized by RNA polymerase III and assembled into a 5S RNP complex before recruitment to
pre-60S particles (Ciganda & Williams, 2011; Madru et al., 2015). In contrast, the 18S, 5.8S, and 25S/28S rRNAs are co-
synthesized as a precursor rRNA, termed 35S (budding yeast)/47S (human). Co-synthesis of three of the four rRNAs
ensures equal expression, important for efficient ribosomal subunit production. Within the primary pre-rRNA transcript,
the mature rRNAs are flanked and separated by precursor sequences (50 and 30 external transcribed spacers (50/30 ETS)
and internal transcribed spacers 1 and 2 (ITS1 and ITS2); Figure 1).
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FIGURE 1 Overview of ribonucleases involved in yeast and human pre-rRNA processing. (a,b) Schematic view of full-length pre-rRNA

transcripts from budding yeast (S. cerevisiae) (35S; a) and humans (47S; b) composed of the mature 18S, 5.8S, and 25S/28S rRNAs (black

rectangles) as well as internal and external transcribed spacers (ITS and ETS; black lines). Pre-rRNA cleavage sites are marked by vertical

lines and conventional numbers/letters. Endoribonucleases (scissors) responsible for pre-rRNA cleavage events are marked above the

transcripts and exoribonucleases (Pacmen) involved in processing steps are shown below. Unknown or candidate enzymes are indicated

with “?” and enzymes “captured in action” and discussed in detail in this review are highlighted in red.
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Removal of the precursor sequences is accomplished by a series of endoribonucleolytic cleavages and exo-
ribonucleolytic trimming steps, which take place within large pre-ribosomal particles and are intimately coordinated
with folding and modification of the rRNA as well as assembly of RPs. Compared to direct endoribonucleolytic cleavage
at the mature rRNA ends, the strategy of sequential endoribonucleolytic cleavages coupled to exoribonucleolytic
processing provides opportunities for regulation and quality control of the pathway. On the one hand, the timing of
consecutive endoribonucleolytic cleavages can be controlled relative to other assembly events and on the other hand,
fine-trimming of rRNA ends by exoribonucleases provides a mechanism via which aberrant pre-rRNAs can be effi-
ciently degraded by the processing machinery if subunit assembly is impaired.

Pre-rRNA intermediates present in yeast and human cells are well defined and most pre-rRNA cleavage sites have
been accurately mapped. While some pre-rRNA processing events follow a defined sequential order, there is flexibility
in other cases and alternative pre-rRNA processing pathways are observed. Perturbation of the pathway or changes in
its dynamics, arising, for example, in ribosomopathies and/or different environmental conditions, can lead to alter-
ations in pre-rRNA processing. Many ribonucleases required for pre-rRNA processing have been identified, although
some remain elusive. The yeast and human pre-rRNA processing pathways have been described in detail in several
excellent reviews (Aubert et al., 2018; Bohnsack & Bohnsack, 2019; Henras et al., 2015; Mullineux & Lafontaine, 2012;
Tomecki et al., 2017).

Pre-rRNA processing events are irreversible, committed steps during ribosome assembly and as such, they contrib-
ute to driving the directionality of the pathway toward mature subunit formation. Processing events therefore represent
valuable checkpoints and key assembly milestones often need to be accomplished to achieve processing competence.
Almost all ribonucleases lack inherent target specificity in terms of substrate recognition and catalytic function.
Nucleotide-specific pre-rRNA cleavages therefore require strict regulation of their spatial contexts. Momentous
advances in cryogenic electron microscopy (cryo-EM) in recent years have enabled numerous structural snapshots of
ribosome biogenesis to be captured, providing a wealth of information about pre-ribosome architecture and the factors
involved in the assembly process. Excitingly, these structures enable pre-RNA cleavage sites to be observed, as well as
the conformation of pre-rRNAs before and after processing events have taken place. Furthermore, they have also
enabled various ribonucleases to be visualized together with their pre-rRNA substrates. These structural views provide
a new layer of understanding of pre-rRNA processing that goes beyond the identification of the responsible ribonucle-
ases by providing insights into the spatial and temporal contexts of pre-rRNA processing events and the mechanisms by
which these critical steps in ribosome assembly are regulated.

2 | RIBONUCLEASES INVOLVED IN EUKARYOTIC PRE-rRNA
PROCESSING

The ribonucleases involved in pre-rRNA processing represent a diverse group of enzymes from different families that
employ distinct catalytic mechanisms to process and degrade the pre-rRNA in specific ways (Table 1). Some processing
steps are mediated by stand-alone endo-/exo-ribonucleases, such as the PIN domain endoribonucleases
yUtp24/hUTP24 and yNob1/hNOB1, the 50-30 exoribonucleases yRrp17/hNOL12 and yDxo1, the DEDD family 30-50

exoribonucleases yRex1-3, hERI1 and hISG20L2, and the RNase III-type endoribonuclease yRnt1. Other processing
steps are performed by enzymes that require cofactors, such as the XRN superfamily exoribonuclease yRat1/hXRN2
that is regulated by yRai1/hDOM3Z, or ribonucleases that function in concert with other enzymes, for example,
yLas1/hLAS1L and yGrc3/hGRC3. Several aspects of pre-rRNA processing are accomplished by ribonucleases working
together in the context of the multiprotein RNA exosome complex. One pre-rRNA cleavage event is catalyzed by a ribo-
zyme, RNase MRP. Due to their critical roles during ribosome assembly, perturbations in ribonucleases involved in pre-
rRNA processing are often associated with disease (Table 1). In Sections 2.1 and 2.2, we provide more detailed views on
two complex ribonucleolytic machineries involved in pre-rRNA processing, the RNA exosome and RNase MRP.

2.1 | The RNA exosome

The RNA exosome is a multi-subunit RNA degradation machinery evolved from the bacterial degradosome PNPase that
is involved in the processing and degradation of a wide variety of RNAs, including pre-rRNAs (Gudipati et al., 2012;
Hojka-Osinska et al., 2021; Mitchell et al., 1997; Schneider et al., 2012; Sloan et al., 2012; Szczepi�nska et al., 2015;
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Zinder & Lima, 2017). The core exosome in budding yeast and human cells is composed of nine catalytically inactive
subunits arranged into a hexameric barrel structure with a trimeric cap (Bonneau et al., 2009; Gerlach et al., 2018; Liu
et al., 2006; Makino et al., 2013; Makino et al., 2015).

