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ABSTRACT

Ribosome assembly is required for cell growth in all organisms. Classic in vitro work in bacteria has led to a detailed
understanding of the biophysical, thermodynamic, and structural basis for the ordered and correct assembly of ribosomal
proteins on ribosomal RNA. Furthermore, it has enabled reconstitution of active subunits from ribosomal RNA and proteins in
vitro. Nevertheless, recent work has shown that eukaryotic ribosome assembly requires a large macromolecular machinery in
vivo. Many of these assembly factors such as ATPases, GTPases, and kinases hydrolyze nucleotide triphosphates. Because these
enzymes are likely regulatory proteins, much work to date has focused on understanding their role in the assembly process.
Here, we review these factors, as well as other sources of energy, and their roles in the ribosome assembly process. In addition,
we propose roles of energy-releasing enzymes in the assembly process, to explain why energy is used for a process that occurs
largely spontaneously in bacteria. Finally, we use literature data to suggest testable models for how these enzymes could be used
as targets for regulation of ribosome assembly.
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INTRODUCTION

In order to catalyze protein synthesis, ribosomes must be

assembled from ribosomal RNA (rRNA) and proteins

(Rps). Mature ribosomes are composed of two subunits

in all organisms, the large subunit (LSU) and the small

subunit (SSU). The LSU comprises three rRNAs in eukary-

otes (25S, 5.8S, 5S in Saccharomyces cerevisiae) and two in

prokaryotes (23S, 5S in Escherichia coli), while the SSU has
one rRNA in all kingdoms (18S in S. cerevisiae and 16S in

E. coli). All three bacterial rRNAs and three of the four

eukaryotic rRNAs are synthesized as a single transcript that

must be processed and cleaved at specific sites during the

assembly process to produce the mature rRNA species

(Fig. 1; for review, see Hage and Tollervey 2004; Connolly

and Culver 2009).

Although eukaryotic ribosome subunits are in general
larger than their prokaryotic counter parts (5500 total

nucleotides and 78 Rps in S. cerevisiae versus 4567 total

nucleotides and 58 Rps in E. coli), the high-resolution

crystal structures of prokaryotic ribosomes fit the electron

density from cryo-EM of eukaryotic ribosomes (Beckmann

et al. 2001; Spahn et al. 2001; Chandramouli et al. 2008).

This is because ribosomal proteins and rRNA structures

unique to eukaryotes are largely restricted to surface

‘‘expansion segments,’’ while the secondary and tertiary
structures of the core, including the active site, are well

conserved across all domains of life (Woese et al. 1980;

Winker and Woese 1991; Schnare et al. 1996; Cannone

et al. 2002; Mears et al. 2002). Despite these structural

similarities, genetic and proteomic studies paint very

different pictures of the assembly processes in E. coli and

S. cerevisiae. In contrast to the small number of non-

essential assembly factors that have been identified in
prokaryotes (for review, see Hage and Tollervey 2004;

Connolly and Culver 2009), yeast ribosome assembly in-

volves association with z200 mostly essential accessory

proteins that are not part of the mature ribosome structure

(Fromont-Racine et al. 2003). In the absence of just one of

these proteins, ribosome biogenesis is stalled, and cell growth

is terminated even under optimal growth conditions.

Accessory factors required for eukaryotic ribosome
assembly include NTP-dependent enzymes such as GTPases,

ATPases, and kinases (Fig. 1). As such, these enzymes could

stabilize or destabilize pre-ribosomal complexes at specific

stages in the maturation through energetic manipulations

during complex association and/or dissociation. They may

also couple unfavorable maturation events to their favor-

able enzymatic activities. In the first part of this review, we
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provide an overview of the function of nucleotide-hydro-

lyzing enzymes in ribosome assembly. Next, we expand the

commonly discussed classes of energy-releasing factors, to

include RNA and protein modifying enzymes, which also

have the ability to perturb free-energy

landscapes. Finally, we discuss possible

commonalities to explore why so much

energy is released during ribosome

assembly.

CLASSES OF NTP-HYDROLYZING
ENZYMES

Enzymes can change the free energy of

a pre-ribosomal intermediate either by

using chemical energy to perform me-

chanical work and remodel the RNA–

protein complex (RNP), or by covalent

modification of the intermediates. Of

the z200 ribosome assembly factors in
S. cerevisiae, z20% have GO terms that

identify them as nucleoside triphos-

phate hydrolyzing enzymes such as

GTPases, ATPases, and kinases, either

through direct biochemical evidence or

sequence homology with enzymes of

known function. In addition, there are

enzymes that utilize energy from non-
nucleotide sources, at least in their di-

rect interaction with the pre-ribosome.

For example, endo- and exonucleases

release energy stored in the phospho-

diester bonds of the rRNA backbone.

Additionally, methylases release the en-

ergy stored in S-adenosyl methionine

(SAM) through methylation of rRNA.
Finally, ubiquitin-conjugating enzymes

and pseudouridylases likewise use high-

energy bonds to modify components of

pre-ribosomal complexes. Thus, the

number of accessory factors with the

potential to change the free-energy

landscape of ribosome is higher than

GO terms imply. The following sub-
sections review the classes of energy-

releasing factors playing essential roles

in eukaryotic ribosome assembly.

GTPases

GTPases have been studied extensively

as their activity is central to cellular
signaling, transport, cytoskeleton orga-

nization, and translation (for reviews,

see Bourne et al. 1991; Leipe et al.

2002). GTPases, like the other NTP-dependent enzymes

discussed below, are P-loop NTPases. As such they contain

a conserved nucleotide-binding domain, defined by the

Walker A motif, responsible for binding of the a- and

FIGURE 1. rRNA cleavage involves many steps and energy-consuming factors. (Red arrows)
Endonucleolytic steps; (blue arrows) exonucleolytic steps. The steps are labeled with the name
of the nuclease if known or suggested, or the name of the cleavage site. Cleavage at site A2

requires prior cleavage at site A1 (Venema and Tollervey 1999; Karbstein 2009), cleavage at site
D requires prior cleavage at site A2 (Karbstein 2009), and processing to site B1S requires prior
cleavage at site A3 (Karbstein 2009). For simplicity, only the major 60S processing pathway is
shown. (Cyan) Putative ATPases (for simplicity, DEAD-box proteins are omitted); (green)
GTPases; (orange) kinases.
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b-phosphates, and the Walker B motif, responsible for

coordination of a Mg2+ ion that binds to the b- and

g-phosphates and participates in GTP hydrolysis. The

GTP- and GDP-bound forms of these proteins differ in

two exposed loops (the switch I and II regions) located on

the surface of the molecule. These loops form part of the

interface with effector molecules rendering their binding

sensitive to the nucleotide state. Because effectors bind
more strongly in the GTP-bound state than the GDP-

bound state, the GTP-bound form is considered the

‘‘active’’ state. Therefore, GTP hydrolysis ‘‘deactivates’’

the GTPase. GTP hydrolysis is stimulated by interaction

with a GTPase activating protein (GAP). Unlike prototyp-

ical GTPases, the characterized GTPases in ribosome

assembly bind nucleotides weakly and are thus not

expected to be dependent on guanine nucleotide exchange
factors to exchange GDP for GTP (Karbstein 2007).

Yeast ribosome assembly requires the action of six

GTPases: Bms1 for assembly of the 40S subunit; Nog1,

Nog2, Nug1, Lsg1, and Ria1 for assembly of the 60S

subunit (Fig. 1, shown in green; Becam et al. 2001; Gelperin

et al. 2001; Saveanu et al. 2001; Senger et al. 2001;

Wegierski et al. 2001; Jensen et al. 2003; Kallstrom et al.

