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Ribosome biogenesis is a fundamental process that provides cells with the molecular factories for cellular
protein production. Accordingly, its misregulation lies at the heart of several hereditary diseases (e.g.,
Diamond-Blackfan anemia). The process of ribosome assembly comprises the processing and folding of the
pre-rRNA and its concomitant assembly with the ribosomal proteins. Eukaryotic ribosome biogenesis relies
on a large number (N 200) of non-ribosomal factors, which confer directionality and accuracy to this process.
Many of these non-ribosomal factors fall into different families of energy-consuming enzymes, notably
including ATP-dependent RNA helicases, AAA-ATPases, GTPases, and kinases. Ribosome biogenesis is highly
conserved within eukaryotic organisms; however, due to the combination of powerful genetic and
biochemical methods, it is best studied in the yeast Saccharomyces cerevisiae. This review summarizes our
current knowledge on eukaryotic ribosome assembly, with particular focus on the molecular role of the
involved energy-consuming enzymes.

1. Introduction

The ribosome is a complex molecular machine that is composed of
a small 40S and large 60S subunit. Despite their conserved molecular
function, eukaryotic and prokaryotic ribosomal subunits differ
significantly in size and complexity (Saccharomyces cerevisiae: 40S
[18S rRNA, 33 RPs]; 60S [25S, 5.8S, 5S rRNA, 46 RPs]–Escherichia coli:
30S [16S rRNA, 21 RPs]; 50S [23S, 5S rRNA, 34 RPs]). These differences
may reflect an additional regulation of translation and is also the
foundation of several antibiotics that block specifically the function of
the prokaryotic subunits [1]. Despite our detailed knowledge of the
structure and function of ribosomes (reviewed in references [2,3]),
the molecular mechanisms driving ribosome assembly remain largely
elusive. Ribosome biogenesis faces the challenge to coordinate the
processing and modification of ribosomal RNA (rRNA) with its correct
structural assembly with ribosomal proteins (RP). Furthermore, this
process has to be regulated according to the cellular environment ([4],
see below), hence ribosome biogenesis is tightly coupled to growth
rate: actively dividing cells, including cancer cells, depend on active
ribosome biogenesis, whereas arrested or starving cells halt the
production of new ribosomal subunits.

Due to its easy experimental accessibility by genetic, biochemical,
and cell biological methods, S. cerevisiae represents a suitable
eukaryotic model organism to study ribosome assembly and the

function of non-ribosomal factors. Over the past 20 years, it has been
shown that a large number of non-ribosomal factors (N 200) and
snoRNAs (75) are involved in ribosome assembly [5,6]. Moreover, the
tandem affinity purification method (TAP) enabled the isolation and
characterization of several assembly intermediates, which correspond
to snap shots of pre-ribosomal particles along their maturation path
[5,7–10]. The current challenge is to identify direct interaction
partners of individual proteins and obtain structural information of
single proteins and pre-ribosomal particles.

2. Dynamics in ribosome assembly

2.1. Birth of pre-ribosomal particles

The biogenesis of both subunits starts with the transcription of the
common precursor, the 35S pre-rRNA, by RNA polymerase I (Fig. 1).
As would be expected for a tightly regulated process, the rate of
ribosome synthesis is under strict transcriptional control (reviewed in
references [4,11–14]). The nascent rRNA is modified by about 75
different small nucleolar ribonucleoprotein particles (snoRNPs),
which mediate 2′-O-ribose methylation of nucleotides and the
formation of pseudouridines. These snoRNP complexes are targeted
to their substrate via base pairing between rRNA and snoRNA,
whereas associated proteins catalyze the modification reaction
(reviewed in references [5,6,15,16]). A subset of small subunit
ribosomal proteins (Rps) and non-ribosomal factors assemble co-
transcriptionally with the pre-RNA to form a terminal knob, the first
pre-ribosomal particle on the path to the small ribosomal subunit (see
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section 2.2). Upon cleavage at site A2, which can occur co-
transcriptionally, the early 40S pre-ribosome is separated from the
remaining pre-rRNA, which assembles with large subunit ribosomal
proteins (Rpl) and non-ribosomal factors to form the earliest pre-60S
ribosomal particles (Fig. 1) [6,10].

2.2. Assembly of 40S subunits

The assembly of the first 40S precursor, the so-called small subunit
processome (SSU) or 90S particle (Fig. 2), occurs co-transcriptionally
and starts with a stepwise incorporation of the modular sub-
complexes UTP-A, UTP-B, and UTP-C [17–19]. These first purified
intermediates are composed of more than 20 non-ribosomal protein
factors, the U3 snoRNP particle, some Rps proteins, and the 35S pre-
rRNA (Figs. 1, 2) [18,20,21]. Following cleavage at the U3 snoRNP-
dependent sites A0, A1, and A2, which yields the 20S pre-rRNA, the
composition of the pre-40S particle changes dramatically. Most non-
ribosomal factors dissociate and a relatively small set of novel
biogenesis factors and further Rps proteins are recruited [9]. This
pre-40S particle, which already displays the typical ‘head’, ‘platform’,
and ‘body’ structural landmarks of mature 40S subunits but
apparently lacks the characteristic ‘beak’ structure [22], is rapidly
transported out of the nucleolus into the cytoplasm (Fig. 2). The
cytoplasmic 40S pre-ribosome is relatively simple in its composition
and contains, beside the ribosomal proteins, the 20S rRNA and a
handful of non-ribosomal factors [9,22]. Formation of the typical 40S
‘beak’ and the stable association of Rps3 are promoted by a

phosporylation/dephosphorylation event, involving the Enp1–Ltv1–
Rps3 complex and the protein kinase Hrr25 (see section 4.2) [22]. The
cytoplasmic cleavage of the 20S pre-rRNA at site D, which yields the
mature 18S rRNA, depends on several non-ribosomal factors (e.g.,
Nob1, Rio1, Rio2, Tsr1 and Fap7), as evidenced by the strong
cytoplasmic accumulation of the 20S pre-rRNA upon mutation of
these factors [23–26]. Recent evidence suggests that Nob1, which
contains a PIN domain typical of endonucleases [27], catalyzes 20S
cleavage [28,29]. This 20SN18S rRNA processing step completes the
assembly of 40S subunits.