The dual-function ribonuclease yeast (y)Rrp44 (Table 1) endows the yeast complex with processive 30-50 exo-
ribonucleolytic activity through its RNase II/R catalytic (RNB) domain and endoribonucleolytic activity via its
N-terminal PilT N-terminus (PIN) endoribonuclease domain (Dziembowski et al., 2007; Lebreton et al., 2008; Lorentzen
et al., 2008; Schaeffer et al., 2009; Schneider et al., 2007, 2009). In contrast, the human complex can associate with two
different RNase II/R homologs, human (h)DIS3 or (h)DIS3L1, in the nucleus or cytoplasm, respectively (Staals
et al., 2010; Tomecki et al., 2010). In the nucleus/nucleolus, the Ski2-like RNA helicase yMtr4/hMTR4 associates with
the exosome cap and unwinds structured RNAs substrates directing them as single-stranded RNAs into the central
channel and toward the yRrp44/hDIS3 active site, which is poised at the barrel exit (Bonneau et al., 2009; Jackson
et al., 2010; Schneider & Tollervey, 2013; Schneider & Tollervey, 2014; Weick et al., 2018; Weick & Lima, 2021; Weir
et al., 2010). Substrates can be directed from the channel to either the PIN domain or exoribonuclease active site of
yRrp44/hDIS3 (Delan-Forino et al., 2017; Drazkowska et al., 2013; Han & van Hoof, 2016; Liu et al., 2014; Makino
et al., 2013, 2015; Malet et al., 2010; Schneider et al., 2012), but substrates can also be cleaved by the PIN domain with-
out entering the core complex.

Further catalytic activity is provided to the exosome by the RNase D-like 30-50 exoribonuclease
yRrp6/hEXOSC10 and its cofactors yRrp47/hC1D and yMpp6/hMPP6 (Briggs et al., 1998; Falk et al., 2017;
Milligan et al., 2008; Mitchell et al., 2003; Schilders et al., 2007; Schuch et al., 2014; Wasmuth et al., 2014, 2017;
Weick et al., 2018). yRrp6/hEXOSC10 possess distributive 30-50 exoribonucleolytic activity employed to degrade
substrates that do not pass through the channel of the complex (Das et al., 2021; Januszyk et al., 2011; Makino
et al., 2015).

The exosome not only contributes to pre-rRNA processing, but also associates with a number of nuclear and cyto-
plasmic cofactors to mediate the quality control and degradation of various other transcripts (Sloan et al., 2012; Zinder &
Lima, 2017).

2.2 | RNase MRP

RNase MRP is a multi-subunit RNP that is closely related to, and shares protein components with, the pre-tRNA
processing ribozyme RNase P (Esakova et al., 2013; Esakova & Krasilnikov, 2010; Lan et al., 2020; Perederina
et al., 2020; Walker & Engelke, 2006). Despite displaying weak sequence homology, the RNA components of
RNase MRP and P fold into similar secondary structures, especially with regards to the region corresponding to
the catalytic domain of RNase P, with many of the specific residues pinpointed as important for catalysis being
conserved in RNase MRP. This is highly suggestive of a conserved ribozyme function, with the yNme1/hRMRP
RNAs being the catalytic component of RNase MRP (Li et al., 2004; Walker & Engelke, 2006). RNase MRP is
multifunctional as beside its role in pre-rRNA processing (see below), it also has mRNA targets and is involved in
cyclin-dependent cell cycle regulation and cellular signaling (Chen et al., 2021; Gill et al., 2004; Mattijssen
et al., 2011).

3 | 5 0 ETS PROCESSING AND TURNOVER

In yeast, the 50 ETS is removed in two steps via cleavages at sites A0 and A1, and in humans, in three steps via cleavages
at A0, A0, and A1 (Figures 1 and 2a; Tomecki et al., 2017). Removal of the 50 ETS is a critical early step in ribosome pro-
duction and it has emerged that turnover of the excised pre-rRNA fragments is intertwined with pre-rRNA cleavage
and particle biogenesis. Compositional and structural analyses have enabled a series of initial pre-ribosomal particles
to be defined, based on their pre-rRNA composition: (i) the 50 ETS RNP containing an unprocessed 50 ETS, (ii) the pre-
A1/A1 particle in which cleavage at A0/A0 has occurred, (iii) the pre-A1/A1* particle where the 50-A0/A0-A0 fragment is
degraded and the context for A1/A1 processing is established, (iv) the post-A1/A1 complex where A1/A1 cleavage has
taken place, and (v) various disassembly intermediates in which early assembly factors dissociate and pre-40S particles
are formed (Vanden Broeck & Klinge, 2022).
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3.1 | Cleavage at site A0/A0

Visualization of a 50 ETS RNP from yeast (Hunziker et al., 2019) revealed that helices 7–9 of the 50 ETS, which contain
the A0 cleavage site, lie in a groove between the noncatalytic early ribosome assembly factors ySof1 and yUtp7
(Figure 2b). In this particle, the A0 site is relatively exposed and not directly contacted by any protein, implying that
conformational rearrangements are likely required to bring the cleavage site into contact with the appropriate

(a) (b)

PDB: 6ND45′ ETS
helices 1-8

5′ ETS
helix 9

ySof1

yUtp7

U3 3′

end

RPs and
AFs

18S

A1
A0

(c)

180°

PDB: 7AJU

yMtr4
KOWyUtp18

AIM yExo (9)

5′ ETS
3′ end

18S

yRrp44D551

D91

E120,

D171, D198

(d)

hEXOSC10
C-term

hUTP20

eS4

U3

PDB: 7MQA

A0 18S

5′ ETS

Exosome

A1

yUtp24

5′

5′ - A0

?

5′ end

U3 5′

end

5′ ETS

FIGURE 2 Processing and turnover of the 50 ETS. (a) Schematic view of the yeast 50 ETS. (b) The tertiary structure of a yeast 50 ETS
RNP is shown. PDB: 6ND4. Helices 1–8 of the 50 ETS are shown in pink and helix 9 in red, while a 50 fragment of the 18S rRNA is displayed

in black and the U3 snoRNA in blue. The positions of the A0 and A1 pre-rRNA cleavage sites are indicated. A nonresolved section of the 50

ETS, connecting sites A0 and A1, is indicated by a red dotted line. ySof1 and yUtp7 are shown in cartoon view with a transparent surface in

yellow and teal, respectively and all other proteins present in the complex are shown in blue-white. (c) The structure of a yeast post-A1

particle associated with the exosome is shown. PDB: 7AJU. Key residues in yRrp44 (pink) required for catalysis are highlighted (PIN—D91,

E120, D171, D198 and EXO—D551) and the arch-interacting motif (AIM) of yUtp18 (yellow) and Kyrpides–Ouzounis–Woese (KOW)

domain of yMtr4 (blue) that mediate contacts between the core exosome (yExo 9, teal) and the SSU processome are indicated. Nonresolved

sections of the 50 ETS (red) are indicated by a dotted line. (d) Structure of a human post-A1 particle bound by hEXOSC10 (red) is shown.