2003; Hedges et al. 2005; Karbstein et al. 2005; Bassler et al.
2006). Interestingly, GTPases form the largest class of

essential assembly factors in bacteria (although their essential

function is not thought to arise from ribosome assembly),

suggesting that their role is conserved. Roles of GTPases in

ribosome assembly have been recently reviewed in depth

(Karbstein 2007) and will not be further discussed here.

AAA+-ATPases

ATPases associated with diverse cellular activities (AAA+-

ATPases) perform a wide range of functions including

protein unfolding, dissociation of protein–protein interac-

tions, and unidirectional translocation along a track. These

proteins are characterized by their nucleotide-dependent

oligomerization into (usually hexameric) ring structures

and the extensive conformational change they undergo

during the ATPase cycle (Erzberger and Berger 2006). It

appears that these conformational changes are transduced

within the protein and to its substrate via the function
of two sensor elements (which correspond to the switch I

and II in GTPases and are also found in ABC transporters

and some helicases), although the exact mechanism of

mechano-chemical coupling is still debated. Rix7, Rea1,

and Drg1 are AAA+-ATPases essential for assembly of the

large ribosomal subunit in yeast (Fig. 1, shown in cyan;

Gadal et al. 2001; Galani et al. 2004; Pertschy et al. 2007).

Depletion of Rix7 inhibits cleavage at the 39-end of 5.8S
rRNA, transport of pre-60S particles to the nucleus, and

destabilizes 27SB pre-rRNA (Gadal et al. 2001). A synthetic

lethal screen with the temperature-sensitive (ts) Rix7-31

identified a point mutation in Nsa1 (Fig. 2; Kressler et al.

2008). These two proteins also interact in a yeast two-

hybrid screen, although direct in vitro interactions could

not be detected. Furthermore, while the majority of Rix7 is

free in the nucleus, a small portion can be found associated
(substoichiometrically) with Nsa1-containing pre-ribosomes,

but not with other pre-ribosomal particles, indicating

that this interaction is transient. Whereas in wild-type

strains Nsa1 dissociates from pre-ribosomal particles in

the nucleus, in cells containing a ts N-terminal truncation

(Rix7D14N), Nsa1 is retained on cytoplasmic ribosomes

and is even detected in polysomes, suggesting that removal

of Nsa1 from pre-ribosomes is disrupted at the nonper-
missive temperature (Kressler et al. 2008). Additionally,

pre-ribosomal particles purified via TAP-tagging of assem-

bly factors that act after Nsa1 are missing proteins when

FIGURE 2. Model for Rix7-catalyzed remodeling of pre-60S subunits. Nsa1 binds to pre-60S subunits containing 27SA rRNA; other early 60S
assembly factors including Rrp5, Noc1, and Nop4 are also bound to this intermediate. Rix7 interacts with Nsa1, potentially only in the
ubiquitinated/sumoylated form, to remove it from pre-ribosomes (directly or indirectly). Nsa1 removal coincides with loss of the early 60S
assembly factors Rrp5, Noc1, and Nop4, and allows binding of the later 60S assembly factors Rsa4, Nop53, Spb1, Nog2, Sda1, Arx1, and Nug1.
(Orange) Energy-consuming assembly factors; (yellow) other assembly factors; (blue) Nsa1; (red) Rix7.
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purified from the Rix7D14N background relative to wild-

type strains, while pre-ribosomal particles purified via

factors that act prior to Nsa1 accumulate additional pro-

teins compared to the same particles from wild-type cells.

Thus, recycling of Nsa1 coincides with a shift in the

composition of nuclear pre-60S particles. Together, these

data indicate that Rix7 interacts with a nuclear pre-60S

particle via Nsa1 to facilitate recycling of Nsa1 and
remodeling of the pre-ribosomal particle (Fig. 2; Kressler

et al. 2008). It remains to be seen whether the shift in pre-

ribosome composition is the cause or a consequence of

Nsa1 removal.

Rea1 is also required for 39-maturation of 5.8S rRNA,

but is a component of a later nuclear pre-60S particle that

precedes association of the nuclear export adaptor Nmd3

(Galani et al. 2004; Nissan et al. 2004). Addition of ATP,
but not AMPPNP, ADP, or GTP, to pre-ribosomes results

in dissociation of Rea1p and Nog2p from this particle and

may reflect an essential pre-export remodeling step coupled

to ATP hydrolysis by Rea1p (Galani et al. 2004).

Drg1 associates with 60S pre-ribosomes in the cytoplasm

(Pertschy et al. 2007). Inactivation of Drg1 leads to

accumulation of Rlp24, Nog1, and Tif6 in the cytoplasm,

and depletion from the nucleus (Pertschy et al. 2007).
Accordingly, the rRNA processing defects of these cells

resemble Nog1, Rlp24, or Tif6 depleted cells.

A common theme for all three AAA+-ATPases is their

proposed role in shifting the composition of pre-ribosomal

assembly intermediates. It is tempting to speculate that

these proteins are involved in breaking a number of very

strong protein–protein or RNA–protein interactions (as in

protein unfolding or SNARE dissociation), which could
require hydrolysis of multiple ATP molecules.

DExH/D proteins

DExH/D ATPases are named for a conserved amino acid

sequence in the Walker B motif and are further subclassified

into DEAD, DEAH, and DExH branches. These families

demonstrate different nucleotide specificities and different
levels of basal ATPase activity and are thus believed to have

distinct modes of action (Jankowsky and Fairman 2007).

Because the ATPase activity of many DExH/D proteins is

enhanced in the presence of RNA, they are also referred to as

RNA-dependent ATPases. Several DExH/D proteins unwind

RNA duplexes or disrupt RNA–protein interactions. In some

cases, they facilitate duplex annealing and even disruption of

protein–protein interactions, and some are simply ATP-
dependent RNA-binding proteins (for review, see Cordin

et al. 2006; Jankowsky and Fairman 2007). All DExH/D

proteins share a common fold created by two RecA-like

helicase domains joined by a flexible linker (Tanner and

Linder 2001; Cordin et al. 2006). Functional specificity is con-

ferred by variable extensions flanking the helicase domains

(Tanner and Linder 2001; Jankowsky and Fairman 2007).

Although they share sequence similarity with helicases

that couple ATP hydrolysis to unwinding of long duplexes,

DExH/D proteins are not processive, consistent with the

observation that RNA duplexes are typically short (Yang

et al. 2007). Furthermore, DEAD-box proteins do not

translocate through a substrate duplex. Rather, they use

single-stranded regions as binding platforms from which

they can separate a nearby duplex by binding anywhere
within that duplex, destabilizing it locally (Yang et al. 2007;

Chen et al. 2008). This leads to unwinding of no more than

two helical turns of a duplex in a single binding event. The

lack of processivity is also consistent with a new view of the

mechanism by which DEAD-box helicases unwind du-

plexes. For at least a subset of DEAD-box proteins, ATP

hydrolysis is neither coupled to nor required for duplex

unwinding (Chen et al. 2008; Liu et al. 2008). Instead,
duplex separation is induced by ATP-dependent binding to

single-stranded RNA. ATP hydrolysis is required only for

dissociation of the DEAD-box protein after unwinding.

While the universality of this mechanism is still under

investigation (especially for DExH proteins), it reconciles

the finding that some DEAD-box proteins are merely ATP-

dependent RNA-binding proteins (Shibuya et al. 2006). In

this new model, all DEAD-box proteins are ATP-dependent
RNA-binding proteins, some hydrolyzing ATP to release

single-stranded RNA. This new mechanistic insight also is

consistent with the observation that nucleotide hydrolysis

itself is not irreversible for these and other NTP-hydrolyzing

enzymes, as that step is barely energetically favorable

(Hassett et al. 1982). Instead, it appears that dissociation

of one (or more) of the products is what renders these

processes irreversible (e.g., Baird et al. 2001; Algire et al.
2005).

