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Abstract

The small subunit processome is the first precursor of the small eukaryotic ribosomal subunit.
During its assembly in the nucleolus, many ribosome biogenesis factors, an RNA chaperone, and
ribosomal proteins associate with the nascent pre-rRNA. Biochemical studies have elucidated the
rRNA-subdomain dependent recruitment of these factors during SSU processome assembly and
have been complemented by structural studies of the assembled particle. Ribosome biogenesis
factors encapsulate and guide subdomains of pre-ribosomal RNA in distinct compartments. This
prevents uncoordinated maturation and enables processing of regions not accessible in the mature
subunit. By sequentially reducing conformational freedom, flexible proteins facilitate the
incorporation of dynamic subcomplexes into a globular particle. Large rearrangements within the
SSU processome are required for compaction into the mature small ribosomal subunit.
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Introduction

The synthesis and maturation of eukaryotic ribosomal subunits is an intricate,
multidimensional and energy-consuming process involving a large set of small nucleolar
RNAs (snoRNAS), more than 200 conserved assembly factors and all three RNA
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polymerases [1]. RNA polymerase Il generates mRNAs of ribosomal proteins and ribosome
assembly factors whereas RNA polymerases | and 111 transcribe ribosomal RNA (rRNA)
precursors from 100-200 rDNA loci. In yeast, RNA polymerase | synthesizes an initial 35S
pre-rRNA transcript, which contains rRNA of the small subunit (SSU; 18S RNA) as well as
the large subunit (LSU; 5.8S and 25S RNA) separated by several external and internal
transcribed spacers (5" ETS, ITS1, ITS2, 3" ETS). Cleavage events within ITS1 (at sites A2
or A3) separate the precursors of the small and large ribosomal subunit. While co-
transcriptional processing of the 35S pre-rRNA is associated with RNA cleavage at site A2,
post-transcriptional processing occurs via RNA cleavage at site A3 [2]. In parallel, RNA
polymerase 11 transcribes the 5S rRNA that later becomes part of the LSU.

Early visualizations of actively transcribed chromatin on Miller spreads by electron
microscopy (EM) revealed the presence of large terminal knobs that are associated with
nascent pre-ribosomal RNA [3]. The molecular identity of some of these particles was
uncovered approximately three decades later, when a large U3-snoRNA-containing complex,
the small subunit (SSU) processome, was identified [4]. A particle containing the entire 35S
pre-rRNA was termed the 90S pre-ribosome [5].

A 23S pre-rRNA species (containing the 5° ETS, 18S rRNA and ITS1 cut at site A3) has
been associated with the SSU processome [6]. This intermediate was also found to
accumulate as a result of mutations and depletions of small subunit ribosomal proteins [7],
ribosome assembly factors [8] or components of the exosome [9]. More recently, the
accumulation of the 23S pre-rRNA species was also observed in response to cellular stress,
nutrient starvation or as a result of mTOR inhibition [10-12].

Here we discuss how advances in our biochemical understanding of many SSU processome
factors combined with recent cryo-EM reconstructions have facilitated a mechanistic
understanding of the assembly and structure of this pre-ribosomal particle.

Early events in small subunit assembly

Current assembly models of the SSU processome are based on the biochemical
identification, purification and characterization of multi-protein complexes [13-16], protein
depletion analyses [17,18] and studies in which aptamer-tagged pre-rRNA mimics were
purified to analyze associated proteins [19,20].

SSU processome assembly proceeds in a chronological and co-transcriptional manner
(Figure 1). The 5" external transcribed spacer (5” ETS), which precedes the 18S rRNA,
enables the recruitment of several protein factors and the U3 snoRNP and leads to the
formation of an early assembly intermediate termed the 5" ETS particle [19].

Eukaryotic ribosome biogenesis is initiated by the seven-subunit UtpA complex (Utp4,
Utp5, Utp8, Utp9, Utpl0, Utpl5 & Utpl7). This initially flexible complex was shown to
specifically interact with the first half of the 5° ETS by /n vivo pull-down assays as well as
UV-crosslinking and analysis of cDNA (CRAC) [16,19,20]. UtpA binding and the presence
of additional parts of the 5° ETS appear to be required for the subsequent recruitment of the
six-subunit UtpB complex (Utpl/Pwp2, Utp6, Utpl2, Utpl3, Utpl8 & Utp21) and the U3
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snoRNP (U3 snoRNA, Nop1/fibrillarin, Snul3, Nop56 & Nop58) (Figure 1) [14,17]. UtpB
chaperones an RNA duplex formed by the 5° ETS and U3 snoRNA and later parts of the 3’
domain of the 18S rRNA [16].