PDB: 7MQA. hUTP20 and eS4 are shown in cartoon mode with transparent surfaces in cyan and yellow, respectively. Contacts between

hEXOSC10 and the SSU processome containing the U3 snoRNA (blue) are circled.
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ribonuclease and/or that the responsible ribonuclease associates with such particles weakly or transiently and is lost
during complex isolation.

The A0/A0 endoribonuclease remains elusive. The PIN domain protein yUtp23/hUTP23 was long speculated to per-
form this cleavage and although crosslinking mass spectrometry confirmed its association with the yeast 50 ETS RNP
complex (Chaker-Margot et al., 2015; Hoareau-Aveilla et al., 2012; Wells et al., 2017; Zhang et al., 2016), the degenerate
nature of the PIN domain in yUtp23 (with only two of the four possible active site amino acids present, which can be
mutated without phenotype) indicates that it is not the A0 endoribonuclease (Bleichert et al., 2006; Lu et al., 2013; Wells
et al., 2017).

An intact PIN domain in hUTP23, which contains three of the four possible active site residues, is, however, neces-
sary for processing at site A0 (Wells et al., 2017). Structural analyses of hUTP23-containing 50 ETS RNP particles may
therefore shed light on how site A0 is cleaved in human cells.

3.2 | Exosome-mediated turnover of the 50 ETS

Excitingly, recent structural snapshots of pre-A1/A1 particles from a eukaryotic thermophile, yeast and human cells have
revealed the association of the RNA exosome with these complexes to form processing competent pre-A1/A1* particles
(Chaker-Margot et al., 2017; Du et al., 2020; Kornprobst et al., 2016; Lau et al., 2021; Singh et al., 2021; Sun et al., 2017).
Release of the early assembly factor yLcp5 in yeast or hNGDN in human cells, as well as remodeling of yUtp20/hUTP20
and eS4 in yeast and humans, allow recruitment of the RNA exosome. On the one hand, the exosome docks onto pre-
A1/A1 particles via the arch-interacting motifs (AIMs) of the SSU processome component yUtp18/hTDIF2, which medi-
ates contacts with the Kyrpides–Ouzounis–Woese (KOW) domain of the arch region of the exosome-associated RNA heli-
case yMtr4/hMTR4 (Figure 2c) (Du et al., 2020; Lau et al., 2021; Thoms et al., 2015). On the other hand, the C-terminal
“lasso” region of yRrp6/hEXOSC10 makes contact with yUtp20/hUTP20, sensing the conformation of the yUtp20/
hUTP20-eS4 surface (Figure 2d) (Singh et al., 2021). These two specific contacts that depend on the availability and spe-
cific conformations of the interaction sites ensure accurate positioning of the exosome and its recruitment only to suffi-
ciently mature pre-ribosomal particles in which the key recognition features are correctly assembled.

As anticipated, the structural analyses reveal the exosome to be poised in the vicinity of the A0/A0 cleavage site,
close to the base of the 50 ETS helices 9-90 (Lau et al., 2021). Importantly, the open conformation of yMtr4/hMTR4 upon
pre-ribosome binding situates the 30 end of the 50 ETS-A0/A0 fragment such that it can traverse the RecA-like domains
of the helicase core and be channeled toward the ribonuclease subunits of the exosome (Figure 2c). Visualization of the
50 ETS-A0 fragment in progressively maturing particles supports the exosome-mediated turnover of the excised spacer
fragment as progressive rearrangement and shortening is observed (Du et al., 2020; Lau et al., 2021).

Unwinding of helices 9, 8, and 7 of the 50 ETS-A0 fragment occurs without significant effects on particle structure,
but ongoing processing through helix 6 leads to displacement of specific assembly factors and other conformational
rearrangements, priming the particle for A1 cleavage (see below). Notably, the pre-ribosomal contact sites of the
exosome maintain similar structures even after A1 cleavage has occurred. This implies that partial degradation of the 50

ETS-A0 fragment is sufficient to license A1 cleavage and separation of the remaining 50 ETS sequence from the mature
18S rRNA 50 end to establish the primordial pre-40S particle. Complete degradation of the 50 ETS-A0 fragment by the
RNA exosome occurs after A1 cleavage and induces further displacement of assembly factors binding to the 50 ETS, for
example, yUtp-A/hUTP-A, and leads, ultimately, to disassembly of the SSU processome (Cheng et al., 2020).

Biochemical experiments demonstrate that the A0-A1/A0-A1 fragment released by cleavage at site A1/A1 accumu-
lates in cells lacking yRat1/hXRN2 (Petfalski et al., 1998; Sloan et al., 2014), but thus far, these 50-30 exoribonucleases
have not been captured on disassembling SSU processomes. It is likely that this assembly stage has simply not yet been
captured due to its transient nature, but it is also possible that degradation of the A0-A1/A0-A1 fragment occurs outside
the context of the pre-ribosome when most of the bound assembly factors have dissociated.

3.3 | A1/A1 cleavage by yUtp24/hUTP24

Degradation of the 50 ETS-A0/A0 fragment and pre-rRNA folding chaperoned by the U3 small nucleolar RNP are inti-
mately linked with cleavage at site A1/A1 that forms the mature 50 end of the 18S rRNA and which is carried out by the
PIN domain endoribonuclease yUtp24/hUTP24 (Tomecki et al., 2015; Wells et al., 2016).
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In pre-A1 particles, the 30 end of the 50 ETS and 50 end of the 18S rRNA are held at a distance from hUTP24 through
the specific arrangement of the assembly factors hBMS1, hIMP3, hIMP4, hNOP14, and hC1orf131 (Singh et al., 2021).
hUTP24 is trapped between hIMP3, hPWP2, and hWDR46, and hC1orf131 physically obstructs interactions between
hUTP24 and the pre-rRNA (Figure 3a). Conformational changes arising from the exosome-mediated degradation of the
50 ETS trigger dissociation of hC1orf131 and placement of the 50 end of the 18S rRNA into the active site of the end-
oribonuclease as well as rearrangement of the N-terminal region of hUTP24 to stabilize interactions with the pre-rRNA
allowing cleavage (Figure 3b).