Nineteen out of 37 DExH/D proteins encoded in the S.

cerevisiae genome are involved in ribosome biogenesis, and

17 of these are essential (see Table 1; for review, see

Bleichert and Baserga 2007). Seven (Dhr1, Dhr2, Dbp8,

Rok1, Fal1, Rrp3, Dbp4) are required for SSU biogenesis

(Song et al. 1995; O’Day et al. 1996; Liang et al. 1997;

Venema et al. 1997; Colley et al. 2000; Daugeron and
Linder 2001; Granneman et al. 2006a), while eight (Dbp2,

Dbp6, Dbp9, Mak5, Drs1, Dbp10, Spb4, Mtr4) are required

for LSU biogenesis (Sachs and Davis 1990; Ripmaster et al.

1993; de la Cruz et al. 1998a,b, 2004; Kressler et al. 1998;

Burger et al. 2000; Bond et al. 2001; Bernstein et al. 2006).

Prp43 and Has1 associate with, and are required for, both

SSU and LSU biogenesis at stages after these subunits have

entered separate processing pathways, suggesting that these
proteins may have more general functions in the ribosome

assembly process (Emery et al. 2004; Lebaron et al. 2005;

Bernstein et al. 2006; Combs et al. 2006; Leeds et al. 2006;

Liang and Fournier 2006). Interestingly, DEAD-box proteins

are also among the identified bacterial assembly factors,

pointing to conserved roles. Potential substrates in ribosome

assembly include ‘‘misfolded’’ rRNA–rRNA duplexes (see

Strunk and Karbstein
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‘‘Quality Control by Alternative RNA Structures,’’ below),

duplexes between rRNA and snoRNAs, as well as the more

than 50 RNA-binding proteins associated with pre-ribo-
somal particles during assembly. The size, complexity, and

dynamic nature of maturing pre-ribosomal particles, the

host of potential cofactors, as well as the possibility that these

proteins may act at stages that differ from where maturation

stalls in their absence, all pose a tremendous challenge to in-

vestigators seeking to understand the role(s) of these pro-

teins in ribosome biogenesis. In addition, a subset of these

proteins may cooperate to some extent as they dem-
onstrate synthetic lethal interactions and are associated

in coimmunoprecipitation experiments (Daugeron and

Linder 2001; Gavin et al. 2002; Bernstein et al. 2006).

Work in the Baserga laboratory has probed the function

of DExH/D proteins involved in both SSU and LSU

biogenesis using systematic mutagenesis of conserved
residues in motifs responsible for ATP hydrolysis in each

helicase (Bernstein et al. 2006; Granneman et al. 2006a).

Different, although sometimes similar, rRNA processing

defects were observed for each of the mutants, and most

were unable to support growth (Bernstein et al. 2006;

Granneman et al. 2006a). While this work has provided

a wealth of information that will be of tremendous help to

future researchers, definite roles for any of the investigated
helicases have yet to be determined.

Seventy-five small nucleolar RNA (snoRNAs) of two

different classes, box C/D and box H/ACA, are involved

TABLE 1. DExH/D helicases involved in S. cerevisiae ribosome assembly

Protein Classification
Null

phenotype

Target
ribosomal
subunit

Ribosome
biogenesis/rRNA
processing defect

Suggested
function Reference

Dbp8p DEAD-box Inviable SSU A0, A1, A2 inhibiteda Daugeron and Linder (2001)
Dbp4p DEAD-box Inviable SSU A0, A1, A2 inhibitedb U14

removal
Liang et al. (1997); Kos
and Tollervey (2005)

Dhr1p DEAH Inviable SSU A1, A2 inhibiteda Colley et al. (2000)
Dhr2p DEAH Inviable SSU A0, A1, A2 inhibiteda Colley et al. (2000)
Rrp3p DEAD-box Inviable SSU A0, A1, A2 inhibiteda O’Day et al. (1996)
Rok1p DEAD-box Inviable SSU A0, A1, A2 inhibitedb snR30

removal
Song et al. (1995);
Venema et al. (1997);
Bohnsack et al. (2008)

Fal1p DEAD-box Inviable SSU A0, A1, A2 inhibiteda Kressler et al. (1997)
Prp43p DEAH Inviable SSU and

LSU
A0, A1, A2 inhibited,

reduced 20S and 7Sc
snoRNA

removal
Lebaron et al. (2005);
Combs et al. (2006);
Leeds et al. (2006)

Has1p DEAD-box Inviable SSU and
LSU

A0, A1, A2 inhibited,
27SA3 and 27SB
accumulationb

Emery et al. (2004)

Dbp3p DEAD-box Viable; synthetic
slow growth
with Dbp7p

LSU A3 inhibited or delayed,
27SA2 accumulationb

Weaver et al. (1997)

Dbp6p DEAD-box Inviable LSU Decreased 27SA2, 27SB, 7Sb Kressler et al. (1998)
Dbp7p DEAD-box Slow growth,

synthetic
enhancement
with Dbp3p

LSU Decreased 27SA2, 27SB, 7Sb Daugeron and Linder (1998)

Dbp9p DEAD-box Inviable LSU Decreased 27SA2, 27SB, 7Sb Daugeron et al. (2001)
Mak5p DEAD-box Inviable LSU 60S subunit deficitc Zagulski et al. (2003)
Drs1p DEAD-box Inviable LSU 60S subunit deficitc Ripmaster et al. (1993)
Dbp2p DEAD-box Inviable LSU 60S subunit deficit, suspected

A3 cleavage defectc
Bond et al. (2001)

Spb4p DEAD-box Inviable LSU 27SB accumulationc Sachs and Davis (1990);
de la Cruz et al. (1998a)

Dbp10p DEAD-box Inviable LSU 27SB accumulation, C1
and C2 cleavage defecta

Burger et al. (2000)

Mtr4p DExH Inviable LSU 7S accumulation, required
for exosome-mediated
39-end processing
of 5.8S rRNA

Part of the
TRAMP
complex

de la Cruz et al. (1998b)

aDominant phenotype from point mutations after 48 h.
bDeletion phenotype.
cPoint mutation or conditional mutant phenotype.
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in yeast ribosome assembly. The three essential snoRNAs—

U3, U14, and snR30—are required for early rRNA cleavage

events (Tollervey 1987; Bally et al. 1988; Li et al. 1990;

Morrissey and Tollervey 1993), while the other 72 are

nonessential and specify rRNA residues for methylation or

pseudouridylation (Decatur and Fournier 2003). Because

the duplexes formed between snoRNAs and rRNAs are

extensive and, based on nearest neighbor rules, are expected
to be stable for years, it is anticipated that in vivo duplex

dissociation is accelerated by RNA helicases. Thus, much

effort has concentrated on identifying DExH/D/snoRNA

pairs. An in vivo screen by Tollervey and colleagues ex-

amined accumulation of snoRNAs in pre-ribosomal parti-

cles when DExH/D proteins required for maturation of

the SSU were individually depleted (Bohnsack et al. 2008).

While none of the 72 nonessential snoRNAs accumulated
significantly in high-molecular-weight fractions in this

screen, U3 and U14 accumulated in the absence of multiple

DExH/D proteins. This finding could indicate that multiple

helicases cooperate to dissociate these essential snoRNAs,

or it could indicate that indirect effects can complicate such

screens, for example, if dissociation of an upstream in-

hibitory structure is required for downstream dissociation

of a snoRNA. One of the helicases required for proper
distribution of U14, Dbp4, has been previously implicated

in modulating U14’s essential function through a genetic

interaction with the U14 snoRNA (Liang et al. 1997),

bolstering the argument that Dbp4 is required for U14

dissociation from pre-ribosomes (Kos and Tollervey 2005).

Nevertheless, this example points to the importance of

additional experiments to test and verify models suggested

from such screens.
One such set of experiments includes the purification of

native complexes associated with individual DExH/D pro-

teins to narrow the field of potential substrates and

cofactors of these proteins. This approach has been suc-

cessfully used in the splicing field to assign substrates to

RNA helicases. Interestingly, Prp43p, which was not in-

cluded in the screen for snoRNA accumulation, coprecipi-

tates many box-C/D snoRNAs and a few box-H/ACA
snoRNAs. The efficiency of the co-IP is increased in a cold

sensitive (cs) mutant at low temperature (Lebaron et al.

2005; Combs et al. 2006; Leeds et al. 2006). At least one

rRNA residue targeted by Prp43-bound snoRNAs is also

undermethylated when the cs strain is grown at low

temperature (Leeds et al. 2006). These results suggest that

Prp43 may play a general role in modulating snoRNP

dissociation, perhaps specifically box-C/D snoRNA disso-
ciation, from ribosome precursors. Interestingly, Prp43

(Lebaron et al. 2005), as well as the snoRNA components

Nop1, Cbf5, Gar1, Nhp2, and Nop56/58, interact with

many Pol I transcription factors (Cadwell et al. 1997; Fath

et al. 2000; Krogan et al. 2004, 2006; Collins et al. 2007;

Tarassov et al. 2008), indicating that snoRNA-directed

rRNA modification (and snoRNA removal) could occur

cotranscriptionally at some sites, akin to cleavage at site A2

(Osheim et al. 2004).

A final class of experiments to delineate helicase/sub-

strate pairs utilizes in vitro studies that evaluate ATPase

and helicase stimulation upon binding to specific RNA

substrates. These experiments are based on the assumption

that the RNA substrate will bind more strongly to the

helicase and/or better stimulate its ATPase activity. They
are inspired by early experiments from the Fuller-Pace

laboratory, which demonstrated that the ATPase activity of

the bacterial DEAD-box protein DbpA is highly stimulated

by a very specific hairpin structure in the 23S rRNA (Fuller-

Pace et al. 1993). The advantage of such experiments lies in

the rigor by which unwanted secondary effects can be

excluded in a controlled system. However, the length of

yeast pre-rRNA (z7000 nucleotides), its potential for
alternative interactions, and the abundance of snoRNAs

suggest that identifying the ‘‘right’’ substrate might be akin

to looking for a needle in a haystack. Consistent with this

suggestion, a recent tour-de-force manuscript from the

Uhlenbeck lab indicates that a specific RNA substrate was

not found for any of the four tested helicases, despite

screening of a large number of RNAs under a wide variety

of conditions (Garcia and Uhlenbeck 2008). This finding
shows that prior information will be required to fine-tune

biochemical experiments in reconstituted systems. Inter-

estingly, protein cofactors can increase the rate of ATP

hydrolysis. For example, Ntr1 and Esf2 moderately stimu-

late the ATPase rates of Prp43 and Dbp8, respectively

(Granneman et al. 2006b; Tanaka et al. 2007). These

proteins may impart specificity, and knowledge of their

binding sites may help in identifying helicase function.
While much progress has been made in developing tools

to understand the roles that DExH/D proteins play in ribo-

some biogenesis, definitive assignments of substrates for

these RNA-dependent ATPases will require combined ap-

proaches: Further in vivo investigations will be required to

zone in on substrates and effectors for individual DExH/D

proteins, which can then be included in biochemical ex-

periments to extend and verify potential models.

ABC-ATPases

ATP-binding cassette (ABC)-ATPases are characterized by

ATP-dependent dimerization of two nucleotide-binding

sites harbored within one or two polypeptides, such that

two ATP molecules are sandwiched between the two

domains (for review, see Hopfner and Tainer 2003; Higgins
and Linton 2004). Each ATP is coordinated by residues

from each opposing nucleotide-binding domain, and the

two nucleotides make up approximately half of the area

dimer interface (Hopfner and Tainer 2003). Conforma-

tional rearrangements induced by ATP-dependent dimer-

ization are transmitted to an effector domain. Classic exam-

ples of ABC-ATPases are membrane-associated transporters.
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However, there are soluble ABC-ATPases, two of which,

Arb1 and Rli1, are essential for ribosome assembly (Fig. 1,

shown in cyan; Dong et al. 2004, 2005; Kispal et al. 2005;

Yarunin et al. 2005). Mutation of conserved residues pre-

dicted to be involved in ATP binding and hydrolysis is

lethal for both Rli1 and Arb1, suggesting that ATPase

activity is central to the essential roles of both proteins

(Dong et al. 2004, 2005). Rli1 was initially identified as
a factor involved in translation initiation and copurifies

with the multi-subunit initiation factor eIF3 via direct

interaction with the Hcr1 subunit (Dong et al. 2004; Kispal

et al. 2005; Yarunin et al. 2005; Andersen and Leevers

2007). Not incidentally, the phenotype from deletion of

Hcr1 resembles that from deletion of Rli1 (Valasek et al.

2001; Dong et al. 2004).

In a highly unusual manner, Arb1 and Rli1 are required
for LSU and SSU rRNA processing and maturation; they

are both shuttling proteins that mainly reside in the

cytoplasm and are both required for export of nascent

subunits (Dong et al. 2005; Kispal et al. 2005; Yarunin et al.

2005). Furthermore, while Arb1 binds to pre-60S ribo-

somes, its depletion reduces the amount of 40S subunits

relative to 60S. Similarly, Rli1 binds to pre-40S subunits,

but its deletion reduces the amount of 60S subunits, indi-
cating that these proteins may be involved in fine-tuning

the relative levels of ribosomal subunits. Furthermore, the

parallels in the observed phenotypes might reflect the sim-

ilar functions of these factors.

While Arb1 is an essential protein, its depletion only

leads to moderate defects in SSU and LSU rRNA processing

(Dong et al. 2005), suggesting either that it acts after rRNA

processing is complete, or that its essential role is in
a different cellular process (or both). Consistent with both

of these possibilities, Arb1 interacts with the very-late

cytoplasmic 60S assembly factors Tif6 (see Fig. 5, below)

and Lsg1, as well as with several translation initiation

factors, including the eIF3 complex, eIF2A and eIF4A, as

well as Zuo1 and Ded1, both of which are typically involved

in translation (Dong et al. 2005). Rli1 depletion also has

very moderate effects on pre-rRNA processing (Yarunin
et al. 2005). In contrast, the effects on translation initiation

are much stronger and even observed in extracts (Dong

et al. 2004). Furthermore, it has been shown that deletion

of Rli1 abolishes cell growth after only 4 h (less than two

cell divisions), much faster than typically observed for

ribosome assembly proteins. Because ribosomes are stable

and effects on cell growth are only observed once existing

pools of ribosomes are diluted via cell division, effects on
cell growth are slow to emerge after depletion of ribosome

assembly factors. The rapid manifestation of Rli1’s growth

defect further indicates that the essential function from Rli1

may be in translation initiation and not ribosome assembly.

Because both factors have such unusual pleiotropic

effects on multiple steps in ribosome assembly and because

they are both mainly cytoplasmic proteins that interact

with very late cytoplasmic pre-ribosomes, we speculate

that both proteins function in an as-yet-undiscovered

‘‘handoff’’ between the ribosome assembly machinery and

the translation initiation machinery, perhaps removing a

final set of ‘‘blocking’’ assembly factors to allow for binding

of initiation factors (see Fig. 5, below). This model would

suggest the presence of a final check before ribosomal

subunits are released into the pool of translating ribosomes.
The modest effects on ribosome assembly could then be

indirect and due to reduced translation of mRNAs, 30% of

which encode ribosomal proteins (Warner 1999).

Kinases

Kinases transfer a phosphate from ATP to a serine, thre-

onine, or tyrosine (or, in rare cases, histidine) within a
protein. This modification can affect a protein’s activity,

ability to interact with other proteins, and cellular localiza-

tion. Controlled protein phosphorylation by vast networks

of kinases is central to the regulation and coordination of

cellular processes including metabolism, growth, differen-

tiation, and response to stress (Cohen 2000; Manning et al.

2002). Although many proteins involved in ribosome

assembly are phosphorylated in vitro (Ptacek et al. 2005)
and in vivo (Ficarro et al. 2002; Chi et al. 2007), the sig-

nificance of these modifications and the kinases respon-

sible for them remain largely unknown. Three essential

kinases (shown in orange in Fig. 1) are involved in ribo-

some assembly in S. cerevisiae: Rio1 and Rio2 facilitate SSU

assembly, and Hrr25 is required for maturation of both

subunits.

The right open (Rio) reading frame kinases are con-
served from archaea to humans (for review, see LaRonde-

LeBlanc and Wlodawer 2005). Crystal structures of the

archaeal Rio proteins indicate that these proteins possess

a kinase-like fold, consistent with the conservation of

amino acids required in all eukaryotic protein kinases

(ePKs) (LaRonde-LeBlanc and Wlodawer 2004; LaRonde-

LeBlanc et al. 2005b). However, there are several differences

between Rio kinases and ePKs: The Rio kinase domain is
exceptionally short, lacking loops and helices highly con-

served in most ePKs. Among the missing features is the

‘‘activation loop,’’ which is regarded as essential for sub-

strate binding and specificity in ePKs. Consistent with this

finding, the structures of Rio kinases in the presence of

nucleotide indicate that these proteins bind ATP in a more

extended conformation than typical ePKs. Despite this

divergence, it has been shown that Rio kinases can auto-
phosphorylate (LaRonde-LeBlanc et al. 2005a,b), although

the rates for these phosphorylation events relative to

conventional ePKs have not been determined. The Rio1

and Rio2 subfamilies are distinguished by conserved amino

acids in their kinase motifs, indicating perhaps a different

mode of activity, as well as a conserved N-terminal winged

helix domain, a nucleic-acid-binding motif, found only
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in the Rio2 subfamily (LaRonde-LeBlanc and Wlodawer

2004).

Rio1 and Rio2 are both required for processing of the

20S rRNA. Although both bind to pre-ribosomal particles

containing the 20S rRNA precursor (Geerlings et al. 2003;

Vanrobays et al. 2003), only Rio2 is a stable component of

these particles (Gavin et al. 2002; Schafer et al. 2003; Collins

et al. 2007). Rio1 is not recovered with pre-ribosomes ob-
tained by affinity purification of TAP-tagged accessory fac-

tors, indicating a transient association with pre-ribosomes,

as expected if Rio1 phosphorylates a pre-ribosomal com-

ponent and then dissociates. Consistent with such a role,

mutations in Rio1’s kinase domain that abolish in vitro

kinase activity do not support growth (Angermayr et al.

2002). However, these data were obtained prior to knowl-

edge of Rio1’s essential role in ribosome assembly, and
the effect of these mutations on ribosome assembly was not

determined. As Rio1 is required for cell cycle progression

(Angermayr et al. 2002), it cannot be ruled out that

inactivation of Rio1’s kinase activity disrupts an essential

process other than ribosome assembly. In contrast, Rio2’s

kinase activity may not be integral to its essential role in

ribosome assembly. A Rio2 mutant in which in vitro kinase

activity is largely abolished can support growth, at least when
overexpressed (Geerlings et al. 2003). Even though there are

conflicting data concerning the ability of very low levels of

wild-type but not kinase-deficient Rio2 to support growth

(Geerlings et al. 2003; Vanrobays et al. 2003), it is likely that

Rio2 is essential, but its kinase activity is not. This would be

consistent with an inhibitory/regulatory role for this activity

rather than an essential role. Persistent binding of Rio2 to

the pre-40S complex may allow maintenance of a phosphor-
ylated state even in the presence of competing phosphatase

activity. Removal of Rio2 or inhibition of its kinase activity

might then be required for assembly progression. Alterna-

tively, Rio2 may simply be an ATP-dependent RNA-binding

protein, perhaps modulated by its own phosphorylation.

Hrr25 is one of four yeast homologs of mammalian

casein kinase I and has documented roles in the DNA

damage response, vesicle budding, meiosis, and cell survival
during stress (Hoekstra et al. 1991; Ho et al. 1997; Kafadar

et al. 2003; Petronczki et al. 2006). Hrr25 binds to 90S and

40S, as well as to 66S pre-ribosomes, and its depletion leads

to 18S and 25S processing defects (Schafer et al. 2006; Ray

et al. 2008). Recent data from the Maitra and Tschocher

laboratories suggest that cycles of phosphorylation and

desphosphorylation, mediated by Hrr25, are required for

export of both ribosomal subunits (Basu et al. 2003; Schafer
et al. 2006; Ray et al. 2008). Hrr25 phosphorylates Tif6 at

serine 174 in vitro and in vivo (Basu et al. 2003; Ray et al.

2008). Mutation of this residue to alanine prevents phos-

phorylation, traps Tif6 in the nucleus, and leads to defective

60S assembly (Basu et al. 2003). The S174D mutation,

mimicking a constitutively phosphorylated protein, is also

inviable, indicating that desphosphorylation of Tif6 is also

required for ribosome assembly (Basu et al. 2003; Ray et al.

2008). Similarly, phosphorylation and subsequent dephos-

phorylation of Enp1 and Rps3 are required for stable

incorporation of Rps3 into the small subunit (Schafer

et al. 2006). This phosphorylation is abolished in Hrr25

knockout cells, indicating that Hrr25 is either directly or

indirectly responsible. Because Rps3 is linked to a stabili-

zation of the beak, which protrudes from the SSU, its sta-
ble incorporation could impede passage of this particle

through the nuclear pore. Phosphorylation prior to and

dephosphorylation following nuclear export might pro-

mote a conformational rearrangement that renders nuclear

export irreversible (Schafer et al. 2006). Together, these

data indicate that Hrr25 regulates (and perhaps synchro-

nizes) the export of both subunits (Fig. 5, below).

Other ATPases

Fap7, Utp14, and Kre33 (Fig. 1, shown in cyan) have

sequence homology with P-loop-type ATPases but do not

fall into one of the classes described above. Utp14 and

Kre33 are associated with early nucleolar pre-ribosomes

and are required for assembly of the 40S subunit. Utp14 is

required for the early nucleolar rRNA processing steps A0,
A1, and A2, and its depletion leads to accumulation of the

dead-end 23S rRNA, as found for most Utps (Gallagher

et al. 2004). A mutant form of Kre33 is defective in pre-40S

export to the cytoplasm (Grandi et al. 2002).

Fap7 is conserved from archea to humans and bears

weak sequence homology with adenylate kinases and

AAA+-ATPases. Fap7 is required for cytoplasmic cleavage

at site D to produce the mature 39-end of the 18S rRNA
(Figs. 1, 5, below; Granneman et al. 2005). Fap7 is believed

to act through direct interaction with the small ribosomal

protein Rps14, as these two proteins interact in vivo (Gavin

et al. 2006) and in vitro (Granneman et al. 2005). Rio2, an

essential kinase discussed above, accumulates in pre-40S

complexes in Fap7-depleted cells (Granneman et al. 2005).

Fap7 may thus be involved in removing Rio2 from the pre-

40S particle.

ENZYMES USING NON-NUCLEOTIDE ENERGY
SOURCES

The enzymes discussed above promote ribosome assembly

by binding and hydrolyzing nucleoside triphosphates.

However, modification of any component in a pre-ribo-

somal complex alters the free energy of that complex.
Furthermore, principles of metabolism demonstrate that

thermodynamically unfavorable reactions can be driven by

coupling them to thermodynamically favorable, irreversible

reactions, as long as the net process is favorable. Likewise,

unfavorable manipulations of the pre-ribosome could be

coupled to favorable or irreversible modifications. Any such

modification, therefore, has the potential to destabilize or
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stabilize the formation of specific structures in the pre-

ribosome, enforcing directionality of the maturation pro-

cess. Outlined below are examples of such modifications in

ribosome biogenesis.

Cleavage of polycistronic rRNA precursors

Synthesis of three rRNAs in a single transcript may be
a strategy that evolved to coordinate synthesis of these

molecules, reflecting the need for tight co-regulation of

ribosomal components. In addition, however, phospho-

diester cleavages during rRNA processing release energy

stored in these bonds and are thus irreversible modifica-

tions (especially if one of the released pieces is degraded via

the exosome or Rat1/Xrn1 nucleases). If rRNA cleavage

steps are coupled to unfavorable steps in the assembly
process, they could provide directionality to the maturation

process. Perhaps this is why rRNA cleavage is performed in

a stepwise fashion (Fig. 1), as it allows the energy to be

harnessed at multiple points. Incidentally, these cleavage

steps should then be regarded as potential regulatory

points, as shown for the favorable steps in metabolic

pathways. Consistent with the idea of cleavage steps as

energy-releasing control points, it has been shown that
Rcl1, the candidate for cleavage at site A2, requires the

GTPase Bms1 for delivery to pre-ribosomes (Karbstein

et al. 2005). Furthermore, two Rio kinases and the ATPase

Fap7 regulate cytoplasmic cleavage at site D (Geerlings

et al. 2003; Vanrobays et al. 2003; Granneman et al. 2005).

The strict ordering of cleavage in polycistronic rRNA

precursors may be imposed to take advantage of energy

stored in these bonds at specific stages in the ribosome
assembly process. Additionally, or alternatively, it has been

suggested that ordering could help ‘‘proofread’’ the assem-

bly of ribosomes (Karbstein 2009). Finally, in the even

more complex mammalian system, there are more cleavage

steps, perhaps to allow for more irreversible steps that

could provide for control points.

rRNA modifications

Modifications of specific rRNA residues, including pseu-

douridylation, 29-O methylation, and base modifications

(usually methylation), occur in all domains of life (for

review, see Decatur and Fournier 2003). Many of these

modifications are clustered around conserved positions in

the active site of the mature ribosome, and without them

ribosome assembly and function are compromised (King
et al. 2003; Liang et al. 2007; Piekna-Przybylska et al. 2008).

Modest amounts of energy are released during each of

these essentially irreversible modifications: methylation ex-

changes the high-energy bond in the SAM cofactor (gen-

erated in an ATP-consuming process) for a more stable

bond to a rRNA base or ribose; pseudouridylation is an

isomerization that converts uridine bases to pseudouridine.

Pseudouridylation requires no energy input or cofactor but

releases energy through the exchange of the N-glycosidic

bond between the uracil and ribose for a lower-energy

carbon–carbon glycoside bond (Charette and Gray 2000).

Both modifications locally increase the structural stability

of the rRNA through enhanced intramolecular interactions

such as hydrogen-bonding potential and base-stacking

(Arnez and Steitz 1994; Charette and Gray 2000). Thus,
strategically placed modifications may help shift the ener-

getic landscape of the nascent ribosome to help enforce

directionality, thereby favoring maturation. Although no

single rRNA modification has been identified as essential,

global disruption of rRNA methylation by point mutations

in the modifying enzymes results in defects in ribosome

assembly and function (Tollervey et al. 1993). Furthermore,

it has recently been shown that loss of the hypermodifica-
tion of c1191 delays the conversion of 20S to 18S rRNA

(Liang et al. 2009).

Further supporting the potentially important regulatory

role of methylating enzymes are recent results obtained

with Dim1/KsgA and Emg1/Nep1. Dim1 is responsible for

the almost universally conserved dimethylation of two ade-

nines near the 39-end of the mature 18S rRNA (Lafontaine

et al. 1995, 1998). Although this methylation event is not
strictly required, Dim1’s association with the complex is

essential (Lafontaine et al. 1995, 1998), and recent work

with the bacterial homolog KsgA indicates that its binding

prevents premature translation initiation (Xu et al. 2008),

pointing to an important regulatory role. Interestingly,

methylase activity is required to release KsgA (Connolly

et al. 2008). The role of the putative methylase Emg1/Nep1

is more nebulous. A lethal mutation in Nep1 can be rescued
by deletion of the snoRNA snR57, or by overexpression of

the ribosomal protein Rps19 (Buchhaupt et al. 2006).

snR57 and Rps19 are predicted to bind near each other

in the 39 domain of 18S rRNA, which also contains an RNA

sequence identified in a three-hybrid screen with Nep1

(Fig. 3; Buchhaupt et al. 2006). Together, these results

suggest a model in which Nep1 competes with snR57, to

facilitate the incorporation of Rps19, possibly by effecting
a conformational switch in the rRNA structure. In this

model, snR57 negatively regulates this conformational

switch, while Nep1 is a positive regulator. Rps19 is mutated

in 25% of cases of the human blood disorder Diamond

Blackfan Anemia (Draptchinskaia et al. 1999), and muta-

tions in Nep1 cause Bowan Conradi Syndrome, a disease

with similar phenotypes (Armistead et al. 2009), further

supporting the importance of this step.

Post-translational modifications of ribosomal proteins
and accessory factors

The principles that might allow rRNA modifications to

assist in driving ribosome assembly also apply to post-

translational modifications of proteins. Protein modifications
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in many cases trigger or abolish interactions with complex

signaling networks. A number of ribosomal proteins and

ribosome assembly factors are post-translationally modi-

fied. These modifications include phosphorylation, meth-

ylation, acetylation, ubiquitination, and sumoylation. Of

these, phosphorylation (discussed above), ubiquitination,
and sumoylation are perhaps the most intriguing because

of potential relationships with well-characterized path-

ways in which these modifications play regulatory roles.

Ubiquitin is an essential protein of 76 amino acids that can

be covalently conjugated to substrate proteins (Ciechanover

and Schwartz 1994; Glickman and Ciechanover 2002).

Ubiquitin conjugation begins with ATP-dependent activa-

tion of the ubiquitin polypeptide and culminates in liga-
tion of ubiquitin’s C-terminal carboxylate to a lysine in

the target protein. As there are lysines within ubiquitin,

polyubiquitin chains can be generated. In a similar pro-

cess, sumoylation is the conjugation of a small ubiquitin-

related modifier (SUMO) to lysines. Both of these modi-

fications can be reversed enzymatically by deconjugating

enzymes (Ciechanover and Schwartz 1994; Schwartz and

Hochstrasser 2003). Polyubiquitination is frequently a sig-
nal directing proteasome-mediated degradation of the mod-

ified protein, but sumoylation, monoubiquitination, and

polyubiquitination can also modulate protein function by

altering conformation and/or ability to interact with other

factors (Gill 2004; Kerscher et al. 2006; Ulrich 2008).

Ribosomal proteins and assembly factors have been

identified in proteome-wide screens for ubiquitinated or

sumoylated proteins (Peng et al. 2003; Panse et al. 2004,
2006). Accordingly, rRNA transcription, early and late

processing steps, and nuclear export of both subunits are

FIGURE 3. Model for a conformational change in the 39-major domain of 18S rRNA induced by the methylase Nep1. snR57 binds to pre-18S
rRNA (complex I) to methylate G1572, marked by an asterisk. This interaction prevents the formation of H33 in mature 18S ribosomes (shown in
green in complex IV). Nep1 binds to the GCAACUU sequence upstream of H47 could displace snR57, consistent with suppression of the Nep1
deletion by deletion of snR57. The ensuing formation of H33 (shown in green) allows binding of Rps19 to its suggested site in H45, prior to
dissociation of Nep1.
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influenced by the ubiquitin–proteasome system (Panse et al.

2006; Stavreva et al. 2006). Below we explore examples of

how ubiquitination or sumoylation affect ribosome assembly.

Three of the four genes for ubiquitin in yeast are fusion

proteins with ribosomal proteins (Finley et al. 1989).

Deleting the ubiquitin moiety from the Rps31–ubiquitin

fusion leads to slow growth and accumulation of the 20S

precursor to 18S rRNA, which is also incorporated into
polysomes. Together, these results indicate that ubiquiti-

nation of Rps31 is important to ensure that only mature

40S subunits enter the pool of translating ribosomes

(Lacombe et al. 2009).

Nsa1 exists in both ubiquitinated and sumoylated forms

(Panse et al. 2006; Kressler et al. 2008). Interestingly, the

AAA+-ATPase Rix7, which directly or indirectly removes

Nsa1 from the pre-60S particle (Fig. 2; Kressler et al. 2008),
is closely related to Cdc48, which powers the dissociation of

ubiquitinated substrates from unmodified binding partners

(DeLaBarre and Brunger 2005; Pye et al. 2006). It is

speculated that ubiquitination and/or sumoylation of

Nsa1 regulates its removal from the pre-ribosome by Rix7

(Kressler et al. 2008).

Sumoylation of the 60S assembly factor Ebp2 weakens its

association with the ribosome assembly factors Loc1 and
Nop12, leading to preferential binding of factors involved

in nonribosomal processes, including a mating type switch

(Shirai and Mizuta 2008). This finding suggests that

sumoylation regulates Ebp2 binding to pre-60S ribosomes

to allow cellular resources to be directed to other pathways

under certain conditions.

F-box proteins provide target specificity to the Skp1-

Cullin-F-box (SCF)-complex-mediated ubiquitination of
proteins that are destined for degradation by the protea-

some. The nucleolar F-box protein Dia2 interacts physically

or genetically with 15 ribosome assembly factors (Ho et al.

2002; Blake et al. 2006; Pan et al. 2006), and its partners

Cdc53 and Hrt1 bind three additional ones (Ho et al. 2002;

Davierwala et al. 2005). In addition, Dia2 interacts with the

cullin Rtt101 and Mms1. Both of these proteins have been

implicated in the destruction of nonfunctional ribosomes
(Fujii et al. 2009). We speculate that SCF complexes

containing Dia2 and Rtt101/Mms1 or Cdc53/Hrt1 target

pre-ribosomes for destruction, either as part of a passive,

constant degradation pathway (Karbstein 2009), or as part

of an active, targeted mechanism (Dez et al. 2006).

Together, these examples suggest that pre-ribosomes are

polyubiquitinated and thereby targeted for degradation as

part of quality-control pathways. In addition, ubiquitina-
tion and sumoylation are also used as reversible regulatory

modifications, akin to phosphorylation.

Protein folding: Protein-prolyl-isomerases (PPIs)

PPIs catalyze the cis–trans-isomerization of X-Pro peptide

bonds, the rate-limiting step in folding of many proteins

(Schmid and Baldwin 1978; Schmid 1995). As enzymes,

PPIs do not change the free energy of a system. However,

because they accelerate the rate of interconversion and may

thus render assembly processes irreversible via kinetic

means (by speeding by a branch point and avoiding

misfolding), we will consider them here. Interestingly, the

nucleolar yeast PPI Fpr3 and the nuclear Fpr4 together

interact with 10 different ribosome assembly factors in
large-scale studies (Ho et al. 2002; Saveanu et al. 2003;

Lebaron et al. 2005; Sydorskyy et al. 2005; Gavin et al. 2006;

Collins et al. 2007; Oeffinger et al. 2007; Tarassov et al.

2008). This suggests that they could play a substantial role

in facilitating ribosome assembly. Furthermore, knock-

down of the human PPI parvulin affects assembly of both

ribosomal subunits (Fujiyama-Nakamura et al. 2009), in-

dicating that peptide bond isomerization could be impor-
tant for ribosome assembly kinetics.

WHY USE SO MUCH ENERGY?

In prokaryotes, in vitro reconstitution of functional ribo-

somal subunits from purified or in vitro transcribed rRNAs

and recombinant or purified Rps has been demonstrated

for both subunits with variable efficiency, and assembly
maps for both subunits have been constructed (Traub and

Nomura 1968; Mizushima and Nomura 1970; Held et al.

1974; Nierhaus and Dohme 1974; Rohl and Nierhaus 1982;

Herold and Nierhaus 1987; Green and Noller 1999; Culver

and Noller 2000). In these systems an energy barrier can be

overcome by heating or raising salt concentrations (Traub

and Nomura 1968). Thus, assembly of the prokaryotic

ribosome (at least to the RI assembly intermediate) is
determined and driven by the intrinsic properties of its

component rRNAs and proteins. Consistent with this

finding, only few assembly factors (other than rRNA-

modifying enzymes and the nucleases required for cleavage

of the polycistronic rRNA transcript) have been identified

in prokaryotes (Maki et al. 2002; Iost and Dreyfus 2006;

Jiang et al. 2007; Karbstein 2007). These assembly factors

include DEAD-box ATPases and GTPases. While these
cofactors enhance ribosome assembly in vivo, they are

nonessential under normal growth conditions, which is

perhaps surprising given the requirement for energy input

into the in vitro system. Either these factors are redundant,

or aspects of the in vivo assembly process eliminate the

need for energy input. For instance, cotranscriptional

assembly could simplify the assembly process by limiting

potential interactions of the growing oligonucleotide:
Correct rRNA structures can form before additional se-

quences that lead to off-pathway interactions are tran-

scribed (Dammel and Noller 1993; Adilakshmi et al. 2008;

Ramaswamy and Woodson 2009). Additionally, each

cleavage step of the polycistronic rRNA transcript in vivo

produces irreversible steps as discussed above. Stages of

structural maturation may be coupled to these cleavage
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events imposing directionality on this process. Finally,

subcellular compartmentalization, for example, tethering

of the nascent pre-ribosomal complex to the rDNA from

which it is being transcribed, may allow early maturation

steps to be completed before components localized else-

where are encountered, again minimizing the potential for

off-pathway conformations (Fromont-Racine et al. 2003;

Hage and Tollervey 2004).
If prokaryotic and eukaryotic ribosomes do not differ

extensively in complexity and prokaryotic ribosomes can

largely self-assemble, why are so many energy-releasing

enzymes required in eukaryotic ribosome assembly? The

large number of essential assembly factors in eukaryotes

may explain the need for energy input during the assembly

process. By definition, ribosome assembly factors are

temporarily bound to pre-ribosomes and not found in
mature ribosomes. Numerous studies indicate that indi-

vidual proteins associate with and dissociate from pre-

ribosomal complexes at specific stages throughout assem-

bly, often as part of smaller subcomplexes (for review, see

Henras et al. 2008). If ribosome binding by an assembly

factor is thermodynamically stable at one point but un-

favorable at another, the relative free energies of the bound

and dissociated states must be altered in the meantime.
Energy-releasing assembly factors could accomplish this.

But then we are left with the question: Why do eukaryotes

power an essentially spontaneous process? Here we con-

sider three (not mutually exclusive) answers: (1) intracel-

lular export, (2) quality control, and (3) integration with

other cellular processes. It should be noted that some of

these have been outlined previously by Tollervey and

coworkers (Hage and Tollervey 2004).

Intracellular transport

Eukaryotes bear the added burden of

exporting maturing ribosomal subunits

from the nucleus to the cytoplasm.

While this certainly accounts for some

of the additional energy input as exem-
plified by Hrr25, it does not explain

all of it. In fact, the separation of early

and late stages of ribosome assembly by

the nuclear envelope should simplify

the assembly process by preventing

encounter of the nascent rRNA with

late-binding, cytoplasmic, ribosomal

proteins (Hage and Tollervey 2004;
Karbstein 2009), and by conferring

directionality to the process.

Quality control

One explanation for the great expansion

of ribosome assembly factors in eukary-

otes is that the greater complexity of eukaryotic cellular

processes and tighter regulation of gene expression demand

greater fidelity of translation. Mistakes in translation may

have far more catastrophic implications for a multicellular

organism than for a bacterium. In addition, 80% of mRNAs

in yeast are present in less than two copies/cell (Wang et al.

2002), suggesting that sequestering of a transcript could have

profound consequences on the proteome of a cell (Karbstein
2009). Eukaryotic accessory factors may facilitate more

stringent quality control in ribosome biogenesis or, mini-

mally, provide alternative mechanisms for this control (Hage

and Tollervey 2004). Outlined below are potential quality-

control mechanisms that require energy input into ribosome

assembly.

Alternative RNA structures

rRNA sequences may have evolved to prevent aberrant or

premature rRNA duplex formation through sequestering of

key rRNA segments in alternative duplexes either within
the nascent rRNA or with specific snoRNAs. Such a role has

been proposed for the essential snoRNA U3, whose binding

prevents the formation of the central pseudoknot, an

essential tertiary structure motif in the SSU (Hughes

1996). Recent data suggest such a similar role for another

essential snoRNA, snR30 (Fig. 4). Kiss and coworkers

recently showed that snR30 binds two elements in ES6,

an expansion segment present in eukaryotic rRNA (Fayet-
Lebaron et al. 2009). Intriguingly, one of the two snR30

base-pairing sites in ES6 has previously been suggested to

form a long-range tertiary interaction with ES3, which

would tie together the central and 59-domains via an

interaction on the ‘‘foot’’ of the small ribosomal subunit

(Alkemar and Nygard 2003, 2004, 2006). Binding of snR30

would prevent this interaction, and the timing of its release

FIGURE 4. Dissociation of snR30 leads to a conformational switch in pre-ribosomes.
Interaction of snR30 (red) with expansion segment 6 (ES6) in 18S rRNA (Fayet-Lebaron
et al. 2009) prevents the proposed interaction between ES6 and ES3 (green), as well as
a suggested pseudoknot in ES6 (blue) (Alkemar and Nygard 2003, 2006).
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is likely to coincide with a major folding event, perhaps

even the release of U3 snoRNA, as formation of the central

pseudoknot is also expected to position the subdomains of

18S rRNA with respect to each other. The activity of

specialized helicases would be required to disrupt these

duplexes and might explain the function of at least a subset

of the 17 DExH/D proteins in ribosome assembly. Analo-

gously, during spliceosome assembly, the helicase Brr2
disrupts the stable U4/U6 duplex to allow for formation

of the alternative U2/U6 duplex, which forms the active site

(Raghunathan and Guthrie 1998). Interestingly, the Brr2

helicase is controlled in multiple layers via Prp8 (Small

et al. 2006), a long-enigmatic protein at the heart of the

spliceosome, as well as by ubiquitination (Bellare et al.

2008). Analogous regulatory switches may exist in ribo-

some assembly. Each helicase may require ‘‘specificity’’
factors, thus explaining the existence of a further subset of

the nearly 200 eukaryotic accessory factors.

Checkpoints

Binding of accessory factors may also prevent downstream

events by physically blocking the binding of ribosomal

proteins or other assembly factors. This could be used as
a quality-control mechanism if correct completion of a cer-

tain assembly step is required for removal of the roadblock.

Such a mechanism could account for the presence of

assembly factors as well as energy-releasing enzymes to

remove them. As described above, the binding sites for

RNA methylase KsgA/Dim1 and translation initiation factor

IF3 overlap, suggesting that KsgA/Dim1 binding prevents

translation initiation by immature ribosomes. This road-
block has a built-in switch, as methylation is required for

KsgA release (Connolly et al. 2008). It is tempting to

speculate that similar roles are played by Rlp7, Rlp24, and

Mrt4, ribosome assembly factors with high sequence simi-

larity to the ribosomal proteins Rpl7, Rpl24, and P0,

respectively. In this model, removal of assembly factors is

required for incorporation of essential ribosomal proteins

and could thus provide a checkpoint for correct assembly.

Cooperativity in binding of assembly factors

Literature data suggest that the ribosome assembly ma-

chinery is organized in a highly cooperative manner. While

the enzymatic function of several proteins is dispensable (at

least for a while), deletion of these proteins leads to severe

assembly defects (Tollervey et al. 1991; Lafontaine et al.
1995; Venema and Tollervey 1996; Lafontaine et al. 1998;

Torchet et al. 1998; Eppens et al. 1999; Jakovljevic et al.

2004; Ferreira-Cerca et al. 2005; Bleichert et al. 2006). For

example, it has been shown that inactivating Dim1 has no

effects on ribosome assembly, while deletion is lethal

(Lafontaine et al. 1995, 1998). Furthermore, electron

microscopy has shown in several cases that the SSU

processosome at the 59-end of nascent transcripts is

disrupted when just one protein is missing (Dragon et al.

2002; Osheim et al. 2004; Hoang et al. 2005; Segerstolpe

et al. 2008; Vanrobays et al. 2008). This suggests that there

is substantial cross talk between factors. This observation

could account for the many ‘‘glue’’ proteins, which have no

function detectable by bioinformatics other than to bind to

other proteins. One possible reason for this remarkable
cooperativity is the heightened potential for quality control,

as all aspects of the nascent ribosome can be checked

simultaneously and forward progress can be stalled if

mistakes were made. A less cooperative machinery might

allow assembly to progress even if one factor is missing.

Interestingly, this observation could also indicate that

removal of just one protein would destabilize the entire

complex, explaining, perhaps, why the use of the powerful
hexameric AAA+-ATPases is restricted to later 60S assembly

intermediates, which may be assembled less cooperatively.

Degradation of misassembled ribosomes

A passive kinetic quality control system has been proposed,
wherein each step of ribosome assembly competes with

degradation (Karbstein 2009). In that model, the longer

a ribosomal intermediate takes to transition from one stage

to another, the more likely it is to be degraded. This

mechanism would lead to quality control, as assembly

mistakes or missing factors slow down conversion steps,

sending a larger fraction of assembly intermediates to the

decay pathway. