
REVIEWARTICLE

Assembly and nuclear export of pre-ribosomal particles
in budding yeast

Stefan Gerhardy & Anna Maria Menet & Cohue Peña &

Janusz Jurand Petkowski & Vikram Govind Panse

Received: 18 November 2013 /Revised: 18 March 2014 /Accepted: 7 April 2014 /Published online: 11 May 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract The ribosome is responsible for the final step of
decoding genetic information into proteins. Therefore, correct
assembly of ribosomes is a fundamental task for all living cells.
In eukaryotes, the construction of the ribosome which begins in
the nucleolus requires coordinated efforts of >350 specialized
factors that associate with pre-ribosomal particles at distinct
stages to perform specific assembly steps. On their way through
the nucleus, diverse energy-consuming enzymes are thought to
release assembly factors from maturing pre-ribosomal particles
after accomplishing their task(s). Subsequently, recruitment of
export factors prepares pre-ribosomal particles for transport
through nuclear pore complexes. Pre-ribosomes are exported
into the cytoplasm in a functionally inactive state, where they
undergo final maturation before initiating translation.
Accumulating evidence indicates a tight coupling between
nuclear export, cytoplasmic maturation, and final proofreading
of the ribosome. In this review, we summarize our current
understanding of nuclear export of pre-ribosomal subunits
and cytoplasmic maturation steps that render pre-ribosomal
subunits translation-competent.

Introduction

Error-free protein synthesis is vital for optimal cellular growth
and proliferation, a fundamental task carried out by the

ribosome. This universal molecular machine consists of a
large and small subunit comprising 60 % ribosomal RNA
(rRNA) and 40 % ribosomal proteins (r-proteins) (Melnikov
et al. 2012). The small subunit decodes the genetic informa-
tion by bringing together the messenger RNA (mRNA) tem-
plate and cognate transfer RNAs (tRNAs). The large subunit
catalyzes the peptidyl transfer reaction to synthesize the na-
scent polypeptide chain. Despite a similar core, eukaryotic
ribosomes are significantly larger than their prokaryotic coun-
terparts. The large ribosomal subunit (60S) in yeast contains
three rRNAs (25S, 5.8S, 5S) and 46 r-proteins, whereas the
small subunit (40S) contains one single rRNA (18S) and 33 r-
proteins (Ben-Shem et al. 2011; Klinge et al. 2011; Rabl et al.
2011). While the structure of the mature yeast ribosome is
described at the molecular level, our knowledge regarding its
assembly is emerging.

The assembly of the eukaryotic ribosome is a highly dy-
namic process that occurs in different cellular compartments:
the nucleolus, the nucleoplasm, and the cytoplasm. In contrast
to prokaryotes, eukaryotic ribosome assembly requires coor-
dinated efforts of the intracellular transport machinery as well
as numerous transiently interacting nonribosomal assembly
factors. Pre-ribosomal particles released from the nucleolus
undergo sequential maturation in the nucleoplasm and cyto-
plasm before they acquire translation competence.

Pioneering work from the Planta and Warner laboratories,
in the early 1970s, led to the identification of the earliest pre-
ribosome: the 90S that is the common precursor of the mature
60S and 40S subunits (Trapman et al. 1975; Udem andWarner
1972). The 90S was thought to contain pre-rRNAs, r-proteins,
and numerous assembly factors. In the early 1990s, genetic
screens in budding yeast permitted the identification of ~30
assembly factors. Analyses of these mutant strains primarily
performed at the rRNA level led to the ordering and position-
ing of the cleavage sites within maturing pre-rRNA (Kressler
et al. 1999; Venema and Tollervey 1995). In the late 1990s,
visual approaches were developed to identify factors involved
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in the transport of pre-ribosomal subunits (Hurt et al. 1999;
Milkereit et al. 2003; Moy and Silver 2002; Stage-
Zimmermann et al. 2000). Screening of temperature-
sensitive mutant libraries by visual approaches revealed fac-
tors involved in early ribosome maturation indicating a tight
coupling between assembly and transport of pre-ribosomes
(Gadal et al. 2001a, b; Milkereit et al. 2001). Despite these
advances, the ribosome assembly pathway remained refracto-
ry to biochemical analyses. Only during the last decade,
tandem affinity purification (TAP) protocols and sensitive
mass spectrometry (MS) permitted the isolation and compo-
sitional analyses of pre-ribosomal particles (Bassler et al.
2001; Harnpicharnchai et al. 2001). These approaches have
facilitated the general ordering of assembly events on the 60S
and 40S maturation pathways and provided a framework to
dissect this highly dynamic process (Grandi et al. 2002;
Nissan et al. 2002; Schafer et al. 2003). Structural approaches
are now beginning to facilitate high-resolution analyses of this
dynamic pathway (Armache et al. 2010; Ben-Shem et al.
2011; Bradatsch et al. 2012; Greber et al. 2012; Klinge et al.
2011; Rabl et al. 2011). These studies are also guiding mech-
anistic analyses in higher eukaryotes (Tafforeau et al. 2013;
Wild et al. 2010) and uncovering the molecular basis of
ribosomopathies: diseases that are associated with impaired
ribosome assembly and function.

Here, we summarize our current understanding of the eu-
karyotic ribosome assembly pathway in budding yeast with a
focus on the nuclear export and cytoplasmic maturation of
pre-ribosomal particles. For excellent reviews on bacterial
ribosome assembly, the readers are referred to Shajani et al.
(2011) and Britton (2009).

Assembly of the earliest ribosomal precursor, the 90S
pre-ribosome

The process of ribosome assembly in budding yeast begins
with RNA polymerase I-driven transcription of ribosomal
DNA (rDNA) repeats on chromosome XII in the nucleolus
to produce 35S pre-rRNAs (Fig. 1). Co-transcriptional asso-
ciation with small nucleolar RNAs (snoRNAs), assembly
factors, and r-proteins mainly of the 40S drives the formation
of the earliest ribosomal precursor, the 90S pre-ribosome
(Grandi et al. 2002). The emerging 35S pre-rRNA can be
cleaved co-transcriptionally in the internal transcribed spacer
1 (ITS1), thereby releasing the pre-40S subunit (Kos and
Tollervey 2010; Osheim et al. 2004).

Two independent studies have revealed the composition of
the 90S that remained refractory to biochemical analyses for
nearly 30 years. By isolating Mpp10-TAP, a factor associated
with the box C/D U3 snoRNA and a crucial component of the
90S, the Baserga group discovered 17 novel assembly factors,
called UTPs (1–17) (Dragon et al. 2002) (Fig. 1). They

designated this large >2.2 MDa U3 snoRNA-containing par-
ticle responsible for processing of the small subunit (SSU)
processome. The composition of the Mpp10-TAP particle
significantly overlaps with several nucleolar pre-ribosomal
particles isolated and characterized by the Hurt laboratory
(Grandi et al. 2002).

Assembly of the 90S appears to be a hierarchical addition
of pre-formed protein sub-complexes (Fig. 1a). The stepwise
assembly of UTP complexes and the U3 snoRNP is closely
coupled to the pre-rRNA modification/folding and possibly
drives compaction of the 90S (Perez-Fernandez et al. 2011).
Several components of the 90S contain motifs involved in
RNA-binding and/or protein-protein interaction (Table 1 and
Fig. 1b). A protein-protein interaction map of the SSU
processome, compiled by the Baserga group, provides an
important framework for the elucidation of the architecture
of the 90S (Lim et al. 2011). A detailed understanding of
protein-protein and RNA-protein interactions will also be
crucial to uncover the spatial-temporal assembly of the 90S
and its subsequent disassembly.

More than 60 different snoRNPs mediate >100 covalent
modifications of the 35S pre-rRNA during the assembly of the
90S (Decatur and Fournier 2002, 2003; Decatur et al. 2007;
Hughes and Ares 1991; Hughes 1996). There are two types of
modifications: methylation of the 2′-hydroxyl group of the
ribose sugars (2′-O-methylation) carried out by C/D box con-
taining snoRNAs and conversion of uridine to pseudouridine
carried out by H/ACA snoRNAs (Kiss 2001). These pre-
rRNA modifications by snoRNAs were suggested to be im-
portant for correct folding and possibly compaction of the 90S
structure (Watkins and Bohnsack 2012). Modifications of the
35S pre-rRNA are accompanied by early pre-rRNA cleavages
within the developing 90S pre-ribosome (Wehner et al. 2002).
Binding of U3 snoRNP to pre-rRNA is necessary for the
earliest pre-rRNA cleavages at the A0 and A1 sites and crucial
for the assembly of the early pre-40S subunit (Borovjagin and
Gerbi 1999, 2001; Marmier-Gourrier et al. 2011) (reviewed in
Phipps et al. (2011), Watkins and Bohnsack (2012), and Yip
et al. (2013)).

Cleavage at the A2 site, by a yet unidentified endonuclease,
releases the earliest pre-40S and pre-60S particles (Fig. 2).
Pre-40S subunits containing immature 20S pre-rRNAs are
rapidly exported into the cytoplasm where they undergo final
pre-rRNA processing to 18S rRNA. In contrast, the 27SA2

pre-rRNA precursor within a pre-60S subunit undergoes a
series of sequential processing steps to yield the mature 25S
rRNA and 5.8S rRNA (Fig. 2b). A third rRNA species of the
60S subunit, the 5S rRNA, is generated by RNA polymerase
III (Fig. 2). Processing of the 5S rRNA 3′ end can be carried
out by multiple redundant exonucleases Rex1, Rex2, and
Rex3 (van Hoof et al. 2000). A rationally guided screen for
ribosome biogenesis factors uncovered a requirement of
Snu66, a component of the splicing machinery, for proper
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processing of the 5S rRNA precursor (Li et al. 2009).
However, its precise contribution to this processing step re-
mains unclear.

Compositional dynamics of pre-ribosomal particles
before nuclear export

After separation of the 90S into pre-40S and pre-60S particles,
the two precursors follow independent maturation pathways.
Pre-40S subunits undergo few compositional changes as they
travel through the nucleoplasm and are rapidly exported into
the cytoplasm. During their transit through the nucleoplasm,
pre-40S subunits associate with protein kinases (Rio1 and
Hrr25) and the ATPase Rio2. These energy-consuming steps
possibly prepare the pre-40S subunit for nuclear export and/or

final cytoplasmic maturation (Geerlings et al. 2003;
Vanrobays et al. 2003). However, the relevant substrates for
Rio1, Rio2, and Hrr25 remain to be uncovered. The assembly
factors Enp1, Ltv1, and the r-protein uS3 (Rps3, new nomen-
clature as proposed by Ban et al. (2014)) form a sub-complex
at the landmark beak structure of the 40S subunit (Schafer
et al. 2006). This complex can be dissociated in vitro from pre-
40S subunits by the activity of the conserved kinase Hrr25. It
was proposed that phosphorylation of the Enp1-Ltv1-uS3
(Enp1-Ltv1-Rps3) sub-complex increases the conformational
flexibility in the head region of the pre-40S subunit in vivo.
Hrr25 depletion impairs nuclear export of pre-40S subunits
supporting the notion that its kinase activity makes the rigid
head region more flexible during transport through the nuclear
pore complex (NPC). Dephosphorylation by an unknown
phosphatase in the cytoplasm could permit the stable

Fig. 1 Model for the hierarchical assembly of the 90S pre-ribosome. a
The assembly of the tUTP sub-complex is responsible for the initial
formation of the 90S. This step allows subsequent incorporation of the
indicated sub-complexes. Two independent assembly steps guide 90S
formation: recruitment of the U3 snoRNP and UTP-B sub-complexes
(top). These primary steps are necessary for the assembly of at least 20
components of the particle (Dunbar et al. 1997; Granneman et al. 2003;
Lee and Baserga 1999; Wehner et al. 2002). GTPase Bms1 is necessary

for a secondary assembly step that promotes the subsequent incorporation
of numerous proteins and the Mpp10 sub-complex. A second assembly
step involves the incorporation of Rrp5 (bottom), which is crucial for the
recruitment of the UTP-C sub-complex but not the U3 snoRNP, the tUTP,
or the UTP-B complexes (Perez-Fernandez et al. 2007; Vos et al. 2004). b
Schematic representation of the protein constituents of the 90S sub-
complexes. The domain identification was performed using the online
tool Pfam, as described by Punta et al. (2012)
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Table 1 Composition of sub-complexes within the earliest ribosome precursor, the 90S. The domain identification was performed using the online tool
Pfam, as described by Punta et al. (2012)

Sub-complex Component Activity/function/[predicted domain composition] References

tUTP/UTP-A tUTP4 [WD40 repeats] Dragon et al. (2002), Gallagher et al. (2004),
Krogan et al. (2002)

tUTP5 [UTP12 domain] Dragon et al. (2002), Gallagher et al. (2004)

tUTP8 Participates also in nuclear export of tRNA; [UTP8 family
domain]

Dragon et al. (2002), Gallagher et al. (2004),
Strub et al. (2007)

tUTP9 [Dip2/UTP12 domain] Dragon et al. (2002), Gallagher et al. (2004),
Krogan et al. (2002)

tUTP10 HEAT repeats; [snoRNA BD]; [BP28CT domain] Dragon et al. (2002), Gallagher et al. (2004),
Krogan et al. (2002)

tUTP15 [WD40 repeats]; [UTP15C domain] Dragon et al. (2002), Gallagher et al. (2004),
Krogan et al. (2002)

tUTP17 (Nan1) Member of the RENT complex; [WD40 repeats] Dragon et al. (2002), Gallagher et al. (2004),
Krogan et al. (2002)

Pol5 Required for rRNA synthesis; [DNA pol phi domain] Gallagher et al. (2004), Krogan et al. (2002),
Shimizu et al. (2002)

U3 snoRNP
associated

Nop1 2′-O-methyltransferase; [Fibrilarin domain] Lischwe et al. (1985), Tollervey et al. (1991)

Nop56 KKE/D repeats; coiled coils; structural scaffold for the
snoRNP complex; [Nop5 RBD]; [Nosic domain];
[snoRNA BD]

Lafontaine and Tollervey (2000),
Watkins and Bohnsack (2012)

Nop58 KKE/D repeats; [Nop5 RBD]; [Nosic domain];
[snoRNA BD]

Wu et al. (1998)

Snu13 Binds to K-turn motifs of U3 snoRNA; member of the U4/
U6-U5 tri-snRNP; [r-protein L7-like domain]

Watkins et al. (2000)

Rrp9 Binds to the B/C motif of U3 snoRNA; essential for
recruitment of U3 snoRNP to SSU processome; [WD40
repeats]

Lukowiak et al. (2000), Venema et al. (2000)

UTP-B UTP1 β Transducin family; [WD40 repeats]; [Dip2/UTP12
domain]

Champion et al. (2008), Dosil and Bustelo (2004),
Dragon et al. (2002), Krogan et al. (2002)

UTP6 HAT motif; [U3 assoc. domain] Champion et al. (2008), Dosil and Bustelo (2004),
Dragon et al. (2002), Krogan et al. (2002)

UTP12 [WD40 repeats]; [Dip2/UTP12 domain] Champion et al. (2008), Dosil and Bustelo (2004),
Dragon et al. (2002), Krogan et al. (2002)

UTP13 [WD40 repeats]; [UTP-like3/WD40 assoc. domain] Champion et al. (2008), Dosil and Bustelo (2004),
Dragon et al. (2002), Krogan et al. (2002)

UTP18 [WD repeats] Bernstein et al. (2004), Champion et al. (2008),
Dosil and Bustelo (2004), Krogan et al. (2002)

UTP21 Coiled coils; [WD40 repeats]; [UTP21 domain] Bernstein et al. (2004), Champion et al. (2008),
Dosil and Bustelo (2004), Krogan et al. (2002),
Samanta and Liang (2003)

Bms1/Rcl1 Bms1 GTPase stimulated by Rcl1; [Nuc121 domain]; [DUF633
domain]

Karbstein et al. (2005), Wegierski et al. (2001)

Rcl1 Stimulates Bms1; [RNA 3′-terminal phosphate cyclase-
like domain]

Billy et al. (2000), Tanaka et al. (2011),
Wegierski et al. (2001)

UTP-C Rrp7 Also part of the CURI complex; [Rrp7 domain] Baudin-Baillieu et al. (1997), Dalley et al. (2008),
Krogan et al. (2002), Rudra et al. (2007)

UTP22 Also part of the CURI complex; [nucleolar RNA assoc.
protein domain]

Bernstein et al. (2004), Krogan et al. (2002),
Peng et al. (2003), Rudra et al. (2007),
Samanta and Liang (2003)

Cka1 α Catalytic subunit casein kinase 2; nonessential; also part
of the CURI complex; [protein kinase domain]

Krogan et al. (2002), Rudra et al. (2007)

Cka2 α′ Catalytic subunit casein kinase 2; nonessential; also part
of the CURI complex; [protein kinase domain]

Krogan et al. (2002), Rudra et al. (2007)

Ckb1 β Regulatory subunit casein kinase 2; nonessential; also part
of the CURI complex; [casein kinase II reg. subunit domain]

Krogan et al. (2002), Rudra et al. (2007)

Ckb2 Krogan et al. (2002), Rudra et al. (2007)
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incorporation of uS3 (Rps3) into the mature 40S subunit and
formation of the final beak structure (Schafer et al. 2006).

In the 60S assembly pathway, incorporation of 5S rRNA in
complex with r-proteins uL18 (Rpl5) and uL5 (Rpl11) is an
important early nucleolar/nuclear event. Recent work from the
Hurt laboratory suggested that the r-proteins uL18 (Rpl5) and
uL5 (Rpl11) are co-imported by Syo1, an adaptor for the
importin Kap104 (Kressler et al. 2012a). In the nucleus, the
uL18-uL5-Syo1 (Rpl5-Rpl11-Syo1) complex is released from
Kap104 in a RanGTP-dependent manner and then loaded on
the 5S rRNA (Kressler et al. 2012a). Incorporation of uL18-
uL5-5S rRNA complex into the pre-60S particle is facilitated
by the assembly factors Rpf2 and Rpf1 (Ciganda and
Williams 2011; Zhang et al. 2007). However, the exact timing
of incorporation into pre-60S subunits remains to be
investigated.

During the journey through the nucleoplasm, pre-60S par-
ticles associate with >150 assembly factors as they travel
through the nucleoplasm toward the nuclear periphery. At
distinct maturation stages, assembly factors are released from
pre-ribosomal particles and recycled back to participate in
new rounds of biogenesis steps. This sequential reduction in
complexity of the pre-60S subunits is very likely triggered by
a multitude of energy-consuming enzymes. ATP-dependent
RNA helicases, AAA-ATPases, ABC-ATPases, and GTPases
associate with maturing pre-ribosomal particles and confer
directionality to the assembly and maturation process. The
binding site(s) of these energy-consuming enzymes on matur-
ing pre-60S particles are beginning to be uncovered (Kressler
et al. 2012b; Strunk et al. 2012).

Among the diverse energy-consuming enzymes that drive
ribosome assembly, the molecular roles of AAA-ATPases are
better understood. Three essential AAA-ATPases contribute
to pre-60S subunit maturation. The AAA-ATPases Rix7 and
Drg1 are closely related to the well-characterized Cdc48 (p97
in mammals) and contribute to early nucleolar and cytoplas-
mic pre-60S subunit maturation, respectively (Kappel et al.
2012; Pertschy et al. 2007). Rea1, which is the largest protein
in yeast, shares similarity to the microtubule motor protein
dynein heavy chain and functions at different nuclear steps
during 60S maturation (Bassler et al. 2010; Kressler et al.
2012b; Ulbrich et al. 2009).

Rix7 is the first AAA-ATPase that is involved in the
maturation of the pre-60S subunit. Like the archetypical
AAA-ATPase Cdc48, which uses cycles of ATP hydrolysis
to remodel protein complexes (Meyer et al. 2012), Rix7 was
suggested to strip off the assembly factor Nsa1 and facilitate
the nucleolar to nucleoplasmic transition of pre-60S subunits
along the assembly pathway (Kressler et al. 2008). How Rix7
recognizes Nsa1 and extracts it from maturing pre-60S sub-
units remains to be investigated. It was suggested that Rix7
might recognize posttranslational modifications like ubiquitin
and SUMO, either directly or via adaptor proteins, to release
Nsa1 and further assembly factors (Kressler et al. 2008; Panse
et al. 2006).

Rea1 consists of six ATPase modules, forming a binding
platform on the ribosome and binds in close proximity to the
Rix1-Ipi3-Ipi1 sub-complex. A long α-helical linker domain,
a D/E-rich region, and a functionally important metal-ion-
dependent adhesion site (MIDAS) domain follow the
ATPase modules. By employing the MIDAS domain, Rea1
can directly contact the MIDAS interacting domains (MIDO)
of Ytm1 and Rsa4 and triggers the release of both assembly
factors via ATP hydrolysis cycles (Bassler et al. 2010; Ulbrich
et al. 2009). Removal of the Ytm1-Erb1-Nop7 sub-complex
may trigger the release of neighboring biogenesis factors on
the pre-ribosomal particles, as well as recruitment of further
assembly factors involved in later biogenesis steps. The re-
lease of Rsa4 occurs at a later stage of the assembly pathway
and signals the progression toward export competence
(Matsuo et al. 2014; Nissan et al. 2002; Ulbrich et al. 2009).

Recently, Rea1 and the GTPase Nug2 were implicated in a
nuclear checkpoint step that prevents premature formation of
an export competent pre-60S subunit (Matsuo et al. 2014).
The GTPase Nug2 (also known as Nog2) binds the pre-60S
subunits in the nucleus at a site, which clashes with the
binding site for the export adaptor Nmd3 (Sengupta et al.
2010). Nug2 bound to the pre-60S subunit allows nucleoplas-
mic maturation to occur. Release of Nug2 depends on its
GTPase activity as well as the ATPase activity of Rea1.
Only after the release of Nug2, Nmd3 can bind pre-60S
subunits and they can be exported. This mechanism provides
a timed acquisition of export competence for the large ribo-
somal subunit (Matsuo et al. 2014).

(continued)

Sub-complex Component Activity/function/[predicted domain composition] References

β′ Regulatory subunit casein kinase 2; nonessential; also
part of the CURI complex; [casein kinase II reg. subunit
domain]

Mpp10 Imp3 [S4 RNA-binding domain] Lee and Baserga (1999)

Imp4 [Brix domain] Ng et al. (2005)

Mpp10 Coiled coils; interacts with the hinge region of U3
snoRNA; [Mpp10 domain]

Dunbar et al. (1997)
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Nuclear export of pre-ribosomal particles

Assembly of eukaryotic ribosomes begins in the nucleolus,
but translation of mRNA into proteins by the mature ribosome
occurs in the cytoplasm. Inevitably, pre-ribosomal particles
need to be transported through the NPCs into the cytoplasm.
NPCs are huge protein assemblies embedded within the dou-
ble lipid bilayer of the nuclear envelope and serve as ports to
exchange macromolecules between the nucleus and cyto-
plasm. For excellent reviews on the NPC structure and assem-
bly, readers are referred to Hoelz et al. (2011),Wente and Rout
(2010), and Zwerger and Medalia (2012). The NPC transport
channel permits free diffusion of molecules <40 kDa (Raices
and D’Angelo 2012). Translocation of complex cargos such
as the charged >2 MDa pre-ribosome through the hydropho-
bic phenylalanine-glycine (FG)-repeat meshwork of the NPC
channel poses a major challenge. Transport of pre-ribosomal
particles is facilitated by multiple factors that interact with the
FG-meshwork of the NPC channel (Fig. 3). In actively grow-
ing budding yeast cells, it is estimated that each NPC contrib-
utes to the export of ~25 pre-ribosomal particles per minute
(Warner 1999). Such a rapid process requires an efficient
transport machinery that ensures rapid translocation of pre-
ribosomal cargos through the NPC channel. Cell biological
tools that monitored the intracellular localization of ribosomal
subunits revealed the requirement of several components of
the NPC, the Ran GTPase cycle, and the export receptor
Xpo1, in the nuclear export of pre-ribosomes (Hurt et al.
1999; Stage-Zimmermann et al. 2000). Subsequently, a visual
screen and an independent genetic approach uncovered an
essential nuclear export signal (NES) containing adaptor
Nmd3. Nmd3 forms a complex with Xpo1 in the presence
of the GTPase Ran and facilitates export of the bound pre-60S
subunit (Gadal et al. 2001a, b; Ho et al. 2000).