Likewise, the yeast homolog of hC1orf131, yFaf1, is positioned between the 50 ETS and the Box A duplex of the U3
snoRNA, near yImp3 and yImp4, and a linker of yFaf1 occludes access to the active site of yUtp24 in the pre-A1 particle
(Barandun et al., 2017). Unwinding and removal of 50 ETS helix 6 then eliminates the binding sites for yFaf1 (and
yKrr1), liberating the previously constrained Box A and exposing yUtp24 for cleavage (Cheng et al., 2020; Du
et al., 2020). In addition, a “ring opening step,” pulling parts of the 50 ETS out of a clamp between yUtp7/hUTP7 and
yPwp2/hPWP2, is required for A1/A1 cleavage to proceed in both yeast and human cells (Cheng et al., 2020; Du
et al., 2020; Lau et al., 2021; Singh et al., 2021).

While the uncleaved A1 site is �50 Å away from the catalytic center of yUtp24 in the pre-A1 state complex, the for-
mation of a short RNA stem-loop (h1) at the 50 end of the mature 18S rRNA in the post-A1 state suggests that A1

(a)

(b)

Pre-A1 PDB: 7MQ8

hUTP24
PIN

5′ ETS 3′ end

hC1orf131

D72 E109
D142,
D161

U3 5′

18S 5′ end

18S

hBMS1
hIMP3

5′ ETS

hUTP24
N-term

hC1orf131

180°

hUTP24

5′ ETS

hBMS1

hIMP3

18S

hC1orf131

U3 5′

180°

5′ ETS

hBMS1

hUTP24
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18S

Post-A1 PDB: 7MQA

18S
5′ end

hUTP24
N-term

hUTP24
PIN

U3
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D142

D161

hIMP3

hBMS1
5′ ETS

FIGURE 3 Conformations of hUTP24 in pre- and post-A1 particles. (a) Tertiary structure of a human pre-A1 particle (PDB: 7MQ8) in

which hUTP24 (teal) is in an extended conformation where the PIN domain (D72, E109, D142, D161 catalytic residues marked in red) is

sterically blocked by the presence of hC1orf131 (purple). The 50 end of the 18S rRNA (black) (site A1) is held away from hUTP24 by hBMS1

(yellow) and hIMP3 (blue). A nonresolved section of the 50 ETS, connecting sites A0 and A1, is indicated by a red dotted line. An overview

(left) and a magnified view (right) are shown as mirror images to maximize visibility of features of interest. (b) Tertiary structure of a human

post-A1 particle (PDB: 7MQA) where hC1orf131 has dissociated and hBMS1 (yellow), the U3 snoRNA (blue) and hIMP3 (blue) are

rearranged to bring the 50 end of the 18S rRNA (black) close to the hUTP24 (teal) PIN domain. hUTP24 has also undergone structural

rearrangements such that the N-terminal region forms a lid facilitating capture/cleavage of site A1. An overview (left) and a magnified view

(right) are shown as mirror images to maximize visibility of features of interest.

12 of 29 SCHNEIDER AND BOHNSACK

 17577012, 2023, 4, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
rna.1766 by G

eorg-A
ugust-U

niversitaet, W
iley O

nline L
ibrary on [20/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.rcsb.org/structure/7MQ8
https://www.rcsb.org/structure/7MQA


cleavage is initiated by relocation of the pre-18S rRNA substrate rather than by movement of yUtp24 toward the cleav-
age site (Cheng et al., 2020). In this context, it is important to note that yUtp24/hUTP24 remains associated with
post-A1/A1 complexes and various disassembly intermediates, including the yeast Dis-C complex which predominantly
contains the 20S intermediate that has undergone cleavage at site A2 in ITS1. While yUtp24 appears to be dislodged in
Dis-B complexes after A1 cleavage, it is still tethered to the pre-ribosome potentially allowing it to access the A2 cleav-
age site in ITS1 (Cheng et al., 2020). These data support the longstanding idea that processing at sites A1/A1 at the 50

end of 18S and A2/2a(E) in ITS1 is coupled and performed by the same enzyme (Bleichert et al., 2006; Wells
et al., 2016).

Furthermore, yUtp24 also appears to be critical in the elimination of unprocessed particles and in consequence,
recycling of assembly factors, for example when early cleavages within the SSU processome are impaired. In this
instance, yUtp24 turns from a processing enzyme into a bona fide quality control factor that cleaves pre-18S intermedi-
ates within the mature sequence of the 18S rRNA to initiate turnover of the aberrant pre-40S pre-ribosomal particles
(Choque et al., 2018).

4 | ITS1 PROCESSING

In budding yeast, the major ITS1 cleavage occurs at the proximal site A2, separating SSU and LSU pre-rRNA processing
pathways. Cleavage at the distal ITS1 site, A3, enables LSU maturation via 50-30 exoribonucleolytic processing to pro-
duce the 5.8SS isoform and disruption of this cleavage event leads to an alternative pre-rRNA processing pathway
involving another endoribonucleolytic cleavage that generates 5.8SL (Henras et al., 2015). Cleavage at site A3, is not
required for normal SSU maturation, which is concluded by a single endoribonucleolytic cleavage at site D to generate
the 30 end of the mature 18S rRNA. In contrast, the major pre-rRNA processing pathway in human cells appears to
favor a primary cleavage at the distal ITS1 site, 2, followed by 30-50 exoribonucleolytic processing from site 2 and final
endoribonucleolytic cleavages at sites 2a/E and 3 to complete 18S 30 end maturation (Henras et al., 2015; Mullineux &
Lafontaine, 2012; Tomecki et al., 2017). While cleavage at the proximal ITS1 site has not been captured yet, cleavage at
site A3 in yeast has been visualized (Lan et al., 2020; Perederina et al., 2020) and structures of late pre-40S particles from
yeast and human cells give new insights into the final steps of 18S rRNA 30 end maturation (Vanden Broeck &
Klinge, 2022).

4.1 | Processing at A2/2a(E)

Both yUtp24/hUTP24 and yRcl1 have been postulated to be the enzyme responsible for the proximal cleavage site in
ITS1, A2/2a(E), which is the main cleavage event that separates the assembly pathways of the small and large ribosomal
subunits in yeast (Horn et al., 2011; Wells et al., 2016). Notably, yUtp24/hUTP24 is still detected in post-A1/A1 particles
(see above), implying that A1/A1 cleavage and ribonuclease dissociation are not directly linked. It is anticipated there-
fore that through additional particle rearrangements upon release of the U3 snoRNA, the active site of yUtp24/hUTP24
(or yRcl1/hRCL1) may be brought into contact with the A2/2a(E) cleavage site. Although a plethora of structures of
later pre-40S particles containing the 20S (yeast)/18SE (human) pre-rRNAs are available, none containing ITS1 with an
uncleaved site A2/2a(E) have been resolved, leaving this early stage of pre-40S maturation something of a “black box,”
and knowledge on how site A2/2a(E) cleavage is achieved and regulated is limited.