2.3. Assembly of 60S subunits

The first pre-ribosomal particles that could be isolated by the TAP
method were nucleolar/nuclear 60S particles [30–33]. The co-
purified proteins were then used in a reverse tagging approach to
isolate additional intermediates ranging from early nucleolar to
cytoplasmic pre-60S particles [8]. Since some factors are associated
with several pre-ribosomal particles (i.e., Nop7, Nog1, Nsa2, Nsa3,
Nug1, and Tif6) and only a selected few can be found on specific
intermediates (i.e., Noc1, Noc3, Nsa1, Rsa4, and Rix1) [34,35], it
became evident that only a subset of bait proteins appears to be
suitable for the isolation of distinct particles (Fig. 3). The earliest
rather distinct pre-60S particle can be purified by Ssf1, which
contains a mixture of 27SA and 27SB pre-rRNA, ribosomal proteins,
and about 30 non-ribosomal proteins, including diagnostic early
factors like Noc1 and Rrp5 [30,35]. However, within this particle, no
snoRNPs components could be identified, suggesting that an earlier
particle exists. An attractive candidate is the Npa1-defined particle,
which is composed of the 27SA2 pre-rRNA and nearly 40 different
non-ribosomal factors. In addition to typical early pre-60S factors
(i.e., Noc1 and Nop4), eight RNA helicases, several snoRNP
components, and even some 90S-associated factors could be co-
purified with Npa1 [36]. Moreover, Npa1 was not identified within
the Ssf1 particle [30].

The next distinct intermediate is defined by the nucleolar Nsa1
particle [35]. Besides the 5S rRNA, this particle almost exclusively
contains the 27SB rRNA and has already made the exchange of the
Noc1–Noc2 to the Noc2–Noc3 module [35,37]. A further module in
these nucleolar particles is the Ytm1–Erb1–Nop7 subcomplex
[34,38,39], which contributes to 5′ trimming of the 27SA3 pre-rRNA
by exonucleases Rat1 and Xrn1 [40]. Interestingly, both the Ssf1 and
Nsa1 particles contain Rpf2, which together with Rrs1 mediates the
incorporation of the 5S RNP complex (5S rRNA and Rpl5) and Rpl11
into pre-ribosomes [41]. The transition from the nucleolus (Nsa1
particle) to the nucleoplasm (Rix1 particle) is accompanied by major
compositional changes ([35], J.B. and E.H. unpublished data).

Compared to the Nsa1 particle, the nuclear Rix1 particle has lost
many factors including Spb1, Erb1, Nop2, Puf6, Ebp2, Ytm1, the Noc2–
Noc3 subcomplex and the DExD/H-ATPases Dbp10, Drs1, Spb4, Dbp9,
and Has1 (Fig. 4) [35]. On the other hand, the Rix1 particle has
acquired new factors, such as Rea1, the Rix1–Ipi3–Ipi1 subcomplex,
Rsa4, the Arx1–Alb1 subcomplex, Sda1, and Nug2. Moreover, the 27SB
pre-rRNA has been almost completely processed into 25S and 7S/5.8S
rRNAs ([8], J.B. and E.H. unpublished data). Interestingly, electron
microscopy (EM) revealed that the Rix1-defined pre-ribosome
exhibits a tadpole-like structure [34,42]. The tail of the particle is
composed of the huge Rea1 AAA-ATPase that promotes the release of
Rsa4 and the Rix1–Ipi3–Ipi1 subcomplex, thereby priming the pre-
60S particle for export [34].

Such an export-competent particle (see section 3), which has
already recruited Nmd3 and the Mex67-Mtr2 heterodimer, can be
purified via Arx1 [43]. However, one has to consider that this
purification still contains a minor pool of the Rix1 particle since
Arx1 is already recruited at the level of this intermediate. Significant-
ly, Arx1 can be found at both sides of the nuclear pore complex (NPC;

Fig. 1. Simplified overview of the major steps in pre-rRNA processing. For a detailed
review, see Henras et al. [6]. Ribosome assembly of both subunits starts with the
transcription of the common 35S rRNA precursor. RNA cleavage at site A2 separates the
two branches into the 40S (green) and 60S pre-ribosomes (blue). Inside the cytoplasmic
40S precursor particle, the 20S pre-rRNA is cleaved at site D to generate the mature 18S
rRNA. On the other hand, 27S pre-rRNA, 5S RNP, ribosomal proteins, and non-ribosomal
factors form the first precursor of the large subunit. Within pre-60S particles, the 27S
pre-rRNA is further processed to generate the mature 5.8S and 25S rRNA.
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i.e., nucleoplasm and cytoplasm), indicating that the Arx1 particle
represents a transiting particle. Once pre-60S ribosomes have reached
the cytoplasm, the AAA-ATPase Drg1 binds to the Arx1 particle and
promotes the release of Nog1 and Rlp24 [44]. Similarly, the
cytoplasmic phosphatase Yvh1 facilitates the exchange of Mrt4 for
the ribosomal protein Rpp0 (Fig. 4) [45,46]. Compared to the Rix1
particle, the Arx1 purification contains more mature 5.8S and less 7S
rRNA (B. Bradatsch, B. Pertschy and E.H., unpublished data [8]).
Moreover, there is evidence that the final 5.8S processing occurs in the
cytoplasm [47–49].

The latest pre-60S particle that has been purified is represented by
the Lsg1/Kre35 particle [8], which still contains Nmd3 and Tif6 [34],
but already slightly diminished amounts of Arx1 (B. Bradatsch and E.H.
unpublished data). As depicted in Fig. 4, release of Arx1 from
cytoplasmic pre-60S ribosomes depends on Rei1 and Jjj1 and
furthermore requires the prior action ofDrg1 [44,50–53]. The recycling
of the export adaptor Nmd3 involves the GTPase Lsg1 and is coupled to
the incorporation of Rpl10 into pre-60S subunits (see section 4.5).
Moreover, the release of Tif6 by Efl1 and Sdo1 from 60S subunits is a
prerequisite for their association with 40S ribosomal subunits [54,55].

3. Nuclear export of ribosomal subunits

Remarkably, the export of pre-60S ribosomes relies on several
nuclear export receptors (Fig. 4). This may be due to the enormous
size of this particle, since the kinetics by which a shuttling transport
receptor passes through the NPC are considerably slowed down with
increasing cargo size [56]. Initial studies revealed that the nuclear
export of both subunits depends on the general export factor Xpo1/
Crm1 and the regulatory GTPase Ran [57–61]. The export factor Xpo1,

which belongs to the family of karyopherins, binds to a short nuclear
export sequence (NES) of its cargo and facilitates the translocation
process by transiently interacting with the interior FG meshwork of
the NPC (reviewed in references [62,63]).

In the case of 60S subunits, the conserved Nmd3 has been
identified as an essential export adaptor that acts as a bridge
between Xpo1 and the pre-60S particle. It is docked via its N-
terminal domain on the export competent particle (e.g., Arx1
particle), whereas its C-terminal NES sequences are recognized by
Xpo1 [57,61,64–66]. The binding site of Nmd3 lies in close proximity
to the position of Rpl10 on mature 60S subunits [66], but its direct
binding partner (rRNA or protein) remains to be identified. However,
this binding site seems to be masked until the Rix1–Ipi3–Ipi1
complex has been released by the AAA-ATPase Rea1 [34]. After
export the Xpo1–RanGTP–Nmd3 complex is dissociated by GTP
hydrolysis and the subsequent release of Nmd3 is coupled to the
incorporation of Rpl10 into pre-60S ribosomes (see section 4.5 and
Hedges et al. [67] and West et al. [68]).

The second receptor mediating export of pre-60S subunits is the
heterodimer Mex67-Mtr2, originally described as a general mRNA
export factor ([43] and references therein). It was found that certain
Mtr2 and Mex67 mutants are specifically impaired in 60S export and
functionally linked to nmd3 alleles [31,43]. Moreover, in vitro binding
assays showed that the Mex67-Mtr2 heterodimer directly binds to
nucleoporins and 5S rRNA [43,69], thus meeting all requirements of
an export receptor.

The third factor contributing to pre-60S export is the unorthodox
export receptor Arx1 whose binding site on 60S subunits is in
proximity to Rpl25 [50,70]. By virtue of its interaction with the FG
repeats of nucleoporins, Arx1 could shield the surface of the pre-60S

Fig. 2. Pre-ribosomal particles along the 40S assembly pathway. The major intermediates of 40S pre-ribosomes, their rRNA content (dark green) and the presence of ATP/GTP-
consuming enzymes are depicted (DExD/H-box ATPases in green, kinases in light blue, GTPase in orange). The nascent 35S pre-rRNA is modified and folded to form a first precursor
of the 40S subunit. The cleavages at site A0, A1, A2, which generate the 20S pre-rRNA, are accompanied by a major exchange of non-ribosomal factors. The formation of the beak and
final 20S processing occurs in the cytoplasm.
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particle against the non-polar meshwork of the interior of NPCs,
thereby facilitating translocation of pre-60S subunits [70]. In
agreement with its accessory role, the arx1Δ null mutation confers
synthetic lethality to nmd3, mex67, and mtr2 alleles [70].

Finally, Ecm1 is also functionally linked to the 60S export process.
Initially, Ecm1 was identified in a synthetic lethal screen with the
mtr2-33 mutant [31] and was further shown to be genetically linked
to Mex67, Arx1, Nmd3, and a number of nucleoporins ([70,71], B.
Bradatsch and E.H. unpublished data). Ecm1 is weakly associated with
late pre-60S particles that also contain Nmd3, Mex67, and Arx1 [71].
However, its precise role during 60S export still needs to be
elucidated.

In contrast to the large subunit, the export mechanism of the small
subunit is still unclear. Despite the role of Xpo1 in the export of pre-
40S ribosomes, no NES-adaptor has been identified to date. However,
depletion of few ribosomal proteins, namely, Rps15, Rps10, Rps26,

Rps2, Rps0, and Rps3 were found to cause strong export defects
[72,73], suggesting a direct or indirect involvement in pre-40S export.
In silico analysis suggested that the pre-40S-associated Dim2 [9,22]
harbors a potential NES sequence [74]. Moreover, the Rio2 kinase and
the non-essential Ltv1, which are components of late 40S inter-
mediates, carry a functional NES ([9,22,75,76], T. Schäfer and E.H.,
unpublished data). While both proteins may contribute to an efficient
export, these NES sequences are dispensable for 40S export.
Therefore, it seems likely that further 40S export factors remain to
be identified.

Two additional factors, Sda1 and Rrp12, have been suggested to be
involved in the export of both subunits [77,78]. Sda1 is exclusively
associated with late pre-60S particles [77], whereas Rrp12, which was
implicated to bind nucleoporins, RanGTP, and RanGDP [78], is a
component of early 90S and 40S particles [9,20]. However, due to the
lack of a functional link to established export factors, a direct

Fig. 3. Pre-ribosomal particles along the 60S assembly pathway. The different 60S pre-ribosomes are depicted together with their rRNA content (blue). The presence of ATP/GTP-
consuming enzymes (GTPases in orange, DExD/H-box ATPases in green, AAA-type ATPases in pink), prominent subcomplexes (purple/yellow), and export factors (red) is shown.
Bait proteins purifying the corresponding, distinct particles are indicated on top.

ht
tp

://
do

c.
re

ro
.c

h

4



involvement of Sda1 and Rrp12 in export of ribosomal subunits
remains elusive.

4. Energy-consuming enzymes in ribosome biogenesis

Among the non-ribosomal factors, there are several essential ATP-
or GTP-consuming enzymes, including DExD/H-box ATPases (19),
GTPases (6), AAA-ATPases (3), kinases (3), and ABC proteins (2).
These enzymes are believed to provide the energy that is required to
confer directionality to the assembly and maturation process.
Moreover, there are additional factors whose enzymatic activity is
less clear, for example, Utp14 was found to associate with early 90S
particle and in silico analysis suggested the presence of a P-loop, a
motif participating in nucleotide binding [21]. While it is evident that
the DExD/H-box proteins are almost exclusively engaged in early,
nucleolar assembly events, AAA-ATPases or GTPases predominantly
act at later stages during 60S biogenesis (see below, Fig. 3). This
clearly highlights the particular requirement for the different kinds of
NTPases at distinct steps during the maturation of pre-ribosomal
particles.

4.1. DExD/H-ATPases — modulators of RNP structures

4.1.1. General aspects of DExD/H-ATPases
ATPases (or so-called RNA helicases) of the DEAD-, DEAH- and

DExH-box families (collectively referred to as DExD/H-box proteins)
belong to the SF2 superfamily of helicases [79]. They constitute the
largest class of NTPases involved in ribosome biogenesis [80]. DExD/
H-box proteins are encoded by viral, prokaryotic, and eukaryotic
genomes and they are involved in virtually all aspects of cellular RNA
metabolism, including ribosome biogenesis, pre-mRNA splicing,
mRNA export, translation initiation, and RNA turnover [81,82]. Their
in vitro activities comprise RNA-dependent ATP hydrolysis, ATP-
dependent RNA binding, ATP-dependent unwinding or strand
separation of short double-stranded RNA or RNA/DNA duplexes,
ATP-dependent dissociation of RNA-bound proteins, and ATP-inde-
pendent annealing of complementary single-stranded RNA [81,83–
85]. Due to the poor unwinding efficiency of long duplex substrates
and in agreement with their anticipated in vivo substrates (see also
below), it is unlikely that DExD/H-box proteins generally act as
processive enzymes. Hence the original term RNA helicase, which was
derived from their homology to the processive DNA helicases, does
not reflect their actual mechanistic activity [81,84].

The ‘helicase’ core (around 350 to 400 amino acids) is earmarked
by eight conserved sequence motifs, including the well-known
Walker A [P-loop, A(x)4GKT] and Walker B [DEAD, DEAH or DExH]
motifs [81,86,87]. The available crystal structures reveal that the
‘helicase’ core of DExD/H-box proteins is built up of two similar
domains that can adopt an open or closed conformation. The
conserved motifs, located on both domains, mediate ATP binding,
ATP hydrolysis, RNA binding, and/or joining of the two domains. RNA
binding occurs on a surface that is created by both domains, opposite
the ATP-binding site [81,84].

A combination of structural and mechanistic studies has led to the
following general model [88–92]. Interdependent binding of RNA and
ATP would promote an inter-domain movement from the open to the
closed conformation. According to structural data, the closed confor-
mation only allows binding of a bent single-stranded RNA and
therefore causes local strand separation [88]. This bending should be
sufficient for the destabilization of a short RNA duplex and thus cause
unwinding, local remodelling of RNP structure, or release of RNA
binding proteins. Apparently, these steps are energy-independent and
ATP hydrolysis might be solely required to recycle the DExD/H-box
ATPase [91].

Furthermore, most of these proteins contain additional N- and C-
terminal domains of variable length and composition that flank the
‘helicase’ core. It has been suggested that these domains may
contribute, either directly or indirectly via accessory proteins, to the
recognition of the specific RNA substrates or regulate the ATPase
activity [81,82]. In conclusion, DExD/H-box proteins can be viewed as
energy-consuming chaperones/modulators of RNA or RNP structures
[83,85,93].

4.1.2. DExD/H-ATPases in ribosome biogenesis
Given that pre-ribosomal particles represent very sophisticated

RNPs with high rRNA and snoRNA content, it is not surprising that the
largest number of eukaryotic DExD/H-box proteins is dedicated to the
ribosome biogenesis process [82,94]. Specifically, seven DExD/H-box
proteins (Dbp4, Dbp8, Dhr1, Dhr2, Fal1, Rok1, and Rrp3) are required
for 40S synthesis, ten (Dbp2, Dbp3, Dbp6, Dbp7, Dbp9, Dbp10, Drs1,
Mak5, Mtr4/Dob1, and Spb4) are involved in the biogenesis of 60S
subunits, while Has1 and Prp43 contribute to the assembly of both
subunits (see Table S1). Almost all of these proteins are evolutionary
conserved and likely fulfill specific non-redundant functions
[80,82,83,95]. Comprehensive mutational and biochemical analyses
indicate that these DExD/H-box proteins act indeed as ATPases within
an RNP context [96–103], but their molecular function remains largely

Fig. 4. Nuclear export of the pre-60S particle and cytoplasmic release of non-ribosomal factors. Export factors are depicted in red (green dot indicates interaction with FG repeats of
nucleoporins); GTPases, in orange; Drg1 AAA-ATPase, in pink; and further non-ribosomal factors, in yellow. Ribosomal proteins, incorporated into cytoplasmic pre-60S particles, are
displayed in blue.
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elusive.We have inferred the presence of the DExD/H-box proteins on
the different distinct pre-ribosomal particles from their appearance in
biochemical purifications of pre-ribosomal factors or their co-
precipitation of snoRNAs (Figs. 2, 3). Overall, our ‘association map’
fits well with the pre-rRNA processing phenotypes and their genetic
and functional environments (Table S1).

Since DExD/H-box ATPases act very early on partially structured
pre-RNPs decorated with snoRNPs, the following roles can be
proposed: (i) local RNP remodeling and dissociation of RNA:RNA,
RNA:protein or protein:protein interactions; (ii) rendering the pre-
rRNA accessible for endo- or exonucleases; and (iii) snoRNP release by
unwinding of pre-rRNA:snoRNA duplexes. While a general role of
DExD/H-box ATPases in the release of modification guide snoRNAs
can be likely discarded [104], three DEAD-box ATPasesmay contribute
to the release of the essential U3, U14, and snR30 snoRNAs
([101,104,105] discussed in Bleichert and Baserga [82]), which are
required for the early cleavages of the 35S pre-rRNA [16]. Mtr4/Dob1
(DExH-box) provides an example of a helicase preparing the pre-
rRNA for nuclease attack as it assists the nuclear exosome in the 3′
processing of the 7S to 5.8S rRNA [106,107], likely by unwinding a
duplex with a 3′-overhang [97,103]. However, the most common
function of DExD/H-box ATPases appears to be the promotion of
structural rearrangements in order to confer directionality to the
assembly process. This energy-requiring stabilization of productive
folding intermediates is most likely achieved by rejecting unfavorable
substrates and/or promoting correct products [108,109], which may
then be further stabilized upon recruitment of downstream factors. It
will be an enormous challenge for future studies to identify the
substrate(s) of DExD/H ATPases and to unravel the regulation and
timing of their enzymatic activity.

4.2. Kinases

Surprisingly, all kinases implicated in ribosome biogenesis so far
have a predominant role in 40S formation. However, due to their
ubiquitous substrates, it is likely that all kinases have additional
cellular functions. Hrr25, an isoform of casein kinase I, is implicated in
multiple cellular processes including kinetochore attachment by
microtubules, DNA repair, cell cycle, Ca2+ signaling, and modification
of the NPC ([110,111] and references therein). Additionally, Hrr25 is a
component of late pre-40S particles and phosphorylates members of
the Ltv1–Enp1–Rps3 subcomplex [9,22]. A combination of in vitro
maturation assays and EM studies revealed that phosphorylation and
subsequent dephosphorylation of the Ltv1–Enp1–Rps3 complex is
required for the formation of the 40S ‘beak’ structure and stable
association of Rps3 with mature 40S subunits [22]. Recently, Hrr25
was also implicated in 60S biogenesis by phosphorylation of Tif6 (see
also section 4.5), a modification that is essential for its function [112].
Consistently, Hrr25 depletion shows 40S and 60S processing defects
[22,113].

The homologous Rio1 and Rio2 belong to a family of atypical serine
protein kinases. Besides its role in 40S biogenesis, Rio1 is required for
cell cycle progression and chromosome maintenance [114]. Both Rio1
and Rio2 can shuttle between the nucleus and cytoplasm, are
associated with pre-40S particles, and are involved in cytoplasmic
processing of the 20S pre-rRNA [25,115,116]. However, Rio1 and Rio2
are both essential and fulfill non-redundant roles [25]. Moreover, only
Rio2 is efficiently co-purified in TAP purifications of late 40S pre-
ribosomes [9,22], suggesting that Rio1 is less stably associated with
pre-40S particles. Despite variations within the conserved kinase
motifs, Rio1 and Rio2 from Archaeoglobus fulgidus have a similar
overall structure [117]. Interestingly, autophosphorylation occurs in a
flexible loop that is in proximity of the ATP-binding pocket [115,118].
However, it remains to be determined whether autophosphorylation
serves a regulatory role in vivo and whether pre-40S associated
factors represent additional substrates.

In silico analysis indicated that Fap7 belongs to a novel family of
predicted P-loop kinases [119]. Its depletion specifically affected
processing of the 20S pre-rRNA and, moreover, Fap7 is a direct
binding partner of Rps14 [24]. While mutations in the predicted
Walker A or Walker B motifs affect Fap7 function [24], there is no
experimental evidence that Fap7 displays kinase activity.

4.3. Release of non-ribosomal factors by AAA-ATPases

AAA-type ATPases (ATPases associated with various cellular
activities) are found in all organisms and they are involved in a
variety of cellular processes. Common to all these proteins is a
structurally conserved ATPase domain (∼250 amino acids) that
contains, besides other characteristic features, Walker A (P-loop)
andWalker B (DExx-box) motifs [120]. Independent of whether these
ATPases harbor one (type I), two (type II), or six AAA domains, they
assemble into mostly hexameric rings that undergo structural
changes during the ATPase cycle [121,122]. Hence, AAA-type ATPases
utilize ATP hydrolysis to apply force on their substrates, which can
trigger structural rearrangements or substrate release [120,121].
Three AAA-ATPases, namely, Rix7, Rea1/Mdn1, and Drg1/Afg2, were
found to be essential for 60S ribosome biogenesis, and each removes
specific non-ribosomal factors from pre-60S particles.

Drg1 contains two AAA domains (termed D1 and D2), with the D2
domain mediating its oligomerization into hexameric rings [123].
Drg1 is an exclusively cytoplasmic factor that is associated with the
Arx1 pre-60S particle (Fig. 3) [44]. Interestingly, it can bind FG repeats
of cytoplasmically located nucleoporins [124]. Importantly, depletion
ormutation of Drg1 causes Nog1, Rlp24, and Arx1 tomislocalize to the
cytoplasm. Consistently, both Nog1 and Rlp24 accumulate on Arx1
particles under these conditions [44]. In summary, these data strongly
indicate a role for Drg1 in the release of Nog1, Rlp24, and Arx1 directly
after the export of the pre-60S ribosomes (Fig. 4).

Rix7, another type II AAA-ATPase, was initially isolated in a screen
for mutants that were defective in 60S export [125]. Further genetic
screens identified Nsa1 as a functional interaction partner of Rix7. In
addition, biochemical and cell biological data revealed that Rix7 is
required for the release of Nsa1 from nucleolar pre-60S particles. Most
notably, in a rix7 mutant Nsa1 escapes to the cytoplasm, where it
remains associated with translating 60S subunits [35]. However, it is
not clear whether Nsa1 is a direct substrate of Rix7, and if so, how the
release of Nsa1 is timed and triggered. Since Rix7 is the closest homo-
logue of Cdc48/p97, which recognizes ubiquitinated substrates via its
N-terminal domain [126], it is appealing to speculate that Rix7may act
on a modified substrate. In line with such a possibility, Rix7 and Nsa1
have previously been connected to the SUMO pathway [127] and, in
addition, Nsa1 was found to be polyubiquitinated (D. K. and E.H.,
unpublished data).

The third AAA-ATPase involved in ribosome formation is Rea1.
Rea1 was identified as a component of the Nug1 and Rix1 particle
[8,31] and is required for 60S subunit formation and ITS2 processing
[128]. Like dynein heavy chain, this huge ATPase (∼550 kDa) has six
AAA domains that form a ring structure [34,129]; however,
sequence analysis suggested that only protomer 2, 3, 4, and 5 are
active [129]. Notably, Rea1 contains a MIDAS (Metal Ion Dependent
Adhesion Site) domain at the end of the long C-terminal tail that
protrudes from the AAA domain ring structure. EM studies of the
Rix1 pre-60S particle, which reveal a tadpole-like structure, indicate
that Rea1 is attached to the pre-ribosome via its ring domain, in
close proximity to the Rix1–Ipi3–Ipi1 subcomplex [34]. Significantly,
Rea1's flexible tail contacts via its MIDAS domain the N-terminal
domain of Rsa4, which is located on the pre-ribosome at a distinct
site from the Rix1–Ipi3–Ipi1 subcomplex [34]. Being attached at two
different sites on the Rix1 particle, ATP hydrolysis within the Rea1
ring domain may create a tensile force, which accounts for the
observed release of Rsa4 and the Rix1–Ipi3–Ipi1 subcomplex from
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this pre-60S intermediate [34] (Fig.3). Interestingly, Rea1's MIDAS
domain also interacts with a nucleolar non-ribosomal factor,
suggesting that Rea1 may mediate the release of further substrate
proteins (J.B. and E.H., unpublished data). Future work should
unravel the structural rearrangements that are brought about by the
Rea1-mediated release of non-ribosomal factors and how these
changes power progression of 60S biogenesis.

4.4. ATP-binding cassette (ABC) superfamily

Most ABC proteins are membrane transporters that utilize ATP
hydrolysis to transport their cargo against a concentration gradient.
However, two members of this family, Rli1 and Arb1, are both located
within the nucleoplasm and cytoplasm and fulfill a role in ribosome
assembly [130,131]. Preliminary mutational analyses suggested that
ATP hydrolysis by Arb1 and Rli1 is essential [131,132]. Depletion of
Arb1 caused a 40S biogenesis defect, but Arb1 appeared to be
associated with 60S pre-ribosomes [131]. In case of Rli1, depletion
leads to a 40S and 60S export defect [130,133], whereas the protein
sediments with 40S and 80S particles. Importantly, purification of Rli1
yields the multi-protein translation initiation factor eIF3; moreover,
Rli1 is genetically linked to Hcr1, a non-essential eIF3 subunit [130].
Altogether, the precise molecular roles of Arb1 and Rli1 in ribosome
biogenesis remain to be explored.

4.5. GTPases in ribosome assembly

GTPases are key regulators of many cellular processes, and they
are characterized by the presence of the so-called G-domain, which
contains five conserved sequence motifs (G1–G5), including the
characteristic Walker A motif (P-loop/G1) [134]. To date, six GTPases
(Bms1, Efl1/Ria1, Lsg1/Kre35, Nog1, Nug1, and Nug2/Nog2) have
been implicated in ribosome biogenesis. Bms1 is essential for 40S
biogenesis by mediating the incorporation of Rcl1 into 90S particles
[26,135,136]. Formation of a trimeric Rcl1–Bms1–GTP complex is a
prerequisite for its recruitment to the U3 snoRNA within 90S
particles (Fig. 2) [135,137]. Remarkably, the C-terminal domain of
Bms1 seems to act as an intramolecular GTPase activator (GAP),
which may trigger the release of Bms1 from pre-ribosomal particles
[135,137].

The other five GTPases are involved in different aspects of 60S
biogenesis. The cytoplasmic Efl1/Ria1 stimulates the release of Tif6,
which is already recruited to nucleolar pre-60S particles (Figs. 3, 4)
[34,55]. The GTPase activity of Efl1 is stimulated upon binding to
cytoplasmic pre-60S subunits [55]. In addition, Tif6 dissociation is
stimulated by Sdo1, the yeast homolog of the SBDS protein mutated in
patients with the Shwachman-Diamond syndrome [54,138]. Since the
presence of Tif6 on 60S subunits prevents subunit joining [139], its
release appears to be a final step in 60S biogenesis andmay occur only
once all prior biogenesis steps (e.g., release of export factors) have
been completed (Fig. 4).