U3 snoRNA acts as a vital RNA chaperone during the ensuing assembly steps where it base-
pairs with two regions of the 5" ETS and two regions of the 18S rRNA [21-23]. This
prevents the pre-mature formation of the central pseudoknot - a tertiary RNA structure that
determines the relative positions of rRNA domains in the mature small subunit. U3 snoRNA
dictates the topology of the growing particle by first base-pairing with the 5° ETS through
its 3’-and 5" hinges and then with the 18S rRNA through its Box A (18S nucleotides 9-15)
and Box A" (18S nucleotides 1111-1122). As transcription continues, these base-pairing
interactions presumably result in a reduction of conformational freedom of pre-ribosomal
RNA, thereby directing RNA folding and the topology of the entire particle.

With the completion of the 5" ETS, the Mpp10 complex (Imp3, Imp4 & Mpp10), individual
assembly factors (Bud21, Fcf2, Utp7, Utpll, Sas10 & Sofl) and later the Al site nuclease
Utp24 [24,25], join UtpA, UtpB and U3 snoRNP to finalize the 5" ETS particle (Figure 1).
With the exception of Utp7, Sofl and Utp24, these factors lack canonical protein folds and
act as multi-functional binding partners, which may, similar to U3 snoRNA, reduce
conformational freedom by interacting with multiple other proteins as the assembly of the
small subunit processome continues. Conceptually, these peptides and U3 snoRNA could
therefore allow an initially flexible array of subdomains to be stabilized in a co-
transcriptional manner to result in a rigidified SSU processome.

The 5" ETS particle is an architectural scaffold onto which individual subdomains of the
small ribosomal subunit (57, central, 3" major and 3" minor domains) can be assembled.
The purification of affinity-tagged truncated rRNA mimics has shown that each domain is
associated with a distinct set of ribosome assembly factors (Figure 1) [19,20]. However,
many of these proteins and RNAs such as snR10 and snR30 [26,27], perform transient roles
during the assembly of the SSU processome and are not part of the stable particles recently
studied by cryo-EM [11,28-31]. Beyond the initial assembly events, flexible regions of
Sas10, Utp18 and later Lcp5 contain exosome-interacting motifs, which may facilitate
processing, degradation or recycling of SSU processomes [19,32].

Architecture of the small subunit processome

During the last year, three medium resolution cryo-EM reconstructions of the Chaetomium
thermophilum and Saccharomyces cerevisiae SSU processomes (7.4 to 4.5 A) [11,28,29]
and very recently near-atomic structures of the C. thermophilum SSU processome [31] and
the complete S. cerevisiae SSU processome [30] have been reported. These reconstructions
together with protein-protein interaction data [33-35], crystal structures of the yeast small
ribosomal subunit [36] and ribosome assembly factors [37-45] have highlighted the
structural similarities between particles of these two species. The high degree of similarity in
composition, structure and pre-rRNA state (A1 uncut, A0 cut), is further remarkable as these
stable intermediates were purified from mid-log [28,31], starved [11,30] or Mtr4-depleted
[29] cells.
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Here we focus on the most complete near-atomic structure from the model organism S.
cerevisiae to describe this particle (Figure 2) [30].

The core of the SSU processome is composed of the 5° ETS at the base of the structure,
ribosomal RNA on top and U3 snoRNA, which reaches from the outside into the center,
where all interactions with the 5" ETS and 18S rRNA occur (Figure 2a). The tips of the 5
ETS helices project freely into the solvent. This explains the length variation of this pre-
ribosomal spacer which contains under 600 nucleotides in C. thermophilum, 700 nucleotides
in yeast and more than 3600 nucleotides in humans. U3 snoRNA not only rigidifies the
structure of the 5° ETS through its 5" and 3" hinges, but further outlines the positions of the
5, central and 3" major domains by providing spatial constraints of the regions that base-
pair with the 5" end of the 18S rRNA (Box A) and a region between the central and 3’
domains (Box A").

Fifteen ribosomal proteins are predominantly adopting the same conformations and binding
sites as in the mature ribosome (Figure 2b). Only rpS6, rpS18 and rpS23 assume slightly
different, yet near-mature conformations [30]. A large shell of more than 51 ribosome
assembly factors encapsulates pre-ribosomal RNA and ribosomal proteins. The innermost
layer of this shell is formed by extended peptide-like proteins, which weave through the
entire particle (Figure 2c). Members of this group include the multimodular proteins Fafl,
Lcp5, Mppl0, Sasl0, Fcf2, Rrt14, Utpll and Utpl4, which are characterized by their
unusual folds and many interaction partners as described later.