4.2 | RNase MRP-mediated cleavage of site A3

A conserved machinery, RNase MRP, is responsible for site A3/2 cleavage, which provides entry points for exo-
ribonucleolytic processing in yeast and humans. RNase MRP is one of the few ribonucleolytic ribozymes in eukaryotes,
raising the question why RNA-catalyzed pre-rRNA cleavage is preferred and has been maintained throughout evolu-
tion. While RNase MRP is yet to be visualized on pre-ribosomal particles, recent cryo-EM structures of yeast RNase
MRP, one of them in complex with its ITS1 target site, have provided important insights into how this holoenzyme rec-
ognizes its specific target site within such complexes (Lan et al., 2020; Perederina et al., 2020).
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The overall architecture of yeast RNase MRP (Figure 4a) is similar to its well-known counterpart RNase P, and both
complexes appear to employ common mechanisms to nonspecifically bind 50 of the cleavage site, for example base stac-
king between the substrate and the catalytic RNAs or electrostatic interactions of the substrate with shared protein
components, like yPop5. However, due to unique auxiliary elements in the RNase MRP catalytic RNA yNme1, together
with RNA-driven remodeling of several RNase MRP proteins, the substrate binding pockets of RNase MRP and RNase
P are substantially different (Perederina et al., 2020). As a consequence, RNase MRP has acquired the ability to recog-
nize a weak sequence motif, whereas RNase P solely relies on RNA secondary structural elements to target its pre-tRNA
substrates (Lan et al., 2020).

The ITS1 region surrounding the A3 cleavage site forms an extensive interface with the RNA component of RNase
MRP with numerous intermolecular base stacking events stabilizing substrate interactions. While, like in RNase P,
these connections are predominantly formed with the ITS1 backbone rendering them nonsequence specific, substrate
specificity is endowed by the particular arrangement of protein components of RNase MRP that recognize two cytidines
located at positions two and four downstream of the cleavage site (Figure 4b). First, arginine 28 (R28) of yPop4 forms
“Pseudo-Watson-Crick” base pairs with the cytidine two nucleotides downstream of the RNase MRP target site by coor-
dinating two electrostatic interactions (Figure 4c). In contrast, the cytidine four nucleotides downstream of the A3

cleavage site is flipped out and forms stacking interactions with arginine 24 (R24) and histidine 103 (H103) of yRmp1
and yPop1, respectively (Figure 4d). The nature of the interactions of these two ITS1 nucleotides strongly favors the
presence of cytidines at these positions as well as the presence of purines at positions one and three downstream of the
cleavage site. The identification of this sequence recognition motif rationalizes how the specific cleavage site of RNase
MRP is defined within the local ITS1 region, but how RNase MRP is recruited to pre-60S particles and how the timing
of this cleavage event is regulated, remain to be resolved.

FIGURE 4 RNase MRP-mediated cleavage of site A3 in ITS1. (a) The tertiary structure of yeast RNase MRP with a 12 nucleotide

fragment of the ITS1 RNA encompassing the A3 cleavage site and key downstream features is shown. PDB: 7C7A. The RNA component

(yNme1) of RNase MRP is shown in gray and the ITS1 RNA fragment is red with the A3 cleavage site indicated. yPop4, yPop1, and yRmp1,

which contain key target recognition elements, are shown in purple, yellow and teal, respectively, while all other protein components of

RNase MRP are depicted in blue-white. Cartoon mode is used as well as a transparent surface view. (b) Schematic view of the yeast ITS1

with the proximal and distal cleavage sites marked. The sequence context of the A3 cleavage site within the ITS1 fragment visualized in (a) is

shown. (c) Magnified view of Pseudo–Watson–Crick base-pairing between R28 of yPop4 (purple) and the cytidine two nucleotides

downstream of the A3 cleavage site (C + 2). (d) Magnified view of stacking interactions between H103 of yPop1 (yellow), R24 of yRmp1

(teal) and the cytidine four nucleotides downstream of the A3 cleavage site (C + 4).
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In line with the weak recognition motif, it has been suggested that RNase MRP may mediate additional, earlier pre-
rRNA cleavage events alongside processing its major target site at A3/2. First, depletion of RNase MRP leads to accumu-
lation of the 35S and 41S pre-rRNAs in yeast and humans, respectively, and in vitro cleavage of ITS1 substrates with
RNase MRP isolated from human cells has led to the formation of additional products (Goldfarb & Cech, 2017; Lindahl
et al., 2009). Moreover, RNase MRP-dependent changes in the ratio of yeast 5.8S rRNA isoforms, traditionally attributed
to the use or bypass of A3 cleavage, were found to also occur when the A3 cleavage site is deleted (Li et al., 2021).

4.3 | 18S 30 end maturation

In both yeast and human cells, cleavage at the 30 end of the 18S rRNA at site D/3 by yNob1/hNOB1 is one of the final
maturation events during 40S biogenesis that generates translation-competent subunits (Fatica et al., 2003, 2004;
Pertschy et al., 2009; Preti et al., 2013; Sloan et al., 2013). In yeast, this important cleavage event is coupled to formation
of 80S-like particles and a translation-like cycle that is thought to serve a proof-reading function (Belhabich-Baumas
et al., 2017; Lebaron et al., 2012; Rai et al., 2021; Strunk et al., 2012).

Interestingly, yNob1/hNOB1 joins pre-40S particles already in the nucleolus but its catalytic action is tightly regu-
lated until other maturation events have been successfully completed and the pre-rRNA is licensed for cleavage. In pre-
D/3 complexes, the partner of yNob1/hNOB1, yPno1/hPNO1, which forms extensive interactions with the C-terminal
region of yNob1/hNOB1 via a groove between its tandem KH domains, plays a pivotal role in holding helix 28 and heli-
ces 44/45 of the 18S pre-rRNA in immature conformations. In addition, the KH domains of yPno1/hPNO1 and a patch
of positively charged residues within the C-terminal region of yNob1/hNOB1 directly bind the 30 end of the 18S rRNA
and the 50 end of ITS1 (Ameismeier et al., 2018; Ameismeier et al., 2020; Heuer et al., 2017; Scaiola et al., 2018).