Nog1 is an evolutionarily conserved, essential GTPase that
associates with pre-60S particles from the nucleolar to the cytoplas-
mic stage [34,35,44,140]. Nog1 interacts genetically and physically
with the ribosomal like protein Rlp24 [140]. Directly after the nuclear
export, both proteins are released from the pre-60S particle in a Drg1-
dependent manner and rapidly re-imported [44]. However, it is still
not clear what the function of Nog1 is and which events are triggered
by its GTP hydrolysis.

Nug1, Nug2/Nog2, and Lsg1/Kre35 belong to an exceptional group
of circularly permutated GTPases (cpGTPases). In cpGTPases, the
characteristic GTPase motifs (G1–G2–G3–G4–G5) are circularly
permutated to G4–G1–G2–G3 without a clearly conserved G5 motif
[134,141]. The cpGTPase domain of Nug1, Nug2, and Lsg1 is highly
homologous to the prokaryotic YlqF/RbgA cpGTPase, for which
structural information is available. Notably, these proteins are

characterized by a unique G5⁎ motif (DAR) that is not present in
small Ras-like GTPases. Likely, these cpGTPases have a different
activation mechanism since the switch II region D(S/T)PG is followed
by a hydrophobic residue that cannot stimulate GTP hydrolysis [142].
Furthermore, GTP hydrolysis causes a mild structural change in the
relative orientations between the GTPase and C-terminal domain
[142]. Interestingly, YlqF can bind directly to L25 and its inactivation
results in 45S intermediates lacking L16 and L27. Moreover, its GTPase
activity could be stimulated by the free 50S subunit and 45S
intermediates. Thus, this GTPase appears to be important for the
incorporation of ribosomal proteins during the 50S assembly process
[143–145].

The eukaryotic Nug1, Nug2, and Lsg1 cpGTPases possess extended
N-terminal and C-terminal domains. However, only the GTPase
activity of Nug1 has been shown directly [146]. Nevertheless,
mutations inside the cpGTP-domain of Nug2 and Lsg1 disrupt
ribosome biogenesis [33,67]. Similar to YlqF, there is significant
evidence that Lsg1 is involved in the cytoplasmic incorporation of
Rpl10 into the pre-60S ribosome [67,68]. According to the current
model (Fig. 4), Rpl10, in complex with its chaperone Sqt1, binds to
the exported pre-60S subunit in proximity to Nmd3. Subsequently,
Lsg1 promotes the incorporation of Rpl10 through an exchange with
Nmd3, thereby releasing Sqt1 and Nmd3 from the pre-ribosome
[67,68]. However, the molecular details of this process remain
unclear.

Similar to YlqF, which apparently binds to 23S rRNA, Nug1 can
interact with 5S rRNA in vitro, and mutants of Nug1 are genetically
linked to Rpl5 [146]. However, it remains unclear whether Nug1 or
Nug2 are important for incorporation of any ribosomal proteins.
Altogether, cpGTPases in general may have RNA binding activity and
could stimulate incorporation of ribosomal proteins or trigger
structural rearrangements within the pre-ribosome. Consistent with
such a central function, cpGTPases appear to exclusively act in
ribosome assembly, indicative of a specialized molecular role in rRNA
metabolism.

5. Quality control of ribosomal subunits

Due to their complex nature, it is expected that a certain
percentage of ribosomes may get incorrectly assembled or become
damaged by, e.g. , UV radiation or oxidative stress. These defective
ribosomes may waste cellular energy by synthesizing non-functional
or even harmful proteins. Such a negative effect can be avoided by the
degradation of non-functional ribosomes. Accordingly, a surveillance
mechanism needs to display three basic features: (i) detection of non-
functional ribosomes/pre-ribosomes, (ii) recruitment of the degrada-
tion machinery, and (iii) degradation of the non-functional ribosome.

It was found in several studies that rRNA mutations in the
decoding or peptidyl transferase center (PTC) of mature ribosomes
are recognized and subjected to non-functional rRNA decay (NRD)
[147,148]. These mutations did not affect ribosome assembly, but
ultimately these non-functional, mature subunits were not present in
translating ribosomes and had a decreased half-life. Pioneering work
by Fujii et al. identified components of an E3 ubiquitin ligase complex
(Mms1, Rtt101) that are involved in active ubiquitin-dependent
degradation of non-functional 60S, but not 40S subunits [148].

In contrast, the NRD of 40S is similar to no-go decay (NGD) of
mRNAs [147]. Cole et al. (2009) could demonstrate that the 18S decay
depends on Dom34, Hbs1, the exonuclease Xrn1, and the exosome
recruitment factor Ski7 [147]. Since 18S NRD depends on the active,
ongoing translation process [147], it is suggested that non-functional
40S subunits are detected by an impaired or delayed translation
process.

In addition to the surveillance of mature ribosomal subunits, it
has been observed that mutants in ribosome biogenesis fail to
accumulate high levels of rRNA precursors [16]. This observation
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could be due to surveillance of pre-ribosomal particles or due to a
general block in ribosome assembly. Since different intermediates
are coupled to up- and downstream events, even a specific block will
cause depletion of non-ribosomal factors that are needed for the
progression of up- and downstream particles. Accordingly, it has
been found that defects in the cytoplasmic recycling process (e.g.,
Efl1, Drg1, or Lsg1 mutants) affect nucleolar/nuclear stages of
ribosome assembly (by nuclear depletion of Tif6, Nog1, or Nmd3,
respectively). However, specialized surveillance mechanisms may
still exist that control the quality of certain pre-ribosomal inter-
mediates. There are several reports showing that the exosome, a
complex of 3′–5′ exonucleases, is involved in the degradation of
defective rRNAs ([108,149] and references therein). In addition, the
TRAMP (Trf4/5, Air1, Mtr4 polyadenylation complex) complex was
implicated in polyadenylation of rRNAs that could lead to exosome-
mediated degradation [77]. However, it remains unclear whether
specific surveillance mechanisms exist or whether assembly inter-
mediates are degraded in general if they failed to be further
processed within a certain time frame.

6. Ribosome assembly and human diseases

In agreement with the pivotal cellular role of ribosome biogenesis,
several mutations within this process have been linked to human
genetic diseases. To date most of these mutations are associated with
the group of inherited bone marrow failure syndromes, which are
characterized by reduced numbers of blood cells and predisposition to
cancer. Apparently, precursor red blood cells have an enormous
demand for ribosomes, due to the high number of cell divisions and
the need to synthesize large numbers of ribosomes (dedicated to the
synthesis of hemoglobin) before the loss of the nucleus. Accordingly,
mutations in ribosomal proteins or non-ribosomal factors were linked
to Diamond-Blackfan anemia (DBA), dyskeratosis congenita (DC),
Shwachman-Diamond syndrome (SDS), and cartilage–hair hypoplasia
(CHH) ([150] and references therein).

Diamond-Blackfan anemia (DBA) is characterized by red blood cell
aplasia, macrocytic anemia, and growth retardation or congenital
anomalies in approximately 30–50% of patients. For DBA, mutations in
RPL5, RPL11, RPS17, RPS19, and/or RPS24, respectively, were found in
about 30–40% of the patients ([150–153] and references therein).
Moreover, mutations in RPL36, RPS15, and RPS27A may also
contribute to DBA [151], which indicates that DBA is caused by a
general delay in ribosome biogenesis [153].

The Shwachman-Diamond syndrome (SDS) is characterized by
impaired hematopoiesis, exocrine pancreatic insufficiency, and
increased leukemia risk [150]. SDS has been associated with
mutations in the SBDS protein, which is homologous to the Sdo1
protein from yeast. Sdo1 and Efl1 are both non-essential cyto-
plasmic proteins, which are involved in the cytoplasmic dissociation
of Tif6 from the almost mature pre-60S subunits (see section 4.5
[54,55]).

Dyskeratosis congenita (DC) is marked by abnormal skin pigmen-
tation, mucosal leucoplakia, and nail dystrophy. The underlying cause
of one form of DC is mutations in the protein dyskerin, which is the
catalytic component of H/ACA snoRNPs responsible for pseudour-
idylation of rRNA [154,155]. However, since the snoRNP components
are also associated with telomerase RNA and some patients have
mutations in the telomerase and further associated factors, it remains
open to which extent a defect in ribosome biogenesis contributes to
DC ([156,157] and references therein).

Cartilage–hair hypoplasia (CHH), characterized by clinical features
such as short limbed dwarfism, skeletal abnormalities, hypoplastic
hair, immunodeficiency, and gastrointestinal dysfunction, is associat-
ed with mutations in the RNA component of the ribonuclease RNase
MRP, which is involved in rRNA processing ([158,159] and references
therein). However, RNase MRP has additional roles in RNA metabo-

lism (replication in the mitochondria and degradation of the cyclin B2
mRNA), thus further studies will be required to understand the
molecular basis of CHH.

Furthermore, the Bowen-Conradi syndrome, characterized by
growth retardation, microcephaly, nose malformation, micrognathia,
joint abnormalities, rocker bottom feet, and psychomotor delay, is
caused by mutations in the human orthologue of yeast Emg1/Nep1,
which is involved in 40S biogenesis ([160] and references therein).

All the aforementioned diseases have an increased risk for cancer
development. Furthermore, various cancer cell lines show an
increased expression of ribosomal and non-ribosomal factors involved
in ribosome assembly (e.g., Nucleostemin/GNL3-L, a homologue of the
Nug1 cpGTPase ([161] and references therein)). This is expected since
(hyper-)actively dividing cells have a high demand for ribosomes
[162]. Indeed, it has been found that the proto-oncogenic transcrip-
tion factor myc can stimulate ribosome biogenesis ([163] and
reference therein). However, in the converse situation, impaired
ribosome assembly generates a feedback signal to cell cycle regulators
causing cell cycle arrest or apoptosis. Specifically, RPL11 could inhibit
myc function and RPL23, RPL11, RPL5, and RPS7 impair MDM2
activity, leading to stabilization of p53 [162,164]. At first glance it
seems contradictory that a reduced biosynthesis of ribosomes causes
unregulated cell growth. However, a delayed progression in cell cycle
may increase the selective pressure for mutations to overcome the
problems of a reduced ribosome biogenesis and the negative feedback
on the cell cycle. Thus, bypassing of the regulation may finally
contribute to cancer development.

7. Concluding remarks and perspective

The proteomic era revealed the complex nature of ribosome
biogenesis and led to the identification of a huge number of non-
ribosomal proteins. Now we face the challenge to determine their
binding partners andmolecular function. To succeed in this challenge,
we have to apply novel approaches that allow us to identify protein or
RNA binding partners, determine their function in vitro, and gain
structural insight. A first step has been achieved through the
development of the CRAC method that allows the identification of
the rRNA fragments bound to non-ribosomal biogenesis factors [165].
Moreover, it is already possible to reconstitute distinct maturation
steps during 60S and 40S subunit biogenesis in vitro [22,34,55] and to
determine the EM structure of pre-ribosomal intermediates [22,34].
Altogether, the increasing structural information in combination with
classical genetic and biochemical approaches will certainly unveil
many exciting molecular details along the maturation path of
eukaryotic ribosomal subunits.
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