Several large multi-subunit complexes (Figure 2d) as well as individual ribosome assembly
factors (Figure 2e) provide the outer shell of the SSU processome. In agreement with
previous functional data, UtpA stabilizes the first half of the 5° ETS and is located at the
bottom of the particle. Through multiple interactions with UtpA and the 5 ETS, UtpB
components Utp18 and Utp6 likely make the first contact before the other four subunits of
the UtpB complex are fully integrated into the SSU processome [16,30]. Interestingly, while
both UtpA and UtpB share a common evolutionary origin as four subunits of each complex
form a structurally related tetrameric arrangement with their C-terminal domains [11,29,38],
their roles within the SSU processome are different. UtpA serves as a foundation of the
particle to initiate its assembly, while UtpB provides a binding platform for the 3" hinge,
stabilizes spatially distant parts of the assembly including RNA elements near the 3" end of
the 18S rRNA. The UtpC complex is positioned at the top of the particle, where it interacts
with the tip of helix 44 [29,30,45].

The outermost shell of the SSU processome is formed by many additional ribosome
assembly factors (Figure 2e). These include the acetyltransferase/helicase Kre33, which
rests on the Bms1-Rcll GTPase complex at the top of the structure, and the
methyltransferase Emg1, which is positioned on a lateral extension formed by the Nop14/
Noc4 complex. Lastly, Utp20, Utp10, Rrp5 and the Nop14/Noc4 complex provide large
helical repeat structures to support and bridge distant regions of the particle.
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The role of flexible proteins with multiple conserved binding motifs

The SSU processome is a eukaryote-specific particle with an intricate network of elongated
peptides containing multiple binding motifs (Figure 3a). Strikingly, these long linkers are
used to bridge conserved protein-protein interaction motifs (Figure 3b—d).

Utp18 contains an N-terminal extension, which interacts with parts of the UtpB complex
(Utp21 & Utp6) as well as the UtpA complex (Utp10), the U3 snoRNP (Nop58) and the
exosome-associated helicase Mtr4 via the arch-interacting-motif (AIM) [32] (Figure 3b).
These peptides enable an initial flexibility within the yeast UtpB complex [16] followed by a
later stable association with the SSU processome [30]. Similar peptide-like interactions are
employed by Utp14, which interacts with three globular folds of other SSU processome
components (Utp7, Sofl, Utp6) to stabilize nucleotides around the Al cleavage site [30].
Additionally, Utp14 recruits Dhrl, the helicase required to unwind the U3 snoRNA [46]
(Figure 3b).

Mpp10 fulfills many different roles within the SSU processome (Figure 3c). Chemical cross-
linking and biochemical studies have shown that its flexible N-terminus interacts with rpS5
and Sas10 [30,47]. In addition, the structured C-terminus of Mpp10 is involved in stabilizing
Bms1 (Figure 3d), bridging between Imp3, Imp4 and UtpB and supporting a remodeled pre-
rRNA segment near helix 44.

The U3 snoRNP is a central nexus for several peptide-like motifs (Figure 3e) [30]. Here the
C-terminal halves of Utp11, Sas10 and Fcf2 bind to conserved surfaces of Nopl while their
N-terminal halves together with an Mpp10 segment are used to stabilize Bms1 upon its
incorporation within the SSU processome (Figure 3d). Sas10 also employs molecular
mimicry by occupying the same position as rpS30 in the mature small ribosomal subunit
(Figure 3d, e).

The observed dynamics of SSU processome assembly together with a complete high-
resolution structure of this particle now allow us to propose a three-dimensional assembly
model in Saccharomyces cerevisiae (Figure 4a). Conceptually this model takes into account
the roles of initially flexible peptide sequences (Utp11, Bud21, Sas10 and Mpp10) and RNA
sequences (U3 snoRNA 5" and 3" hinges as well as Box A and Box A”), which co-
transcriptionally dictate the locations of rRNA and protein folds and reduce conformational
freedom to stabilize the maturing SSU processome (Figure 4a). Major enzymatic and
structural changes are required to move beyond the SSU processome towards the mature
small ribosomal subunit (Figure 4b). Enzymatic steps include the unwinding of the Box A
and Box A" duplexes by RNA helicases such as Dhrl [46], cleavage at site Al by the
nuclease Utp24 [24,25,48], and the replacement of the GTPase Bms1 by the structurally
related factor Tsrl. In addition, structural changes such as rotational and translational
movements of the central and 3" domains with respect to the 5" domain are required (Figure
4b). The formation of the central pseudoknot and its surrounding elements, the formation of
inter-domain base-pairing interactions between the central and 5 domains and the
incorporation of additional ribosomal proteins are further steps requiring control during later
stages of the assembly pathway.
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Perspectives