These protein–protein and protein-RNA interactions hold the site D/3 cleavage site at a considerable distance
(�30 Å) from the active site of yNob1/hNOB1, thus preventing cleavage from taking place (Figure 5a). Export of late
pre-40S particles to the cytoplasm and further structural remodeling in the cytoplasm is accompanied by the progressive
shedding of assembly factors (Cerezo et al., 2019; Hector et al., 2014; Mitterer et al., 2019; Shayan et al., 2020). Release
of yTsr1/hTSR1 and yLtv1/hLTV1 initiates pre-rRNA rearrangements that bring helices 28, 44, and 45 of the 18S rRNA
into their final orientations enabling recruitment of yRio1/hRIOK1. The overlapping positions of the flexible loop

PDB: 6ZXF - pre-3*PDB: 6ZXE - pre-3

(a) (b)hNOB1
PIN

hPNO1

18S
ITS1

D10

E36
D83

D238

Zn2+

hNOB1
ZNF

PI

ITS

hNOB1

hPNO1

18S

ITS1

Site 3

hNOB1

18S

ITS1

hNOB1
PIN

18S

ITS1

N10

E36

D83D238 Zn2+

hNOB1
ZNF

Site 3

FIGURE 5 Conformational rearrangements allowing cleavage of the 30 end of the 18S rRNA by hNOB1. (a) Tertiary structure of a

human cytoplasmic pre-SSU particle (PDB: 6ZXE), in which hPNO1 (yellow) sterically occludes the 18S rRNA 30 end (gray)-ITS1 (red)

junction (site 3). hNOB1 (teal) is bound in an open conformation in which the zinc finger domain (ZNF) is proximal to the 18S rRNA, but

the catalytic PIN domain (D10, E36, D83, and D238 catalytic residues marked in purple) is distant. By analogy to nomenclature adopted for

structural snapshots of particles, this state is termed pre-3. An overview (left) and a magnified view of hNOB1 and hPNO1 (right) are shown.

(b) Tertiary structure of a human cytoplasmic pre-SSU particle containing catalytically inactive hNOB1 (D10N; PDB: 6ZXF), where hNOB1

(teal) has undergone a substantial rearrangement such that the PIN domain (N10, E36, D83, D238 catalytic residues marked in purple)

contacts the 18S rRNA 30 end (gray)-ITS1 (red) junction (site 3). By analogy to nomenclature adopted for structural snapshots of particles,

this state is termed pre-3*. An overview (right) and a magnified view of hNOB1 on its pre-rRNA substrate (left) are shown.
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of yRio1/hRIOK1 and the C-terminal region of yPno1/hPNO1 indicate that these events trigger the release of
yPno1/hPNO1, which is also supported by biochemical evidence (Ameismeier et al., 2020; Plassart et al., 2021;
Turowski et al., 2014).

Pre-40S particles lacking yPno1/hPNO1, but containing yNob1/hNOB1, have only been captured by impeding the
catalytic activity of yNob1/hNOB1, suggesting that upon yPno1/hPNO1 dissociation, yNob1/hNOB1 rapidly exerts site
D/3 cleavage and dissociates. Release of hPNO1 enables the catalytically inactive hNOB1 (D10N) mutant to dramati-
cally change its conformation such that the PIN domain rotates relative to its zinc-finger (ZNF) domain that mediates
contacts with the 18S pre-rRNA. Concurrently, the 18S rRNA 30 end-ITS1 junction is repositioned so that site 3 lies
within the catalytic site of the hNOB1-D10N PIN domain (Figure 5b) (Ameismeier et al., 2018, 2020). In its active con-
formation, yNob1 has been shown to form extensive interactions with nucleotides at the 50 end of ITS1 leading to the
suggestion that yNob1/hNOB1 dissociates from pre-40S complexes together with the cleaved pre-rRNA fragment
(Lamanna & Karbstein, 2009; Turowski et al., 2014).

4.4 | ITS2 processing

Removal of ITS2 that separates the 5.8S and 25S/28S rRNAs is initiated by a central endoribonucleolytic cleavage at site
C2/4. This cleavage provides an entry point for exoribonucleolytic processing enzymes to generate the mature 50 and 30

ends of the 25S/28S and 5.8S rRNAs, respectively (Figure 6a) (Bohnsack & Bohnsack, 2019; Tomecki et al., 2017).

4.5 | Endoribonucleolytic cleavage of C2/4 and maturation of the 50 end of the 25S rRNA

In yeast, C2 cleavage and maturation of the 50 end of the 25S rRNA take place via a multi-step process involving the
HEPN domain-containing endoribonuclease yLas1, the polynucleotide kinase yGrc3, the 50-30 exoribonuclease yRat1
and its cofactor yRai1 as well as yDxo1 (Castle et al., 2010, 2013; Fromm et al., 2017; Gasse et al., 2015; Hurtig & van
Hoof, 2022; Pillon et al., 2017). These different enzymes work in concert to generate the mature 50 end of the 25S rRNA
and provide a substrate for processing to generate the 30 end of the 5.8S rRNA. All these proteins have human homo-
logs, and lack of hLAS1L impairs ITS2 processing and hXRN2 is known to be involved in forming the 50 end of the 28S
rRNA suggesting that the complex and processing mechanism are likely conserved to humans (Castle et al., 2012; Preti
et al., 2013; Schillewaert et al., 2012; Sloan et al., 2013; Tafforeau et al., 2013).

A recent cryo-EM structure of the Las1-Grc3 module from Chaetomium thermophilum provides insights into how a
complex, also referred to as “RNase PNK,” recognizes and processes its ITS2 target (Figure 6b; Pillon et al., 2019). Simi-
lar to other HEPN nucleases, dimerization of cLas1 is necessary for catalytic activity and in this case, each cLas1 mole-
cule is flanked by a cGrc3 molecule giving rise to an RNase PNK tetramer with a butterfly-like architecture in which
the cLas1 dimer forms the body and the cGrc3's are the wings. Although present, RNA was not visualized in the struc-
tural analyses, likely due to efficient cleavage and dissociation. Positively charged RNA-binding grooves that can
accommodate single- or double-stranded RNAs lie between the body and wing structures (Figure 6b), but only one
RNA is bound asymmetrically at a given time. The RNA substrate is directed toward the ribonuclease active site in the
“head” region of cLas1 and a noncatalytic, evolutionarily conserved histidine residue (H142) functions as a switch, reg-
ulating ribonuclease activity. After cleavage at the C2 site, which generates a 5.8S rRNA precursor (7S) with a 20, 30

cyclic phosphate at the 30 end and a 25S rRNA precursor (26S) with a 50 hydroxyl group (Figure 6c; Gasse et al., 2015),
the RNA is directed toward one of the distal kinase active sites in the cGrc3 wing. The precise route of the RNA remains
unknown; either it remains in the same RNA-binding channel and rotates toward the kinase active site on the adjacent
wing, or it traverses the complex to reach the active site on the other wing. ATP-dependent mono-phosphorylation of
the 26S pre-rRNA 50 end then renders it an appropriate substrate of 50-30 exoribonucleolytic trimming by yRat1
(Figure 6c). In contrast to related endoribonucleases, the active site of yRat1 resembles a cleft, enabling it to function
exclusively as an exoribonuclease (Xiang et al., 2009). The catalytic center of Xrn2 from C. thermophilum is dynamic
and adopts an active conformation upon binding RNA and magnesium (Overbeck et al., 2022). Furthermore, yRat1
activity is stimulated by the presence of yRai1, a cofactor protein that functions by stabilizing the exoribonuclease
rather than directly influencing the conformation of the active site (Xiang et al., 2009). Structural analysis of the related
50-30 exoribonuclease hXRN1 together with an RNA substrate rationalizes the preference of yRat1 for RNAs with a 50