Efficient translocation of pre-ribosomes through the NPC
requires multiple export factors (Oeffinger et al. 2004).
Notably, the essential general mRNA transport receptor
Mex67-Mtr2 (Santos-Rosa et al. 1998; Segref et al. 1997)
and the HEAT-repeat containing protein Rrp12 contribute to
export of both pre-ribosomal subunits (Faza et al. 2012;
Oeffinger et al. 2004; Yao et al. 2007) (Fig. 3). Mex67, the
large subunit of the heterodimer, is composed of an amino-
terminal (N) domain, a leucine-rich repeat (LRR) domain, a
nuclear transport factor 2 (NTF2)-like middle domain, and a
C-terminal ubiquitin associated (UBA)-like domain (Strasser
et al. 2000). Mtr2 shares structural features with NTF2
(Bayliss et al. 2002) and heterodimerizes with the NTF2-like
middle domain of Mex67 (Santos-Rosa et al. 1998; Strasser
et al. 2000). Loops emanating from the NTF2-like domains
contribute to pre-60S and pre-40S subunit binding (Fribourg
and Conti 2003; Senay et al. 2003; Yao et al. 2007) suggesting
a versatile common interaction platform on Mex67-Mtr2. A
recent study from the Tollervey laboratory revealed crosslinks

between Mex67 and the 3′ end of 20S pre-rRNA transcript as
well as 5.8S rRNA and multiple regions along the 25S rRNA
in the vicinity of 5.8S rRNA supporting the idea that Mex67
interacts with both pre-40S and pre-60S subunits (Tuck and
Tollervey 2013). The NTF2-like domains of Mex67-Mtr2 and
the UBA-like domain of Mex67 interact directly with the FG-
meshwork and therefore facilitate nuclear export of the bound
cargo (Strasser et al. 2000; Strawn et al. 2001). Mex67-Mtr2
does not directly rely on the Ran cycle for export (Yao et al.
2007) and is the only known transport factor that contributes
to the export of three major cargos: mRNA, pre-60S, and pre-
40S subunits. It is not understood how the Mex67-Mtr2-pools
are split to export all three substrates. Understanding the
molecular basis of this allocation will reveal how the three
export pathways cross talk to deliver required levels of mRNA
and ribosomal subunits in the cytoplasm.

Rrp12 is the second factor that binds both pre-60S and pre-
40S subunits and is required for their nuclear export
(Oeffinger et al. 2004). Rrp12 contains secondary structural
elements called HEAT (Huntingtin, elongation factor 3, pro-
tein phosphatase 2A, and TOR1) repeats, which are found in
other RanGTP-dependent export factors, and shown to inter-
act with the FG-meshwork. How Rrp12 binds FXFG-repeat
nucleoporins remains to be investigated. Whether RanGTP
regulates the interaction of Rrp12 with pre-ribosomal subunits
and/or FG-nucleoporins remains to be determined. Identifying
mutants of Rrp12 that are impaired in binding to pre-

�Fig. 2 The assembly pathway of the eukaryotic ribosome. a Co-
transcriptional recruitment of small subunit r-proteins and assembly fac-
tors to the 35S pre-rRNAyields the earliest ribosomal precursor, the 90S
(orange). Cleavage at the A2 site separates the 90S into a pre-40S subunit
(green) and a pre-60S subunit (blue), which undergo independent matu-
ration. Transiently associating assembly factors drive maturation of the
pre-ribosomal subunits as they travel through the nucleoplasm toward the
NPCs. Final maturation in the cytoplasm yields translation competent
ribosomal subunits. b The pre-rRNA processing pathway of pre-
ribosomal particles. The common 35S rRNA precursor is trimmed at
both ends (Kufel et al. 1999) and cleaved at the A2 site. The cleavage
yields 20S and 27SA2 rRNAs which mature independently: The 20S
rRNA is processed to 18S rRNA in the cytoplasm (Lamanna and
Karbstein 2009; Pertschy et al. 2009). The 27SA2 pre-rRNA is processed
in two ways generating two different 5.8S rRNAs (Lygerou et al. 1996).
Following the cleavage at the A3 site, the 5′ end of 5.8S is rapidly
processed to site B1S, by exonucleases Rrp17 (Oeffinger et al. 2009)
and the Rat1-Rai1 heterodimer (Henry et al. 1994). 27SB1L and the
27SB1S pre-RNAs are cleaved at the C2 site, to produce the 7SL/S and
the 25.5S pre-rRNA. The latter is converted into the 25S rRNA by Rat1-
Rai1 in the nucleus (Geerlings et al. 2000). The 7S pre-rRNAs are
processed at the 3′ ends to shorter intermediates (Allmang et al. 1999;
Mitchell et al. 1997) and then to 6S1S/1L by the nuclear exosome (Briggs
et al. 1998). Processing of 6S pre-rRNA tomature 5.8S rRNA takes place
in the cytoplasm and requires the nucleases Rex1, Rex2, and Ngl2 (Faber
et al. 2002; Thomson and Tollervey 2010; van Hoof et al. 2000). The 5S
rRNA is processed in by the nucleases Rex1, Rex2, and Rex3 (van Hoof
et al. 2000). For detailed information on pre-rRNA processing, readers are
referred to Woolford and Baserga (2013) and Fromont-Racine et al.
(2003)
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ribosomal particles, FXFG-repeat nucleoporins and RanGTP
will clarify the contribution of Rrp12 to pre-ribosome export.

Additionally, pre-ribosomal particles employ multiple non-
essential, auxiliary factors that can directly bind FG-rich
nucleoporins and directly facilitate translocation of pre-
ribosomal particles through the NPC channel (Fig. 3). The
trans-acting factor Arx1 that localizes to the exit tunnel plays
an auxiliary role in pre-60S subunit nuclear export (Bradatsch
et al. 2007; Hung et al. 2008). Arx1 contains a methionine
aminopeptidase (MetAP)-like fold, which is present in a fam-
ily of proteins that remove the N-terminal methionine from
nascent polypeptides as they emerge from the ribosome.
However, Arx1 lacks a methionine aminopeptidase activity.
Mutations in the methionine-binding pocket impair the func-
tion of Arx1 in pre-60S subunit export, which led to the
proposal that this fold has evolved to interact with FG-
nucleoporins (Bradatsch et al. 2007). Two recent studies re-
vealed that the proposed FG-interacting pocket of Arx1 points
toward the exit tunnel of the 60S subunit and hence does not
appear to be exposed to the solvent. Further, Arx1 not only

covers the exit tunnel of the 60S subunit, but it also arrests a
conserved rRNA expansion segment 27 (ES27) in a so-called
tunnel conformation (Bradatsch et al. 2012; Greber et al.
2012). It could be that Arx1 gets detached from the main body
of the pre-60S subunit, while it remains bound to the pre-60S
subunit via its interaction with ES27, during translocation of
pre-60S subunits through the NPC. Such a scenario may
reconcile the apparent paradox, as to how Arx1 simultaneous-
ly interacts with the pre-60S subunit as well as FG-rich
nucleoporins. Nevertheless, the functional significance of the
interaction between ES27 and Arx1 remains to be determined.

Functional screens in yeast have identified factors that
directly promote nuclear export of pre-ribosomes. These ap-
proaches uncovered the shuttling assembly factors (Ecm1 and
Bud20) and mRNA export factor (Npl3) involved in pre-60S
subunit nuclear export (Altvater et al. 2012; Bassler et al.
2001, 2012; Hackmann et al. 2011; Yao et al. 2010).
Whether pre-ribosomal subunits employ all export factors
for their translocation through the NPC is currently unclear.
It could be that a minimal set might be sufficient to facilitate

Fig. 3 Transport of pre-ribosomal particles through the NPC channel.
Export of the pre-ribosomal particles is facilitated by indicated export
factors (yellow) that interact with the FG meshwork of the NPC channel.
Cryo-EM maps of late pre-ribosomal particles isolated by Rio2-TAP and

Alb1-TAP. The pre-40Smodel is adapted from Figure 2 from Strunk et al.
(2011) and the pre-60S model is adapted from Figure 2 from Bradatsch
et al. (2012)
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rapid export. A particular challenge is to localize export fac-
tors on pre-ribosomal particles. These analyses are expected to
provide insight into how pre-ribosomal particles are oriented
during the translocation through the NPC channel.

All export factors described to date utilize the FG-
meshwork to translocate pre-ribosomal subunits through the
NPCs. Recently, we have uncovered a role for the non-FG-
interacting transport factor Gle2 in pre-60S subunit export
(Occhipinti et al. 2013). Gle2 interacts with pre-60S through
a conserved basic patch and utilizes a second interaction
surface to simultaneously bind the GLEBS (Gle2-binding
sequence) motif of Nup116 (Fig. 3). These interactions to-
gether facilitate the transit of the pre-60S particle through the
NPC. Mutations that impair the function of Gle2 in pre-60S
nuclear export do not affect mRNA export (Occhipinti et al.
2013). Curiously, the recruitment of Gle2 to pre-60S subunits
requires its prior tethering to the GLEBS motif of nucleoporin
Nup116. Thus, Gle2 could utilize distinct interaction surfaces
to prevent kinetic delays experienced by mRNPs and pre-60S
subunits during translocation through the NPC channel, espe-
cially in the case when cargos have failed to recruit its optimal
complement of export factors.

In contrast to the pre-60S, fewer export factors are described
for the pre-40S subunit. Studies in mammalian cells have
revealed multiple NES containing assembly factors (Ltv1,
Dim2, and Rio2) that recruit the export factor Crm1 (Xpo1)
(Zemp et al. 2009). An essential NES containing adaptor for
pre-40S subunits that recruits Xpo1 remains elusive. One
possibility could be that multiple NES containing adaptors play
redundant roles to recruit the essential export receptor Xpo1
and guarantee efficient nuclear export of pre-40S subunits.

Another conserved factor that specifically functions in the
nuclear export of pre-40S subunits is the conserved RanGTP-
binding protein Yrb2 (Moy and Silver 2002; Taura et al.
1998). The yrb2Δ mutant exhibits a marked decrease in the
40S subunit levels and strong nucleoplasmic accumulation of
the small subunit reporters (Faza et al. 2012; Moy and Silver
2002). Notably, in vitro studies showed that the human ho-
molog of Yrb2 (RanBP3) triggers the loading of Xpo1 (Crm1)
and RanGTP on certain cargoes that are exported into the
cytoplasm (Englmeier et al. 2001). Therefore, one possibility
could be that Yrb2 delivers Xpo1 and RanGTP to certain yet
unknown NES containing adaptor(s) to promote nuclear ex-
port of pre-40S subunits.

Cytoplasmic maturation pathway of pre-ribosomes

Prior to nuclear export, the majority of assembly factors,
which associate with pre-ribosomal particles during early
biogenesis, are released after fulfilling their function. Only a
handful of assembly factors travel with pre-ribosomal parti-
cles to the cytoplasm. The release of these factors, the

incorporation of the remaining r-proteins, and final pre-
rRNA processing events constitute cytoplasmic maturation
in the ribosome biogenesis pathway (Fig. 4). These steps are
not only crucial for completing ribosome maturation, but are
also crucial for new rounds of ribosome biogenesis. A failure
to release and recycle assembly and export factors back to the
nucleus induces pre-rRNA processing delays, assembly de-
fects, and impaired nuclear export.

Cytoplasmic maturation of pre-40S subunits

The pre-40S subunits are accompanied to the cytoplasm by a
handful of proteins (Enp1, Tsr1, Ltv1, Dim1, Dim2, Nob1,
Rio2, and Hrr25) that contribute to their export as well as
subsequent pre-rRNA processing (Strunk et al. 2011). How
these shuttling assembly factors are released from pre-40S
subunits remains unclear. Cytoplasmic processing of imma-
ture 20S pre-rRNA within pre-40S subunits involves two
conserved events: dimethylation of the 20S pre-rRNA and
the endonucleolytic cleavage (site D in Fig. 2b) of 20S pre-
rRNA to 18S rRNA.

A late pre-rRNAmodification step in 40S biogenesis is the
dimethylation of two adenine bases near the 3′ end of the 18S
rRNA. The enzyme responsible for catalyzing this modifica-
tion is the essential factor Dim1 that is loaded on the pre-40S
subunits (Lafontaine et al. 1994). Dimethylation is first de-
tected on the 20S rRNA precursor and was suggested to take
place once the pre-40S particle reaches the cytoplasm.
Although dimethylation occurs late during subunit matura-
tion, Dim1 associates already with the 90S. Dim1 depletion
causes an early nucleolar pre-rRNA processing defect, which
can be rescued by a catalytically inactive dim1 mutant.
Intriguingly, the catalytically inactive dim1 mutant rescues
the lethality of the dim1Δ strain suggesting that the
dimethylating activity of Dim1 is not essential and can be
separated from its essential role in early pre-rRNA processing.
Dimethylation was suggested to play a role in fine-tuning
translation as the dim1 mutant displays increased antibiotic
sensitivity (Lafontaine et al. 1998).

An essential cytoplasmic maturation event that renders pre-
40S particles translation-competent is the endonucleolytic
cleavage of the immature 20S rRNA into mature 18S rRNA.
Multiple energy-consuming ATPases (Prp43, Rio2, and Fap7)
and the PIN-domain endonuclease Nob1 were implicated in
this late maturation step (Clissold and Ponting 2000; Geerlings
et al. 2003; Jakovljevic et al. 2004; Lamanna and Karbstein
2009; Pertschy et al. 2009; Vanrobays et al. 2003). Nob1 is
recruited to 40S pre-ribosomes already in the nucleus, suggest-
ing that there must be an activating mechanism for Nob1 in the
cytoplasmic compartment. Studies from the Tollervey and
Karbstein laboratories revealed that pre-40S subunits interact
with mature 60S subunits to form an 80S-like particle in vitro
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and in vivo (Lebaron et al. 2012; Strunk et al. 2012). The
interaction with the 60S subunit triggers the activity of Nob1 to
cleave 20S pre-RNA to mature 18S rRNA in vitro. Both
studies implicated that the conserved cytoplasmic GTPase
and translation initiation factor eIF5b/Fun12 might be impor-
tant for the formation of the 80S-like particle, which triggers
this final cleavage step in the cytoplasm. Subsequently, Nob1
is released and recycled due to the action of the ABC-ATPase
Rli1 that dissociates the pre-40S subunit from the 60S subunit,
after 20S pre-rRNA cleavage (Strunk et al. 2012). Fun12 is not
an essential gene in budding yeast, whereas the endonucleo-
lytic cleavage of 20S pre-rRNA is essential. Considering the
high abundance of pre-40S subunits, it is intriguing that the
fun12Δ mutant shows only minor accumulation of 20S pre-
rRNAs in the cytoplasm (Lebaron et al. 2012). It could be that
in a fun12Δmutant, pre-40S subunits containing immature 20S
pre-rRNA fail to undergo cytoplasmic maturation and are then
rapidly degraded. In support of an 80S-like translation cycle,
mutations in the 60S subunit r-protein uL3 (Rpl3), which affect
the affinity to translation elongation factors, were shown to
specifically impair cytoplasmic 20S pre-rRNA processing
(Garcia-Gomez et al. 2014).

Cytoplasmic maturation of pre-60S subunits

In addition to shuttling export factors (Nmd3, Arx1, Ecm1,
and Mex67-Mtr2), genetic approaches identified few assem-
bly factors (Rlp24, Tif6, Nog1, and Alb1) that associate with
pre-60S particles in the nucleus and are transported to the
cytoplasm. Release of these factors is catalyzed by conserved

energy-consuming GTPases (Kre35, Efl1), ATPases (Drg1,
Hsp70), and their cofactors (Sdo1, Rei1, Jjj1) that transiently
associate with pre-60S particles exclusively in the cytoplasm
(Panse and Johnson 2010).

The Johnson laboratory established the order of known
release events that provided an initial framework of the
cytoplasmic maturation pathway (Fig. 4) (Lo et al. 2010).
A characteristic feature of the pre-60S cytoplasmic matura-
tion is the sequential release of assembly factors and trans-
port factors (Fig. 4 and Table 2). The AAA-ATPase Drg1
triggers the earliest cytoplasmic maturation step on pre-60S
particles, which is a prerequisite for subsequent cytoplasmic
maturation steps of 60S pre-ribosomes. Catalytically im-
paired drg1 mutants accumulate the nuclear assembly fac-
tors Rlp24, Nog1, Arx1, and Tif6 in the cytoplasm where
they remain bound to pre-60S subunits (Pertschy et al.
2007). Thus, the activity of Drg1 is required for their release
from pre-60S particles, thereby also allowing their re-
import into the nucleus. AAA-ATPases typically do not
exhibit broad substrate specificities (Lupas and Martin
2002), and therefore, it is unlikely that Drg1 releases each
of these factors from pre-60S subunits. The Bergler labora-
tory demonstrated that Drg1 catalyzes the release of Rlp24
that is essential for subsequent release events (Kappel et al.
2012). A C-terminal region within Rlp24 acts as a recruiting
site for Drg1 to stimulate its ATPase activity. The release of
Rlp24 from the pre-60S subunit appears to require the
nonessential FG-nucleoporin Nup116. Thus, the mechano-
chemical activity of Drg1 makes the export step irreversible
and simultaneously initiates the cytoplasmic maturation
cascade.

Fig. 4 Cytoplasmic maturation of a large pre-ribosomal subunit prior to
initiating translation. Exported pre-60S subunits are bound by export
factors (yellow) and shuttling factors (green) which are released in the
cytoplasm. The ATPase Drg1 releases Rlp24 from the pre-ribosomal
particles. This event triggers the subsequent maturation events. Arx1
and Alb1 require Rei1, Jjj1, and Ssa1/Ssa2 for their release, whereas the
stalk assembly can only take place after the release of the shuttling
ribosomal-like protein Mrt4 by the cytoplasmic release factor Yvh1.

Recruitment of uL10 (Rpp0) releases Yvh1, which allows further assem-
bly of the P1 (Rpp1) and P2 (Rpp2) heterodimer onto the stalk. Loading
of uL16 (Rpl10) triggers the final maturation steps. The GTPase Efl1 and
its co-factor Sdo1 release Tif6 and another GTPase Kre35 (Lsg1)
removes Nmd3. The release mechanisms/factors of shuttling assembly
factors like Nog1, Nug1, and Nsa2 and the transport factors Mex67-Mtr2,
Bud20, Ecm1, and Gle2 (depicted in gray) remain to be uncovered
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Release of the ribosomal-like protein Rlp24 is necessary to
allow the r-protein eL24 (Rpl24) to assemble into the pre-60S
subunit. This exchange event triggers recruitment of the zinc-
finger proteins Rei1 and Yvh1 (Altvater et al. 2012; Lo et al.
2010). Rei1 is nonessential, but needed for the recycling of
Arx1 and its interacting partner Alb1 (Hung and Johnson 2006;
Lebreton et al. 2006). Rei1 works in conjunction with the DnaJ
domain-containing Jjj1 and the ATPase Ssa1/Ssa2 (Hsp70) to
release Arx1 (Demoinet et al. 2007; Lo et al. 2010; Meyer et al.
2007, 2010). This data also indicates that Arx1 appears to have
an inhibitory role in driving cytoplasmic maturation pathway of
pre-60S subunits. Based on similarity of Arx1 to MetAPs, a
prediction is that they bind to the same site on the ribosome and
that Arx1 prevents the binding of MetAP. Further, Arx1 binds
in the vicinity of the r-protein uL23 (Rpl25) at the poly-
peptide exit tunnel, which is an important functional site on
the ribosome, as uL23 (Rpl25) interacts with the signal
recognition particle (SRP) as well as the translocon in the
endoplasmic reticulum (ER) (Bradatsch et al. 2012; Dalley
et al. 2008; Greber et al. 2012).

The Johnson and Panse laboratories have uncovered a
cytoplasmic maturation event that is crucial for assembly of
the ribosome stalk, a structural landmark of the 60S subunit
(Kemmler et al. 2009; Lo et al. 2009). Assembly of the stalk is
a major step in acquisition of functionality of the ribosome,
since it is essential for recruitment and activation of translation
factors, in particular the elongation factors. In yeast, the stalk
is composed of uL10 (Rpp0) and two heterodimers of P1 and
P2 (Rpp1/Rpp2). uL10 (Rpp0) anchors the stalk to the ribo-
some by binding to the rRNA of helices 43 and 44. However,
pre-60S subunits are first assembled in the nucleus with the
ribosomal-like protein Mrt4 in place of uL10 (Rpp0). Mrt4

lacks the domains that recruit translation factors, necessitating
the exchange of Mrt4 for uL10 (Rpp0). The dual specificity
phosphatase Yvh1 is required for the removal of Mrt4 and
uses its zinc-binding domain but not its phosphatase activity to
release of Mrt4 from pre-60S subunits. While the key players
are identified, the precise mechanism of Mrt4 release and the
molecular events that lead to the assembly of the stalk remain
elusive.

Following the assembly of the stalk and the removal of
Arx1, Tif6 is released. Tif6 is a shuttling assembly factor that
prevents the joining of immature 60S to 40S subunits (Russell
and Spremulli 1979; Valenzuela et al. 1982). The release of
Tif6 depends on previous events as it mislocalizes in yvh1
mutants in which stalk assembly is blocked (Kemmler et al.
2009). During translation, the stalk functions in recruitment
and activation of the GTPase eEF2 (Bargis-Surgey et al.
1999). Given that Efl1 is closely related to eEF2, stalk assem-
bly might play a similar role in biogenesis, thus recruiting Efl1
for the release of Tif6. This also suggests that the cytoplasmic
maturation events in the 60S biogenesis are coupled and
ordered sequentially from Drg1-dependent release of Rlp24
to Efl1-mediated release of Tif6 (Fig. 4).

The GTPase Efl1 and the Shwachman-Bodian-Diamond
syndrome protein Sdo1 are required to release Tif6 (Becam
et al. 2001; Senger et al. 2001). In efl1 and sdo1mutants, Tif6
accumulates on late pre-60S subunits and is mislocalized to
the cytoplasm (Menne et al. 2007; Senger et al. 2001).
Mutations in Tif6 that weaken its affinity for the 60S subunit
suppress the growth defects of efl1 and sdo1mutants, provid-
ing strong genetic evidence that Tif6 is the primary substrate
of Efl1 and Sdo1. Efl1 bears a significant sequence similarity
to the translation elongation factor 2, a GTPase that facilitates

Table 2 Cytoplasmic release of shuttling assembly and transport factors in the 60S biogenesis pathway

Release factor/co-factor Activity/domain Target References

Drg1 AAA-ATPase Rlp24 Kappel et al. (2012), Pertschy et al. (2007)

Rei1 Zn-finger protein Arx1/Alb1 Hung and Johnson (2006), Lebreton et al. (2006),
Meyer et al. (2007)

Jjj1-Ssa1/Ssa2 DnaJ domain stimulates the ATPase Ssa1/Ssa2 Arx1/Alb1 Demoinet et al. (2007), Meyer et al. (2007, 2010)

Yvh1 Dual specificity phosphatase Mrt4 Kemmler et al. (2009), Lo et al. (2009)

Efl1 GTPase Tif6 Becam et al. (2001), Senger et al. (2001)

Sdo1 – Tif6 Menne et al. (2007)

Kre35 GTPase Nmd3 Hedges et al. (2005)

– – Bud20

– – Nsa2

– – Nug1

– – Npl3

– – Mex67/Mtr2

– – Nog1

– – Gle2

– – Ecm1
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translocation of the ribosome following the action of the
peptidyl transferase.

The essential NES containing adaptor Nmd3 must be re-
leased from pre-60S subunits and recycled back to the nucle-
us. The r-protein uL16 (Rpl10) and the GTPase Kre35 (Lsg1)
were implicated in the release of Nmd3 (Hedges et al. 2005;
West et al. 2005). Mutations in uL16 (Rpl10) prevent the
release of Nmd3 from pre-60S subunits. Moreover, mutations
in Kre35 that are predicted to disrupt its GTPase activity also
block Nmd3 release in the cytoplasm (Hedges et al. 2005).
These results suggest that Kre35 triggers the binding of uL16
(Rpl10) to the 60S, an event that is coupled to the release of
Nmd3 (Hedges et al. 2005; Karl et al. 1999; West et al. 2005).
Interestingly, recent work from the Johnson laboratory indi-
cates that loading of uL16 (Rpl10) on late pre-60S subunits is
a prerequisite for the release of Tif6 (Bussiere et al. 2012).

Recently, we have employed a combination of genetic
trapping, affinity purification, and a targeted proteomic ap-
proach based on selected reaction monitoring mass spectrom-
etry (SRM-MS) to interrogate the proteome of 60S pre-
ribosomes after nuclear export (Altvater et al. 2012). Using a
resource of SRM assays, we uncovered unanticipated assem-
bly factors (Bud20, Nug1, Nsa2, and Rli1). They are exported
to the cytoplasm and are only released after Drg1-mediated
release of Rlp24. The functional significance of shuttling
behavior of the identified assembly factors is unknown. It
could be that they participate directly in their transport and/
or final functional proofreading of pre-60S subunits.
Mechanisms that trigger the release of these shuttling assem-
bly factors from pre-60S particles in the cytoplasm remain to
be discovered.

Cytoplasmic proofreading systems for the ribosome

Given the importance to correctly translate proteins, an effi-
cient quality control system must ensure that only functional
ribosomes enter translation. In the nucleus, the TRAMP com-
plex marks and targets aberrant pre-rRNAs for degradation by
the nuclear exosome (Allmang et al. 2000; Dez et al. 2006;
LaCava et al. 2005; Mitchell et al. 1997). The precise mech-
anism(s) of recognition of incorrectly assembled pre-
ribosomal particles by the TRAMP complex in the nucleus
remains unclear. Improperly assembled pre-ribosomal sub-
units that escape nuclear surveillance mechanisms are segre-
gated and targeted for degradation in the cytoplasm by non-
functional RNA decay (NRD) (Cole et al. 2009; Fujii et al.
2009, 2012; Graille and Seraphin 2012; LaRiviere et al.
2006). For a more detailed review on nuclear and cytoplasmic
surveillance mechanisms for eukaryotic ribosome assembly,
the readers are referred to Lafontaine (2010).

In the cytoplasm, two antagonistic mechanisms appear to
proofread pre-ribosomes: (1) Assembly factors might either

prevent and/or delay pre-ribosomes from prematurely
interacting or initiating translation. (2) They could actively
check pre-ribosomal subunits for functionality. The
ribosomal-like proteins (Rlp24 and Mrt4) act as placeholders
for r-proteins. Therefore they delay maturation of the subunit
and perhaps provide a time window for the functional proof-
reading of the 60S subunits. The assembly factor Tif6 is
another example, whose binding to the 60S subunit interface
prevents premature interactions with the 40S subunit. Tif6 is
released from pre-60S subunits in the cytoplasm only after the
formation of the acidic ribosomal stalk. Efl1 and Sdo1 pro-
mote the release of Tif6 from pre-60S ribosomes (Lo et al.
2010; Menne et al. 2007; Senger et al. 2001). Efl1 shares
sequence similarity with the GTPase elongation factor eEF2.
Additionally, Efl1 was proposed to check the integrity of the
GTPase activating center, the P-site of the ribosome for func-
tionality (Bussiere et al. 2012). Thus, cytoplasmic release
factors may couple the recycling of shuttling assembly factors
and simultaneously check ribosome function.

In the case of the pre-40S subunit, a number of assembly
factors were proposed to block premature binding of initiation
factors, mRNA, tRNA, and the 60S subunit. The cryo-EM
structure of a late cytoplasmic pre-40S particle assigned the
binding sites for Ltv1, Enp1, Rio2, Tsr1, Dim1, Pno1, and
Nob1 on the small subunit (Strunk et al. 2011, Fig. 3). Their
binding sites imply possible functions in preventing premature
translation initiation by blocking access of translation factors.
Ltv1 and Enp1 directly bind uS3 (Rps3) on its solvent exposed
side thereby blocking the mRNA channel opening. Rio2, Tsr1,
and Dim1 bind the subunit interface, thus preventing joining of
the mature 60S subunit and translation initiation factor eIF1A.
Nob1 and Pno1 block the binding of eIF3 and thereby interfere
with translation initiation. After the release of Rio2, Tsr1, and
Dim1, such a pre-40S particle may structurally mimic the
translation initiation surface of a mature 40S subunit and hence
can interact with a mature 60S subunit to form an 80S-like
particle (Lebaron et al. 2012). This translation-like interaction
could test the ability of a pre-40S subunit to bind 60S subunits.
Additionally, by constantly interacting with each other in the
cytoplasm, ribosomal subunits may sense their decoding ability
to segregate and target aberrant particles for disassembly and
degradation. Interestingly, Nob1 activity is stimulated by the
translation initiation factor Fun12 (eIF5B) (Lebaron et al. 2012;
Strunk et al. 2012). Thus, processing of the 20S pre-rRNAmay
represent a quality control mechanism that simultaneously
triggers subunit maturation and senses translation competence.

Concluding remarks

Despite the initial description of eukaryotic ribosome assem-
bly, which now dates back nearly 40 years, our understanding
of this fundamental pathway still remains rudimentary. During

338 Chromosoma (2014) 123:327–344



the last decades genetic screens, the development of visual
reporters and proteomic approaches in budding yeast has
provided crucial breakthroughs to further dissect eukaryotic
ribosome biogenesis. These methodologies have expanded
the inventory of assembly and transport factors that aid ribo-
some production. Deciphering the contribution of assembly
factors during ribosome formation remains an important chal-
lenge. Structural approaches are beginning to facilitate these
functional analyses of this highly dynamic pathway (Armache
et al. 2010; Ben-Shem et al. 2011; Bradatsch et al. 2012;
Greber et al. 2012; Klinge et al. 2011; Rabl et al. 2011).
Moreover, these studies are guiding mechanistic analyses of
this conserved pathway in higher eukaryotes (Tafforeau et al.
2013; Wild et al. 2010). Large-scale genome-wide visual
screens and advanced imaging technologies will provide
new insights into the assembly pathway of the human
ribosome.

The importance of producing translation-competent ribo-
somes is reflected by the growing list of diseases that are
linked to defects in ribosome assembly. Diamond-Blackfan
anemia (DBA) is a rare human genetic disease. It causes bone
marrow failure and severe anemia (Ellis and Lipton 2008;
Ellis and Gleizes 2011). DBA is characterized by mutations
in multiple proteins of the small and the large subunit and
results in reduced translation capacity of the cell. Recently,
mutations in the r-protein uL16 (Rpl10) and uL18 (Rpl5) were
associated with T-cell acute lymphoblastic leukemia (De
Keersmaecker et al. 2013). Mutations in the SSU component
hUTP4 might be the basis of North American Indian child-
hood cirrhosis (Freed et al. 2012). The Shwachman-Bodian-
Diamond syndrome arises from the inability to release Tif6
from pre-60S subunits (Finch et al. 2011; Menne et al. 2007;
Wong et al. 2011).

Robust ribosome production allows cells to increase
their mass and to proliferate, thus making ribosome assem-
bly an important target for cancer treatments. Increased
transcription of rDNA by RNA polymerase I is a charac-
teristic feature of malignant cancers and to boost ribosome
synthesis, emphasizing the importance of targeting the ri-
bosome biogenesis pathway. Indeed, a recently developed
small molecule inhibitor CX-5461 that targets rDNA tran-
scription is able to selectively kill B-lymphoma cells
(Bywater et al. 2012; Hannan et al. 2013). Unraveling the
pathways and mechanisms by which eukaryotes build ribo-
somes will provide fundamental knowledge that will facil-
itate the rational design of therapeutics in the treatment of
malignant cancers.

Acknowledgments We thank M. Altvater and U. Rothenbusch for
comments and suggestions on the manuscript. J. J. Petkowski is support-
ed by an ETH Zürich Postdoctoral Fellowship and the Marie Curie
Actions for People COFUND program. V. G. Panse is supported by

grants from the Swiss National Science Foundation, the ETH Zürich,
and a Starting Grant Award (EURIBIO260676) from the European Re-
search Council.

References

Allmang C, Kufel J, Chanfreau G, Mitchell P, Petfalski E, Tollervey D
(1999) Functions of the exosome in rRNA, snoRNA and snRNA
synthesis. EMBO J 18:5399–5410

Allmang C, Mitchell P, Petfalski E, Tollervey D (2000) Degradation of
ribosomal RNA precursors by the exosome. Nucleic Acids Res 28:
1684–1691

Altvater M, Chang Y, Melnik A, Occhipinti L, Schutz S, Rothenbusch U,
Picotti P, Panse VG (2012) Targeted proteomics reveals composi-
tional dynamics of 60S pre-ribosomes after nuclear export. Mol Syst
Biol 8:628

Armache JP, Jarasch A, Anger AM, Villa E, Becker T, Bhushan S,
Jossinet F, Habeck M, Dindar G, Franckenberg S, Marquez V,
Mielke T, Thomm M, Berninghausen O, Beatrix B, Soding J,
Westhof E, Wilson DN, Beckmann R (2010) Cryo-EM structure
and rRNA model of a translating eukaryotic 80S ribosome at 5.5-A
resolution. Proc Natl Acad Sci U S A 107:19748–19753

Ban N, Beckmann R, Cate JH, Dinman JD, Dragon F, Ellis SR,
Lafontaine DL, Lindahl L, Liljas A, Lipton JM, McAlear MA,
Moore PB, Noller HF, Ortega J, Panse VG, Ramakrishnan V,
Spahn CM, Steitz TA, Tchorzewski M, Tollervey D, Warren AJ,
Williamson JR, Wilson D, Yonath A, Yusupov M (2014) A new
system for naming ribosomal proteins. Curr Opin Struct Biol

Bargis-Surgey P, Lavergne JP, Gonzalo P, Vard C, Filhol-Cochet O,
Reboud JP (1999) Interaction of elongation factor eEF-2 with ribo-
somal P proteins. Eur J Biochem FEBS 262:606–611

Bassler J, Grandi P, Gadal O, Lessmann T, Petfalski E, Tollervey D,
Lechner J, Hurt E (2001) Identification of a 60S preribosomal
particle that is closely linked to nuclear export. Mol Cell 8:517–529

Bassler J, Kallas M, Pertschy B, Ulbrich C, ThomsM, Hurt E (2010) The
AAA-ATPase Rea1 drives removal of biogenesis factors during
multiple stages of 60S ribosome assembly. Mol Cell 38:712–721

Bassler J, Klein I, Schmidt C, Kallas M, Thomson E, Wagner MA,
Bradatsch B, Rechberger G, Strohmaier H, Hurt E, Bergler H
(2012) The conserved Bud20 zinc finger protein is a new component
of the ribosomal 60S subunit export machinery. Mol Cell Biol 32:
4898–4912

Baudin-Baillieu A, Tollervey D, Cullin C, Lacroute F (1997) Functional
analysis of Rrp7p, an essential yeast protein involved in pre-rRNA
processing and ribosome assembly. Mol Cell Biol 17:5023–5032

Bayliss R, Leung SW, Baker RP, Quimby BB, Corbett AH, Stewart M
(2002) Structural basis for the interaction between NTF2 and
nucleoporin FxFG repeats. EMBO J 21:2843–2853

Becam AM, Nasr F, Racki WJ, Zagulski M, Herbert CJ (2001) Ria1p
(Ynl163c), a protein similar to elongation factors 2, is involved in
the biogenesis of the 60S subunit of the ribosome in Saccharomyces
cerevisiae. Mol Gen Genomics 266:454–462

Ben-Shem A, Garreau de Loubresse N, Melnikov S, Jenner L, Yusupova
G, Yusupov M (2011) The structure of the eukaryotic ribosome at
3.0 A resolution. Science (New York, NY) 334:1524–1529

Bernstein KA, Gallagher JE, Mitchell BM, Granneman S, Baserga SJ
(2004) The small-subunit processome is a ribosome assembly inter-
mediate. Eukaryot Cell 3:1619–1626

Billy E, Wegierski T, Nasr F, Filipowicz W (2000) Rcl1p, the yeast
protein similar to the RNA 3′-phosphate cyclase, associates with
U3 snoRNP and is required for 18S rRNA biogenesis. EMBO J 19:
2115–2126

Borovjagin AV, Gerbi SA (1999) U3 small nucleolar RNA is essential for
cleavage at sites 1, 2 and 3 in pre-rRNA and determines which

Chromosoma (2014) 123:327–344 339



rRNA processing pathway is taken in Xenopus oocytes. J Mol Biol
286:1347–1363

Borovjagin AV, Gerbi SA (2001) Xenopus U3 snoRNAGAC-BoxA′ and
Box A sequences play distinct functional roles in rRNA processing.
Mol Cell Biol 21:6210–6221

Bradatsch B, Katahira J, Kowalinski E, Bange G, Yao W, Sekimoto T,
Baumgartel V, Boese G, Bassler J, Wild K, Peters R, Yoneda Y,
Sinning I, Hurt E (2007) Arx1 functions as an unorthodox nuclear
export receptor for the 60S preribosomal subunit.MolCell 27:767–779

Bradatsch B, Leidig C, Granneman S, Gnädig M, Tollervey D, Böttcher
B, Beckmann R, Hurt E (2012) Structure of the pre-60S ribosomal
subunit with nuclear export factor Arx1 bound at the exit tunnel. Nat
Struct Mol Biol 19:1234–1241

Briggs MW, Burkard KT, Butler JS (1998) Rrp6p, the yeast homologue
of the human PM-Scl 100-kDa autoantigen, is essential for efficient
5.8S rRNA 3′ end formation. J Biol Chem 273:13255–13263

Britton RA (2009) Role of GTPases in bacterial ribosome assembly.
Annu Rev Microbiol 63:155–176

Bussiere C, Hashem Y, Arora S, Frank J, Johnson AW (2012) Integrity of
the P-site is probed during maturation of the 60S ribosomal subunit.
J Cell Biol 197:747–759

Bywater MJ, Poortinga G, Sanij E, Hein N, Peck A, Cullinane C,WallM,
Cluse L, Drygin D, Anderes K, Huser N, Proffitt C, Bliesath J,
Haddach M, Schwaebe MK, Ryckman DM, Rice WG, Schmitt C,
Lowe SW, Johnstone RW, Pearson RB, McArthur GA, Hannan RD
(2012) Inhibition of RNA polymerase I as a therapeutic strategy to
promote cancer-specific activation of p53. Cancer Cell 22:51–65

Champion EA, Lane BH, Jackrel ME, Regan L, Baserga SJ (2008) A
direct interaction between the Utp6 half-a-tetratricopeptide repeat
domain and a specific peptide in Utp21 is essential for efficient pre-
rRNA processing. Mol Cell Biol 28:6547–6556

Ciganda M, Williams N (2011) Eukaryotic 5S rRNA biogenesis. Wiley
Interdiscip Rev RNA 2:523–533

Clissold PM, Ponting CP (2000) PIN domains in nonsense-mediated
mRNA decay and RNAi. Curr Biol 10:R888–R890

Cole SE, LaRiviere FJ, Merrikh CN,Moore MJ (2009) A convergence of
rRNA andmRNA quality control pathways revealed bymechanistic
analysis of nonfunctional rRNA decay. Mol Cell 34:440–450

Dalley JA, Selkirk A, Pool MR (2008) Access to ribosomal protein
Rpl25p by the signal recognition particle is required for efficient
cotranslational translocation. Mol Biol Cell 19:2876–2884

De Keersmaecker K, Atak ZK, Li N, Vicente C, Patchett S, Girardi T,
Gianfelici V, Geerdens E, Clappier E, PorcuM, Lahortiga I, Luca R,
Yan J, Hulselmans G, Vranckx H, Vandepoel R, Sweron B, Jacobs
K, Mentens N, Wlodarska I, Cauwelier B, Cloos J, Soulier J,
Uyttebroeck A, Bagni C, Hassan BA, Vandenberghe P, Johnson
AW, Aerts S, Cools J (2013) Exome sequencing identifies mutation
in CNOT3 and ribosomal genes RPL5 and RPL10 in T-cell acute
lymphoblastic leukemia. Nat Genet 45:186–190

Decatur WA, Fournier MJ (2002) rRNA modifications and ribosome
function. Trends Biochem Sci 27:344–351

Decatur WA, Fournier MJ (2003) RNA-guided nucleotide modification
of ribosomal and other RNAs. J Biol Chem 278:695–698

Decatur WA, Liang XH, Piekna-Przybylska D, Fournier MJ (2007)
Identifying effects of snoRNA-guided modifications on the synthesis
and function of the yeast ribosome. Methods Enzymol 425:283–316

Demoinet E, Jacquier A, Lutfalla G, Fromont-Racine M (2007) The
Hsp40 chaperone Jjj1 is required for the nucleo-cytoplasmic
recycling of preribosomal factors in Saccharomyces cerevisiae.
RNA (New York, NY) 13:1570–1581

Dez C, Houseley J, Tollervey D (2006) Surveillance of nuclear-restricted
pre-ribosomes within a subnucleolar region of Saccharomyces
cerevisiae. EMBO J 25:1534–1546

Dosil M, Bustelo XR (2004) Functional characterization of Pwp2, a WD
family protein essential for the assembly of the 90S pre-ribosomal
particle. J Biol Chem 279:37385–37397

Dragon F, Gallagher JE, Compagnone-Post PA, Mitchell BM,
Porwancher KA, Wehner KA, Wormsley S, Settlage RE,
Shabanowitz J, Osheim Y, Beyer AL, Hunt DF, Baserga SJ (2002)
A large nucleolar U3 ribonucleoprotein required for 18S ribosomal
RNA biogenesis. Nature 417:967–970

Dunbar DA,Wormsley S, Agentis TM, Baserga SJ (1997) Mpp10p, a U3
small nucleolar ribonucleoprotein component required for pre-18S
rRNA processing in yeast. Mol Cell Biol 17:5803–5812

Ellis SR, Gleizes PE (2011) Diamond Blackfan anemia: ribosomal pro-
teins going rogue. Semin Hematol 48:89–96

Ellis SR, Lipton JM (2008) Diamond Blackfan anemia: a disorder of red
blood cell development. Curr Top Dev Biol 82:217–241

Englmeier L, Fornerod M, Bischoff FR, Petosa C, Mattaj IW, Kutay U
(2001) RanBP3 influences interactions between CRM1 and its
nuclear protein export substrates. EMBO Rep 2:926–932

FaberAW,VanDijkM,RaueHA,Vos JC (2002)Ngl2p is aCcr4p-like RNA
nuclease essential for the final step in 3′-end processing of 5.8S rRNA in
Saccharomyces cerevisiae. RNA (New York, NY) 8:1095–1101

Faza MB, Chang Y, Occhipinti L, Kemmler S, Panse VG (2012) Role of
Mex67-Mtr2 in the nuclear export of 40S pre-ribosomes. PLoS
Genet 8:e1002915

Finch AJ, Hilcenko C, Basse N, Drynan LF, Goyenechea B, Menne TF,
Gonzalez Fernandez A, Simpson P, D’Santos CS, Arends MJ,
Donadieu J, Bellanne-Chantelot C, Costanzo M, Boone C,
McKenzie AN, Freund SM, Warren AJ (2011) Uncoupling of
GTP hydrolysis from eIF6 release on the ribosome causes
Shwachman-Diamond syndrome. Genes Dev 25:917–929

Freed EF, Prieto JL, McCann KL, McStay B, Baserga SJ (2012) NOL11,
implicated in the pathogenesis of North American Indian childhood
cirrhosis, is required for pre-rRNA transcription and processing.
PLoS Genet 8:e1002892

Fribourg S, Conti E (2003) Structural similarity in the absence of se-
quence homology of the messenger RNA export factors Mtr2 and
p15. EMBO Rep 4:699–703

Fromont-Racine M, Senger B, Saveanu C, Fasiolo F (2003) Ribosome
assembly in eukaryotes. Gene 313:17–42

Fujii K, Kitabatake M, Sakata T, Miyata A, Ohno M (2009) A role for
ubiquitin in the clearance of nonfunctional rRNAs. Genes Dev 23:
963–974

Fujii K, KitabatakeM, Sakata T, OhnoM (2012) 40S subunit dissociation
and proteasome-dependent RNA degradation in nonfunctional 25S
rRNA decay. EMBO J 31:2579–2589

Gadal O, StraussD, Braspenning J, Hoepfner D, Petfalski E, Philippsen P,
TollerveyD,Hurt E (2001a) A nuclear AAA-type ATPase (Rix7p) is
required for biogenesis and nuclear export of 60S ribosomal sub-
units. EMBO J 20:3695–3704

Gadal O, Strauss D, Kessl J, Trumpower B, Tollervey D, Hurt E (2001b)
Nuclear export of 60s ribosomal subunits depends on Xpo1p and
requires a nuclear export sequence-containing factor, Nmd3p, that
associates with the large subunit protein Rpl10p. Mol Cell Biol 21:
3405–3415

Gallagher JE, Dunbar DA, Granneman S,Mitchell BM, Osheim Y, Beyer
AL, Baserga SJ (2004) RNA polymerase I transcription and pre-
rRNA processing are linked by specific SSU processome compo-
nents. Genes Dev 18:2506–2517

Garcia-Gomez JJ, Fernandez-Pevida A, Lebaron S, Rosado IV, Tollervey
D, Kressler D, de la Cruz J (2014) Final pre-40Smaturation depends
on the functional integrity of the 60S subunit ribosomal protein L3.
PLoS Genet 10:e1004205

Geerlings TH, Vos JC, Raue HA (2000) The final step in the formation of
25S rRNA in Saccharomyces cerevisiae is performed by 5′–>3′
exonucleases. RNA (New York, NY) 6:1698–1703

Geerlings TH, Faber AW, Bister MD, Vos JC, Raue HA (2003) Rio2p, an
evolutionarily conserved, low abundant protein kinase essential for
processing of 20S pre-rRNA in Saccharomyces cerevisiae. J Biol
Chem 278:22537–22545

340 Chromosoma (2014) 123:327–344



Graille M, Seraphin B (2012) Surveillance pathways rescuing eu-
karyotic ribosomes lost in translation. Nat Rev Mol Cell Biol
13:727–735

Grandi P, Rybin V, Bassler J, Petfalski E, Strauss D,MarziochM, Schafer
T, Kuster B, Tschochner H, Tollervey D, Gavin AC, Hurt E (2002)
90S pre-ribosomes include the 35S pre-rRNA, the U3 snoRNP, and
40S subunit processing factors but predominantly lack 60S synthesis
factors. Mol Cell 10:105–115

Granneman S, Gallagher JE, Vogelzangs J, Horstman W, van Venrooij
WJ, Baserga SJ, Pruijn GJ (2003) The human Imp3 and Imp4
proteins form a ternary complex with hMpp10, which only interacts
with the U3 snoRNA in 60-80S ribonucleoprotein complexes.
Nucleic Acids Res 31:1877–1887

Greber BJ, Boehringer D, Montellese C, Ban N (2012) Cryo-EM struc-
tures of Arx1 and maturation factors Rei1 and Jjj1 bound to the 60S
ribosomal subunit. Nat Struct Mol Biol 19:1228–1233

Hackmann A, Gross T, Baierlein C, Krebber H (2011) The mRNA export
factor Npl3 mediates the nuclear export of large ribosomal subunits.
EMBO Rep 12:1024–1031

Hannan RD, Drygin D, Pearson RB (2013) Targeting RNA polymerase I
transcription and the nucleolus for cancer therapy. Expert Opin Ther
Targets 17:873–878

Harnpicharnchai P, Jakovljevic J, Horsey E, Miles T, Roman J, Rout M,
Meagher D, Imai B, Guo Y, Brame CJ, Shabanowitz J, Hunt DF,
Woolford JL Jr (2001) Composition and functional characterization
of yeast 66S ribosome assembly intermediates. Mol Cell 8:505–515

Hedges J, West M, Johnson AW (2005) Release of the export adapter,
Nmd3p, from the 60S ribosomal subunit requires Rpl10p and the
cytoplasmic GTPase Lsg1p. EMBO J 24:567–579

Henry Y, Wood H, Morrissey JP, Petfalski E, Kearsey S, Tollervey D
(1994) The 5′ end of yeast 5.8S rRNA is generated by exonucleases
from an upstream cleavage site. EMBO J 13:2452–2463

Ho JH, Kallstrom G, Johnson AW (2000) Nascent 60S ribosomal sub-
units enter the free pool bound by Nmd3p. RNA (NewYork, NY) 6:
1625–1634

Hoelz A, Debler EW, Blobel G (2011) The structure of the nuclear pore
complex. Annu Rev Biochem 80:613–643

Hughes JM (1996) Functional base-pairing interaction between highly
conserved elements of U3 small nucleolar RNA and the small
ribosomal subunit RNA. J Mol Biol 259:645–654

Hughes JM, Ares M Jr (1991) Depletion of U3 small nucleolar RNA
inhibits cleavage in the 5′ external transcribed spacer of yeast pre-
ribosomal RNA and impairs formation of 18S ribosomal RNA.
EMBO J 10:4231–4239

Hung NJ, Johnson AW (2006) Nuclear recycling of the pre-60S ribosom-
al subunit-associated factor Arx1 depends on Rei1 in
Saccharomyces cerevisiae. Mol Cell Biol 26:3718–3727

Hung NJ, Lo KY, Patel SS, Helmke K, Johnson AW (2008) Arx1 is a
nuclear export receptor for the 60S ribosomal subunit in yeast. Mol
Biol Cell 19:735–744

Hurt E, Hannus S, Schmelzl B, Lau D, Tollervey D, Simos G (1999) A
novel in vivo assay reveals inhibition of ribosomal nuclear export in
ran-cycle and nucleoporin mutants. J Cell Biol 144:389–401

Jakovljevic J, de Mayolo PA, Miles TD, Nguyen TM, Leger-Silvestre I,
Gas N, Woolford JL Jr (2004) The carboxy-terminal extension of
yeast ribosomal protein S14 is necessary for maturation of 43S
preribosomes. Mol Cell 14:331–342

Kappel L, Loibl M, Zisser G, Klein I, Fruhmann G, Gruber C,
Unterweger S, Rechberger G, Pertschy B, Bergler H (2012) Rlp24
activates the AAA-ATPase Drg1 to initiate cytoplasmic pre-60S
maturation. J Cell Biol 199:771–782

Karbstein K, Jonas S, Doudna JA (2005) An essential GTPase promotes
assembly of preribosomal RNA processing complexes.Mol Cell 20:
633–643

Karl T, Onder K, Kodzius R, Pichova A, Wimmer H, Th r A,
Hundsberger H, Loffler M, Klade T, Beyer A, Breitenbach M,

Koller L (1999) GRC5 and NMD3 function in translational control
of gene expression and interact genetically. Curr Genet 34:419–429

Kemmler S, Occhipinti L, Veisu M, Panse VG (2009) Yvh1 is required
for a late maturation step in the 60S biogenesis pathway. J Cell Biol
186:863–880

Kiss T (2001) Small nucleolar RNA-guided post-transcriptional modifi-
cation of cellular RNAs. EMBO J 20:3617–3622

Klinge S, Voigts-Hoffmann F, Leibundgut M, Arpagaus S, Ban N (2011)
Crystal structure of the eukaryotic 60S ribosomal subunit in com-
plex with initiation factor 6. Science (New York, NY) 334:941–948

Kos M, Tollervey D (2010) Yeast pre-rRNA processing and modification
occur cotranscriptionally. Mol Cell 37:809–820

Kressler D, Linder P, de La Cruz J (1999) Protein trans-acting factors
involved in ribosome biogenesis in Saccharomyces cerevisiae. Mol
Cell Biol 19:7897–7912

Kressler D, Roser D, Pertschy B, Hurt E (2008) The AAA ATPase Rix7
powers progression of ribosome biogenesis by stripping Nsa1 from
pre-60S particles. J Cell Biol 181:935–944

Kressler D, Bange G, Ogawa Y, Stjepanovic G, Bradatsch B, Pratte D,
Amlacher S, Strauss D, Yoneda Y, Katahira J, Sinning I, Hurt E
(2012a) Synchronizing nuclear import of ribosomal proteins with
ribosome assembly. Science (New York, NY) 338:666–671

Kressler D, Hurt E, Bergler H, Bassler J (2012b) The power of AAA-
ATPases on the road of pre-60S ribosome maturation—molecular
machines that strip pre-ribosomal particles. Biochim Biophys Acta
1823:92–100

Krogan NJ, Kim M, Ahn SH, Zhong G, Kobor MS, Cagney G, Emili A,
Shilatifard A, Buratowski S, Greenblatt JF (2002) RNA polymerase
II elongation factors of Saccharomyces cerevisiae: a targeted prote-
omics approach. Mol Cell Biol 22:6979–6992

Kufel J, Dichtl B, Tollervey D (1999) Yeast Rnt1p is required for
cleavage of the pre-ribosomal RNA in the 3′ ETS but not the 5′
ETS. RNA (New York, NY) 5:909–917

LaCava J, Houseley J, Saveanu C, Petfalski E, Thompson E, Jacquier A,
Tollervey D (2005) RNA degradation by the exosome is promoted
by a nuclear polyadenylation complex. Cell 121:713–724

Lafontaine DL (2010) A ‘garbage can’ for ribosomes: how eukaryotes
degrade their ribosomes. Trends Biochem Sci 35:267–277

Lafontaine DL, Tollervey D (2000) Synthesis and assembly of the box C+
D small nucleolar RNPs. Mol Cell Biol 20:2650–2659

Lafontaine D, Delcour J, Glasser AL, Desgres J, Vandenhaute J (1994)
The DIM1 gene responsible for the conserved m6(2)Am6(2)A
dimethylation in the 3′-terminal loop of 18S rRNA is essential in
yeast. J Mol Biol 241:492–497

Lafontaine DL, Preiss T, Tollervey D (1998) Yeast 18S rRNA
dimethylase Dim1p: a quality control mechanism in ribosome syn-
thesis? Mol Cell Biol 18:2360–2370

Lamanna AC, Karbstein K (2009) Nob1 binds the single-stranded cleav-
age site D at the 3′-end of 18S rRNAwith its PIN domain. Proc Natl
Acad Sci U S A 106:14259–14264

LaRiviere FJ, Cole SE, Ferullo DJ, Moore MJ (2006) A late-acting
quality control process for mature eukaryotic rRNAs. Mol Cell 24:
619–626

Lebaron S, Schneider C, van Nues RW, Swiatkowska A, Walsh D,
Bottcher B, Granneman S, Watkins NJ, Tollervey D (2012)
Proofreading of pre-40S ribosome maturation by a translation initi-
ation factor and 60S subunits. Nat Struct Mol Biol 19:744–753

Lebreton A, Saveanu C, Decourty L, Rain JC, Jacquier A, Fromont-
Racine M (2006) A functional network involved in the recycling of
nucleocytoplasmic pre-60S factors. J Cell Biol 173:349–360

Lee SJ, Baserga SJ (1999) Imp3p and Imp4p, two specific components of
the U3 small nucleolar ribonucleoprotein that are essential for pre-
18S rRNA processing. Mol Cell Biol 19:5441–5452

Li Z, Lee I, Moradi E, Hung NJ, Johnson AW, Marcotte EM (2009)
Rational extension of the ribosome biogenesis pathway using
network-guided genetics. PLoS Biol 7:e1000213

Chromosoma (2014) 123:327–344 341



Lim YH, Charette JM, Baserga SJ (2011) Assembling a protein-protein
interaction map of the SSU processome from existing datasets.
PLoS ONE 6:e17701

Lischwe MA, Ochs RL, Reddy R, Cook RG, Yeoman LC, Tan EM,
ReichlinM, Busch H (1985) Purification and partial characterization
of a nucleolar scleroderma antigen (Mr=34,000; pI, 8.5) rich in NG,
NG-dimethylarginine. J Biol Chem 260:14304–14310

Lo KY, Li Z, Wang F, Marcotte EM, Johnson AW (2009) Ribosome stalk
assembly requires the dual-specificity phosphatase Yvh1 for the
exchange of Mrt4 with P0. J Cell Biol 186:849–862

Lo KY, Li Z, Bussiere C, Bresson S, Marcotte EM, Johnson AW (2010)
Defining the pathway of cytoplasmic maturation of the 60S ribo-
somal subunit. Mol Cell 39:196–208

Lukowiak AA, Granneman S,Mattox SA, SpeckmannWA, Jones K, Pluk
H, Venrooij WJ, Terns RM, Terns MP (2000) Interaction of the U3-
55k protein with U3 snoRNA ismediated by the boxB/Cmotif ofU3
and the WD repeats of U3-55k. Nucleic Acids Res 28:3462–3471

LupasAN,Martin J (2002)AAAproteins. CurrOpin Struct Biol 12:746–753
Lygerou Z, Allmang C, Tollervey D, Seraphin B (1996) Accurate pro-

cessing of a eukaryotic precursor ribosomal RNA by ribonuclease
MRP in vitro. Science (New York, NY) 272:268–270

Marmier-Gourrier N, Clery A, Schlotter F, Senty-Segault V, Branlant C
(2011) A second base pair interaction between U3 small nucleolar
RNA and the 5′-ETS region is required for early cleavage of the
yeast pre-ribosomal RNA. Nucleic Acids Res 39:9731–9745

Matsuo Y, Granneman S, Thoms M, Manikas RG, Tollervey D, Hurt E
(2014) Coupled GTPase and remodelling ATPase activities form a
checkpoint for ribosome export. Nature 505:112–116

Melnikov S, Ben-Shem A, Garreau de Loubresse N, Jenner L, Yusupova
G, YusupovM (2012) One core, two shells: bacterial and eukaryotic
ribosomes. Nat Struct Mol Biol 19:560–567

Menne TF, Goyenechea B, Sanchez-Puig N, Wong CC, Tonkin LM,
Ancliff PJ, Brost RL, Costanzo M, Boone C, Warren AJ (2007)
The Shwachman-Bodian-Diamond syndrome protein mediates
translational activation of ribosomes in yeast. Nat Genet 39:486–495

Meyer AE, Hung NJ, Yang P, Johnson AW, Craig EA (2007) The
specialized cytosolic J-protein, Jjj1, functions in 60S ribosomal
subunit biogenesis. Proc Natl Acad Sci U S A 104:1558–1563

Meyer AE, Hoover LA, Craig EA (2010) The cytosolic J-protein, Jjj1,
and Rei1 function in the removal of the pre-60S subunit factor Arx1.
J Biol Chem 285:961–968

Meyer H, Bug M, Bremer S (2012) Emerging functions of the VCP/p97
AAA-ATPase in the ubiquitin system. Nat Cell Biol 14:117–123

Milkereit P, Gadal O, Podtelejnikov A, Trumtel S, Gas N, Petfalski E,
Tollervey D,MannM, Hurt E, Tschochner H (2001)Maturation and
intranuclear transport of pre-ribosomes requires Noc proteins. Cell
105:499–509

Milkereit P, Strauss D, Bassler J, Gadal O, Kuhn H, Schutz S, Gas N,
Lechner J, Hurt E, Tschochner H (2003) ANoc complex specifically
involved in the formation and nuclear export of ribosomal 40 S
subunits. J Biol Chem 278:4072–4081

Mitchell P, Petfalski E, Shevchenko A, Mann M, Tollervey D (1997) The
exosome: a conserved eukaryotic RNA processing complex con-
taining multiple 3′–>5′ exoribonucleases. Cell 91:457–466

Moy TI, Silver PA (2002) Requirements for the nuclear export of the
small ribosomal subunit. J Cell Sci 115:2985–2995

Ng CL, Waterman D, Koonin EV, Antson AA, Ortiz-Lombardia M (2005)
Crystal structure of Mil (Mth680): internal duplication and similarity
between the Imp4/Brix domain and the anticodon-binding domain of
class IIa aminoacyl-tRNA synthetases. EMBO Rep 6:140–146

Nissan TA, Bassler J, Petfalski E, Tollervey D, Hurt E (2002) 60S pre-
ribosome formation viewed from assembly in the nucleolus until
export to the cytoplasm. EMBO J 21:5539–5547

Occhipinti L, Chang Y, Altvater M, Menet AM, Kemmler S, Panse VG
(2013) Non-FG mediated transport of the large pre-ribosomal

subunit through the nuclear pore complex by the mRNA export
factor Gle2. Nucleic Acids Res 41:8266–8279

Oeffinger M, Dlakic M, Tollervey D (2004) A pre-ribosome-associated
HEAT-repeat protein is required for export of both ribosomal sub-
units. Genes Dev 18:196–209

Oeffinger M, Zenklusen D, Ferguson A, Wei KE, El Hage A, Tollervey
D, Chait BT, Singer RH, Rout MP (2009) Rrp17p is a eukaryotic
exonuclease required for 5′ end processing of pre-60S ribosomal
RNA. Mol Cell 36:768–781

Osheim YN, French SL, Keck KM, Champion EA, Spasov K, Dragon F,
Baserga SJ, Beyer AL (2004) Pre-18S ribosomal RNA is structurally
compacted into the SSU processome prior to being cleaved from
nascent transcripts in Saccharomyces cerevisiae. Mol Cell 16:943–954

Panse VG, Johnson AW (2010) Maturation of eukaryotic ribosomes:
acquisition of functionality. Trends Biochem Sci 35:260–266

Panse VG, Kressler D, Pauli A, Petfalski E, Gnadig M, Tollervey D, Hurt
E (2006) Formation and nuclear export of preribosomes are func-
tionally linked to the small-ubiquitin-related modifier pathway.
Traffic (Copenhagen, Denmark) 7:1311–1321

PengWT, RobinsonMD,Mnaimneh S, Krogan NJ, Cagney G,Morris Q,
Davierwala AP, Grigull J, Yang X, Zhang W, Mitsakakis N, Ryan
OW, Datta N, Jojic V, Pal C, Canadien V, Richards D, Beattie B,Wu
LF, Altschuler SJ, Roweis S, Frey BJ, Emili A, Greenblatt JF,
Hughes TR (2003) A panoramic view of yeast noncoding RNA
processing. Cell 113:919–933

Perez-Fernandez J, Roman A, De Las Rivas J, Bustelo XR, Dosil M
(2007) The 90S preribosome is a multimodular structure that is
assembled through a hierarchical mechanism. Mol Cell Biol 27:
5414–5429

Perez-Fernandez J, Martin-Marcos P, Dosil M (2011) Elucidation of the
assembly events required for the recruitment of Utp20, Imp4 and
Bms1 onto nascent pre-ribosomes. Nucleic Acids Res 39:8105–8121

Pertschy B, Saveanu C, Zisser G, Lebreton A, Tengg M, Jacquier A,
Liebminger E, Nobis B, Kappel L, van der Klei I, Hogenauer G,
Fromont-Racine M, Bergler H (2007) Cytoplasmic recycling of 60S
preribosomal factors depends on the AAA protein Drg1. Mol Cell
Biol 27:6581–6592

Pertschy B, Schneider C, Gnadig M, Schafer T, Tollervey D, Hurt E
(2009) RNA helicase Prp43 and its co-factor Pfa1 promote 20 to 18
S rRNA processing catalyzed by the endonuclease Nob1. J Biol
Chem 284:35079–35091

Phipps KR, Charette J, Baserga SJ (2011) The small subunit processome
in ribosome biogenesis-progress and prospects. Wiley Interdiscip
Rev RNA 2:1–21

Punta M, Coggill PC, Eberhardt RY, Mistry J, Tate J, Boursnell C, Pang
N, Forslund K, Ceric G, Clements J, Heger A, Holm L,
Sonnhammer EL, Eddy SR, Bateman A, Finn RD (2012) The
Pfam protein families database. Nucleic Acids Res 40:D290–D301

Rabl J, LeibundgutM, Ataide SF, Haag A, Ban N (2011) Crystal structure
of the eukaryotic 40S ribosomal subunit in complex with initiation
factor 1. Science (New York, NY) 331:730–736

Raices M, D’Angelo MA (2012) Nuclear pore complex composition: a
new regulator of tissue-specific and developmental functions. Nat
Rev Mol Cell Biol 13:687–699

Rudra D, Mallick J, Zhao Y, Warner JR (2007) Potential interface be-
tween ribosomal protein production and pre-rRNA processing. Mol
Cell Biol 27:4815–4824

Russell DW, Spremulli LL (1979) Purification and characterization of a
ribosome dissociation factor (eukaryotic initiation factor 6) from
wheat germ. J Biol Chem 254:8796–8800

Samanta MP, Liang S (2003) Predicting protein functions from redun-
dancies in large-scale protein interaction networks. Proc Natl Acad
Sci U S A 100:12579–12583

Santos-Rosa H, Moreno H, Simos G, Segref A, Fahrenkrog B, Pante N,
Hurt E (1998) Nuclear mRNA export requires complex formation

342 Chromosoma (2014) 123:327–344



between Mex67p and Mtr2p at the nuclear pores. Mol Cell Biol 18:
6826–6838

Schafer T, Strauss D, Petfalski E, Tollervey D, Hurt E (2003) The path
from nucleolar 90S to cytoplasmic 40S pre-ribosomes. EMBO J 22:
1370–1380

Schafer T, Maco B, Petfalski E, Tollervey D, Bottcher B, Aebi U, Hurt E
(2006) Hrr25-dependent phosphorylation state regulates organiza-
tion of the pre-40S subunit. Nature 441:651–655

Segref A, Sharma K, Doye V, Hellwig A, Huber J, Luhrmann R, Hurt E
(1997) Mex67p, a novel factor for nuclear mRNA export, binds to
both poly(A)+ RNA and nuclear pores. EMBO J 16:3256–3271

Senay C, Ferrari P, Rocher C, Rieger KJ, Winter J, Platel D, Bourne Y
(2003) The Mtr2-Mex67 NTF2-like domain complex. Structural
insights into a dual role of Mtr2 for yeast nuclear export. J Biol
Chem 278:48395–48403

Senger B, Lafontaine DL, Graindorge JS, Gadal O, Camasses A, Sanni A,
Garnier JM, Breitenbach M, Hurt E, Fasiolo F (2001) The nucle(o-
l)ar Tif6p and Efl1p are required for a late cytoplasmic step of
ribosome synthesis. Mol Cell 8:1363–1373

Sengupta J, Bussiere C, Pallesen J, West M, Johnson AW, Frank J (2010)
Characterization of the nuclear export adaptor protein Nmd3 in asso-
ciation with the 60S ribosomal subunit. J Cell Biol 189:1079–1086

Shajani Z, Sykes MT, Williamson JR (2011) Assembly of bacterial
ribosomes. Annu Rev Biochem 80:501–526

ShimizuK, Kawasaki Y, Hiraga S, TawaramotoM,NakashimaN, Sugino
A (2002) The fifth essential DNA polymerase phi in Saccharomyces
cerevisiae is localized to the nucleolus and plays an important role in
synthesis of rRNA. Proc Natl Acad Sci U S A 99:9133–9138

Stage-Zimmermann T, Schmidt U, Silver PA (2000) Factors affecting
nuclear export of the 60S ribosomal subunit in vivo. Mol Biol Cell
11:3777–3789

Strasser K, Bassler J, Hurt E (2000) Binding of the Mex67p/Mtr2p
heterodimer to FXFG, GLFG, and FG repeat nucleoporins is essen-
tial for nuclear mRNA export. J Cell Biol 150:695–706

Strawn LA, Shen T, Wente SR (2001) The GLFG regions of Nup116p
and Nup100p serve as binding sites for both Kap95p andMex67p at
the nuclear pore complex. J Biol Chem 276:6445–6452

Strub BR, EswaraMB, Pierce JB,MangrooD (2007) Utp8p is a nucleolar
tRNA-binding protein that forms a complex with components of the
nuclear tRNA export machinery in Saccharomyces cerevisiae. Mol
Biol Cell 18:3845–3859

Strunk BS, Loucks CR, Su M, Vashisth H, Cheng S, Schilling J, Brooks
CL 3rd, Karbstein K, Skiniotis G (2011) Ribosome assembly factors
prevent premature translation initiation by 40S assembly intermedi-
ates. Science (New York, NY) 333:1449–1453

Strunk BS, NovakMN, Young CL, Karbstein K (2012) A translation-like
cycle is a quality control checkpoint for maturing 40S ribosome
subunits. Cell 150:111–121

Tafforeau L, Zorbas C, Langhendries JL, Mullineux ST, Stamatopoulou
V, Mullier R, Wacheul L, Lafontaine DL (2013) The complexity of
human ribosome biogenesis revealed by systematic nucleolar
screening of Pre-rRNA processing factors. Mol Cell 51:539–551

Tanaka N, Smith P, Shuman S (2011) Crystal structure of Rcl1, an essential
component of the eukaryal pre-rRNA processosome implicated in 18s
rRNA biogenesis. RNA (New York, NY) 17:595–602

Taura T, Krebber H, Silver PA (1998) A member of the Ran-binding
protein family, Yrb2p, is involved in nuclear protein export. Proc
Natl Acad Sci U S A 95:7427–7432

Thomson E, Tollervey D (2010) The final step in 5.8S rRNA processing is
cytoplasmic in Saccharomyces cerevisiae. Mol Cell Biol 30:976–984

Tollervey D, Lehtonen H, Carmo-Fonseca M, Hurt EC (1991) The small
nucleolar RNP protein NOP1 (fibrillarin) is required for pre-rRNA
processing in yeast. EMBO J 10:573–583

Trapman J, Retel J, Planta RJ (1975) Ribosomal precursor particles from
yeast. Exp Cell Res 90:95–104

Tuck AC, Tollervey D (2013) A transcriptome-wide atlas of RNP com-
position reveals diverse classes of mRNAs and lncRNAs. Cell 154:
996–1009

Udem SA, Warner JR (1972) Ribosomal RNA synthesis in
Saccharomyces cerevisiae. J Mol Biol 65:227–242

Ulbrich C, DiepholzM, Bassler J, Kressler D, Pertschy B, Galani K, Bottcher
B, Hurt E (2009) Mechanochemical removal of ribosome biogenesis
factors from nascent 60S ribosomal subunits. Cell 138:911–922

Valenzuela DM, Chaudhuri A, Maitra U (1982) Eukaryotic ribosomal
subunit anti-association activity of calf liver is contained in a single
polypeptide chain protein of Mr=25,500 (eukaryotic initiation fac-
tor 6). J Biol Chem 257:7712–7719

van Hoof A, Lennertz P, Parker R (2000) Three conserved members of
the RNase D family have unique and overlapping functions in the
processing of 5S, 5.8S, U4, U5, RNase MRP and RNase P RNAs in
yeast. EMBO J 19:1357–1365

Vanrobays E, Gelugne JP, Gleizes PE, Caizergues-Ferrer M (2003) Late
cytoplasmic maturation of the small ribosomal subunit requires RIO
proteins in Saccharomyces cerevisiae. Mol Cell Biol 23:2083–2095

Venema J, Tollervey D (1995) Processing of pre-ribosomal RNA in
Saccharomyces cerevisiae. Yeast (Chichester, England) 11:1629–
1650

Venema J, Vos HR, Faber AW, van Venrooij WJ, Raue HA (2000) Yeast
Rrp9p is an evolutionarily conserved U3 snoRNP protein essential
for early pre-rRNA processing cleavages and requires box C for its
association. RNA (New York, NY) 6:1660–1671

Vos HR, Bax R, Faber AW, Vos JC, Raue HA (2004) U3 snoRNP and
Rrp5p associate independently with Saccharomyces cerevisiae 35S
pre-rRNA, but Rrp5p is essential for association of Rok1p. Nucleic
Acids Res 32:5827–5833

Warner JR (1999) The economics of ribosome biosynthesis in yeast.
Trends Biochem Sci 24:437–440

Watkins NJ, Bohnsack MT (2012) The box C/D and H/ACA snoRNPs:
key players in the modification, processing and the dynamic folding
of ribosomal RNA. Wiley Interdiscip Rev RNA 3:397–414

Watkins NJ, Segault V, Charpentier B, Nottrott S, Fabrizio P, Bachi A,
Wilm M, Rosbash M, Branlant C, Luhrmann R (2000) A common
core RNP structure shared between the small nucleoar box C/D
RNPs and the spliceosomal U4 snRNP. Cell 103:457–466

Wegierski T, Billy E, Nasr F, Filipowicz W (2001) Bms1p, a G-domain-
containing protein, associates with Rcl1p and is required for 18S
rRNA biogenesis in yeast. RNA (New York, NY) 7:1254–1267

Wehner KA, Gallagher JE, Baserga SJ (2002) Components of an inter-
dependent unit within the SSU processome regulate and mediate its
activity. Mol Cell Biol 22:7258–7267

Wente SR, Rout MP (2010) The nuclear pore complex and nuclear
transport. Cold Spring Harb Perspect Biol 2:a000562

West M, Hedges JB, Chen A, Johnson AW (2005) Defining the order in
which Nmd3p and Rpl10p load onto nascent 60S ribosomal sub-
units. Mol Cell Biol 25:3802–3813

Wild T, Horvath P, Wyler E, Widmann B, Badertscher L, Zemp I, Kozak
K, Csucs G, Lund E, Kutay U (2010) A protein inventory of human
ribosome biogenesis reveals an essential function of exportin 5 in
60S subunit export. PLoS Biol 8:e1000522

Wong CC, Traynor D, Basse N, Kay RR, Warren AJ (2011) Defective
ribosome assembly in Shwachman-Diamond syndrome. Blood 118:
4305–4312

Woolford JL Jr, Baserga SJ (2013) Ribosome biogenesis in the yeast
Saccharomyces cerevisiae. Genetics 195:643–681

Wu P, Brockenbrough JS, Metcalfe AC, Chen S, Aris JP (1998) Nop5p is
a small nucleolar ribonucleoprotein component required for pre-18S
rRNA processing in yeast. J Biol Chem 273:16453–16463

YaoW, Roser D, Kohler A, Bradatsch B, Bassler J, Hurt E (2007) Nuclear
export of ribosomal 60S subunits by the general mRNA export
receptor Mex67-Mtr2. Mol Cell 26:51–62

Chromosoma (2014) 123:327–344 343



Yao Y, Demoinet E, Saveanu C, Lenormand P, Jacquier A,
Fromont-Racine M (2010) Ecm1 is a new pre-ribosomal
factor involved in pre-60S particle export. RNA (New York,
NY) 16:1007–1017

Yip WS, Vincent NG, Baserga SJ (2013) Ribonucleoproteins in archaeal
pre-rRNA processing and modification. Archaea (Vancouver, BC)
2013:614735

Zemp I, Wild T, O’Donohue MF, Wandrey F, Widmann B,
Gleizes PE, Kutay U (2009) Distinct cytoplasmic maturation

steps of 40S ribosomal subunit precursors require hRio2. J
Cell Biol 185:1167–1180

Zhang J, Harnpicharnchai P, Jakovljevic J, Tang L, Guo Y, Oeffinger
M, Rout MP, Hiley SL, Hughes T, Woolford JL Jr (2007)
Assembly factors Rpf2 and Rrs1 recruit 5S rRNA and ribosomal
proteins rpL5 and rpL11 into nascent ribosomes. Genes Dev 21:
2580–2592

Zwerger M, Medalia O (2012) Unravelling the lamina network. Nat Rev
Mol Cell Biol 13:140

344 Chromosoma (2014) 123:327–344


	Assembly and nuclear export of pre-ribosomal particles in budding yeast
	Abstract
	Introduction
	Assembly of the earliest ribosomal precursor, the 90S pre-ribosome
	Compositional dynamics of pre-ribosomal particles before nuclear export
	Nuclear export of pre-ribosomal particles
	Cytoplasmic maturation pathway of pre-ribosomes
	Cytoplasmic maturation of pre-40S subunits
	Cytoplasmic maturation of pre-60S subunits
	Cytoplasmic proofreading systems for the ribosome
	Concluding remarks
	References