During the last five years, our understanding of the small subunit processome has progressed
from a list of protein factors to an initial assembly model [19,20] and a near-atomic
description of its structure [30,31]. However, the functional integration of this giant particle
in the cellular context is still poorly understood. Little is known about the specific signaling
that results in either the arrest of ribosome assembly or its resumption. While the SSU
processome has been identified as storage particle, the mechanisms leading to its
accumulation or subsequent processing remain unclear. Furthermore, structural
intermediates that capture earlier conformations or released states of the SSU processome
will be required to understand the mechanistic principles of this essential eukaryotic
assembly intermediate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. A decade after its discovery, the structure of the small subunit processome
emerges

. More than 50 proteins and a snoRNA remodel pre-ribosomal RNA in the SSU

processome

. Initially flexible assembly factors guide the formation of a rigid scaffold

. rRNA domains are kept separate to facilitate their modification and
processing

. Rearrangements and compaction of rRNA domains are required to form the
mature SSU
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Figure 1.
Co-transcriptional assembly of the small subunit processome. Schematic representation of

early events of small subunit assembly in the nucleolus and subsequent maturation resulting
in the mature cytoplasmic SSU. A section of the rDNA locus is shown with 5" ETS and
ITS1 colored in yellow and 18S colored in red (5" domain), green (central domain) and slate
(3" domain). Factors visualized in the assembled SSU processome [30] are shown as
schematic outline while transient components are listed and colored according to the rRNA
domain they are associated with [19,20]. The SSU processome and its major components are
shown in detail below.
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Structural organization of the yeast small subunit processome. (a) RNA molecules of the
SSU processome are shown as surfaces with 5° ETS (yellow), U3 snoRNA (red) and
pre-18S (light-grey). Structural elements of RNAs and helices of the 5" ETS are indicated.
(b) Ribosomal proteins are represented in dark-grey, non-ribosomal assembly factors in
transparent light-blue, and RNA species as in (a). (c) Surface representation of centrally
located ribosome assembly factors. (d) Visualization of the complexes UtpA (blue), UtpB
(red), U3 snoRNP (purple), UtpC (light-blue), the Nop14-Noc4 complex (brown) and the
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Mpp10 complex (orange). (e) Surface representation of all individual components of the
small subunit processome.
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Figure 3.
Peptides connect distant sites within the SSU processome via conserved binding motifs. (a)

Schematic protein-protein interaction diagram of selected SSU processome components
represented as spheres or lines with interacting elements as helices or strands. The Utps (U-
three proteins) are labeled with their respective number. (b-e) Detailed views of Utp18 and
Utp14 (b), Mpp10 (c), Bmsl (d) and the U3 snoRNP (e) with proteins shown as surface or
cartoon, colored according to conservation with residues conserved more than 90 %
highlighted as spheres. Direct interaction partners depicted as surface or a grey dashed line.
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All proteins are colored by conservation from lighter to darker shades. Clustal [49] was used
to align manually curated sequences (H. sapiens, S. cerevisiae, G. gallus, D. melanogaster, S.
pombe, C. elegans, D. rerio, A. thaliana, A. gambiae, P. troglodytes, R. norvegicus, M.
musculus, B. taurus, S. scrofa) and plotted onto the structure using Homolmapper [50].
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Figure 4.

Three-dimensional maturation model of the Saccharomyces cerevisiae small-subunit
processome. (a) Co-transcriptional assembly of the SSU processome as a function of
transcription of rRNA regions (280 nucleotides of 5 ETS, 5" ETS, 5" domain, central
domain and 3" domain). 5" ETS (yellow), rRNA domains (white) and complexes such as
UtpA (light-blue), UtpB (red), U3 snoRNP (purple, red), the Mpp10 complex (orange) and
additional proteins, are shown as surfaces. Bound peptides are shown as cartoon with their
initially flexible tails as dashed lines. As maturation progresses, these tails recruit additional
factors and become ordered. The pre-rRNA shown in the intermediates is schematically
indicated below each particle and colored in darker shades. As this model is based on the
mature SSU processome structure, regions that are presumed to be flexible in earlier states
are highlighted accordingly. (b, ¢) Comparative locations of rRNA domains within the SSU
processome [PDB 5wic] (b) and the mature small ribosomal subunit [pdb 4v88] (c).
Individual rRNA domains are colored identically with 5" domain (blue), central domain
(red), 3" domain (green) and shown as spheres superimposed onto transparent outlines of
the particles. In the SSU processome, the flexible helix 44 is indicated as schematic outline.
Rearrangements of rRNA domains from the SSU processome (b) that are necessary to
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obtain the positions within the mature small ribosomal subunit (c) are indicated with arrows.

The central U3 snoRNA Box A and Box A” are colored in purple. RNA elements disordered
in the SSU processome are indicated in lighter shades in the mature SSU.
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