phosphate; the 50 nucleotide of the substrate is stacked between aromatic side chains and the negatively charged
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phosphate group is embedded within a highly basic pocket characteristic of XRN family ribonucleases (Jinek
et al., 2011). After removal of the majority of the 30 ITS2 sequence by the processive activity of yRat1, final maturation
of the 50 end of the 25S rRNA is accomplished by the distributive exoribonuclease yDxo1 (Hurtig & van Hoof, 2022).
The sequential action of a processive and a distributive exoribonuclease draws parallels to the mechanism of substrate
processing by the exosome-associated yRrp44/hDIS3 and yRrp6/hEXOSC10 ribonucleases, suggesting that it may be a
common mechanism for the precise generation of mature RNA ends.

The functions of yLas1-yGrc3 and yRat1-yRai1 are closely coordinated and the four proteins can be efficiently co-
enriched from yeast, but it remains unknown if they directly interact, and how the RNA substrate is passed from the
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FIGURE 6 Processing of ITS2 by the RNase PNK complex. (a) Schematic view of yeast ITS2 processing by the endoribonuclease-kinase

complex yLas1-yGrc3 to generate the 7S and 26S pre-rRNA intermediates that are further processed by yRrp44, yRat1/yRai1 and yDxo1,

respectively. (b) Tertiary structure of the RNase PNK complex from Chaetomium thermophilum composed of two cLas1 (light orange and

teal) and two cGrc3 (purple and dark blue) molecules joined by cLas1 dimerization (PDB: 6OF3). The catalytic sites of cLas1 (ribonuclease)

are marked in red and the kinase sites of cGrc3 (PNK) are highlighted in cyan. Bound ATP is shown in green and the mutually exclusive

RNA-binding channels are indicated. (c) Chemical structure of the yeast C2 cleavage site and the nucleotide derivatives. Yeast ribonucleases

and the kinase involved are marked in red. (d) Cryo-EM structure of a yeast pre-LSU particle purified via yNop53 (PDB: 6YLY) is shown

with the 25S, 5.8S, and 5S rRNA in dark gray and ITS2 fragments in red. LSU RPs and assembly factors are shown in cartoon mode with a

transparent surface in blue-white except yCic1 in dark blue. In the magnified view, the nonvisualized region of ITS2 containing the C2

cleavage site is shown as a dotted red line with key nucleotides indicated. The nonresolved C-terminal region of yCic1 containing the amino

acids crosslinked to yGrc3 (orange star) is shown as a blue dotted line within a transparent bubble.
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active site of yGrc3 to yRat1 (Gasse et al., 2015). yLas1, yGrc3, yRat1, and yRai1 have not yet been visualized on pre-60S
particles purified from yeast, however, structural views of ITS2-containing pre-60S complexes demonstrate that ITS2,
together with associated factors yCic1, yNop15, yRlp7, yNop7, and yNop53, constitutes a prominent “foot” structure on
the base of these particles (Fromm et al., 2017). A recent crosslinking mass spectrometry approach applied to a spec-
trum of pre-60S particles (Sailer et al., 2022) revealed that yGrc3, likely in complex with yLas1, is co-recruited to nucleo-
plasmic complexes with the yRea1 AAA-ATPase-yRix1 complex and that yGrc3 directly interacts with the C-terminal
region of yCic1, an assembly factor that binds ITS2 and is located in the foot structure (Figure 6d; Granneman
et al., 2011; Kater et al., 2020; Wu et al., 2017). This provides evidence of the physical proximity of yLas1-yGrc3 with its
substrate RNA in the context of a yeast pre-60S particle. Furthermore, yRix1-yRea1-containing pre-60S particles both
with and without an ITS2-containing foot structure have been observed (Kater et al., 2020), consistent with the action
of yLas1-yGrc3-yRat1-yRai1 in ITS2 processing and degradation in these complexes.

4.6 | Maturation of the 30 end of the 5.8S rRNA

Following site C2/4 cleavage by yLas1/hLAS1L, formation of the mature 30 end of the 5.8S rRNA is a multistep process
spanning the nucleoplasm and cytosol. Biochemical experiments have demonstrated the requirement of the RNA
exosome and yRrp44/hDIS3 for generating the 5.8S + 30/5.8S + 40 intermediates that are then further processed to 6S
by yRrp6/hEXOSC10 (Figure 7a; Briggs et al., 1998; Davidson et al., 2019; Lebreton et al., 2008; Schaeffer et al., 2009;
Schneider et al., 2009; Tafforeau et al., 2013; Tomecki et al., 2010, 2017). Finally, in the cytosol, the remaining nucleo-
tides of ITS2 are removed by yNgl2 in yeast or mERI1 in mammalian cells (Ansel et al., 2008; Faber et al., 2002; Pirouz
et al., 2019; Thomson & Tollervey, 2010).

Excitingly, the nucleoplasmic steps in this process have recently been illuminated by a structure of a late yeast pre-
60S particle associated with the exosome (Figure 7b). To capture these snapshots, processing of ITS2 was stalled by
expression of a catalytically inactive version of yRrp6, leading to a pre-60S particle associated with the complete
exosome complex and the 5.8S + 30 pre-rRNA. Compared to 7S pre-rRNA-containing particles, these structures reveal
a substantially reorganized “foot” region, consistent with the observation that 50-30 processing of the 26S pre-rRNA to
25S0 by yRat1-yRai occurs prior to 7S processing and that, in the captured particles, 7S is in the process of being
degraded (Fromm et al., 2017).

Similar to the association of the exosome with pre-A1 particles (see above), yMtr4 serves as a key contact point
anchoring the exosome to its substrate complex (Schuller et al., 2018). The yMtr4 KOW domain within the arch con-
tacts helices 15–16 in domain I of the 25S RNA (Figure 7c) and the AIM of yNop53, a 5.8S pre-rRNA binding protein
previously characterized as an adaptor for the exosome (Lingaraju, Johnsen, et al., 2019; Schuller et al., 2018; Thoms
et al., 2015; Thomson & Tollervey, 2005). yMtr4 also contacts domain V of the 25S rRNA, filling space previously occu-
pied by the ITS2 region that has been trimmed and now lies within the central channel of the exosome. The 20, 30-cyclic
phosphate left on the 30 end of 7S by yLas1 likely cannot be accommodated in the yRrp6 active site (Lingaraju, Schuller,
et al., 2019), ensuring that the RNA substrate is directed through the channel toward yRrp44, which is able to process
RNAs with such ends (Zinder et al., 2016).

Reconstitution of ITS2 processing has demonstrated the requirement of both the exoribonuclease and PIN domains
of yRrp44 for 7S processing. The path through the central channel of the yeast exosome also containing yMtr4 in a
relaxed conformation shields approximately 40 nucleotides, but it is proposed that compaction of the yMtr4-associated
exosome complex due to the force exerted by the large pre-60S complex allows further trimming to within 30 nucleo-
tides of the 30 end of the 5.8S rRNA. It is then proposed that the pressure leads to expulsion of the 30 end of the
5.8S + 30 pre-rRNA, carrying a 30 hydroxyl group, from the exosome core channel. In agreement with in vivo
crosslinking data following the path of substrates through the exosome (Delan-Forino et al., 2017; Schneider
et al., 2012; Schneider & Tollervey, 2014), this would enable further processing by yRrp6 until the 6S pre-RNA con-
taining approximately six nucleotides of ITS2 is formed, with the final ITS2 nucleotides likely protected from processing
within the yMtr4 helicase that sterically blocks yRrp6. This model implies that the exosome complex does not automati-
cally dissociate when processing of its substrate is complete, leaving open the question of what triggers release of the
exosome prior to nuclear export of the pre-60S particles.
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5 | CONCLUSION

Ribonucleases are key machineries mediating the processing and turnover of coding and noncoding RNAs. The new-
found possibility to visualize ribonucleases together with substrate RNPs has allowed a wealth of new insights into
how they identify targets and how their activities are regulated. Structural analyses of the Ski2-associated exosome
and the major cytosolic 50-30 exoribonuclease Xrn1 in complex with mature ribosomes, purified from yeast and
human cells, has illuminated mechanistic details of cytoplasmic mRNA decay (Kögel et al., 2022; Tesina et al., 2019).
The parallel structure-driven insights into pre-rRNA processing events and the ribonucleases that perform them has
similarly allowed a new layer of understanding of how this process is regulated. A common theme that emerges is
the carefully choreographed recruitment and positioning of ribonucleases within pre-ribosomal particles. Correct
assembly of appropriate binding platforms is often a pre-requisite for their recruitment, and even when bound to pre-
ribosomal particles, extensive remodeling events associated with particle maturation are often necessary to bring
them into contact with their pre-rRNA cleavage sites. Understanding the precise interactions of ribonucleases, both
with neighboring proteins and also with their RNA substrates, is a key step toward understanding how they achieve
target specificity.

While some ribonucleases required for pre-rRNA processing remain to be identified, a number of enzymes
known to function in the pathway are yet to be captured on their pre-ribosomal subunits by structural analyses,
despite the myriad of pre-ribosomal structures already available. For example, 50-30 exoribonucleolytic processing
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FIGURE 7 Processing towards the 30 end of the 5.8S rRNA by the RNA exosome and co-factors. (a) Schematic view of the step-wise

maturation of the 30 end of the 5.8S rRNA in yeast following C2 cleavage in ITS2. The 7S and 5.8S + 30 pre-rRNA intermediates are shown

schematically and the enzymes responsible for their processing are indicated. (b) Cryo-EM structures of the yeast exosome 14 complex (PDB:

6FSZ), containing the core exosome (yExo9, teal), yRrp44 (pink), yRrp6 (red), yMtr4 (blue), and other co-factors, and a pre-LSU particle

purified via yNop53 (PDB: 6FT6), where the exosome is stalled on a 5.8S + 30 intermediate by expression of catalytically inactive yRrp6.

(c) Magnified view of the model of the complete exosome 14 complex bound to the 5.8S + 30-containing pre-60S particle. The 25S and 5S

rRNAs are shown in gray, the 5.8S rRNA in black and the ITS2 fragment in red. The exosome 14 complex subunits are colored as described

in panel b and shown in cartoon mode with a transparent surface view. Key contacts and catalytic domains/features are marked.
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and excised spacer fragment turnover by yRat1/hXRN2 and endoribonucleolytic cleavage of the 30 ETS or the proxi-
mal ITS1 site A2/2a(E) have not yet been observed. In some cases, the failure to capture these structural snapshots
likely reflects the transient, and potentially dynamic, nature of the interactions these enzymes make with their
substrates.

This suggests that dedicated approaches to capture specific pre-rRNA processing stages or visualize particular ribo-
nucleases in action are likely required to gain a more comprehensive overview. The strategy of enriching particles asso-
ciated with ribonucleases was successfully employed for structural analyses of 50 ETS and ITS2 processing by the yeast
exosome (Lau et al., 2021; Schuller et al., 2018). Furthermore, the expression of catalytically inactive versions of ribonu-
cleases allowed to capture the final 18S rRNA processing step by human NOB1, and the yeast exosome in action during
5.8S 30 end maturation (Ameismeier et al., 2020; Schuller et al., 2018).

Applying such targeted approaches to other ribonucleases involved in pre-rRNA processing may enable currently
“invisible” aspects of pre-rRNA processing to be illuminated. The insights gained by current structural analyses of ribo-
nucleases in action on pre-ribosomes highlight the major advantage that the recent developments in particle-sorting
during cryo-EM data analysis offer; the fact that the mixed population of complexes enriched in a single purification
can be dissected into a series of maturing particles adds greatly to elucidating the series of events that regulate ribonu-
cleases in immature particles and the steps that ultimately lead to their activation. The revolution in protein folding
prediction (Jumper et al., 2021; Tunyasuvunakool et al., 2021) will likely facilitate future analyses, either by aiding den-
sity assignments during cryo-EM analyses or by driving (predicted) structure-based biochemical analyses of target rec-
ognition/specificity.

An interesting facet of pre-rRNA processing in eukaryotes is the utilization of alternative pre-rRNA processing path-
ways where either the same processing events take place in different order or where specific processing steps are
bypassed and alternative routes are taken. Gaining insights through structural analyses into how the events involving
ribonucleases are regulated holds the possibility to reveal what influences the preferential usage of one pathway over
another. Also, knowledge on the mechanisms that regulate ribonucleases within pre-ribosomal particles potentially
opens the door to understanding more about the dysregulation of pre-rRNA processing in disease and how ribosome
assembly can be adapted in different conditions.
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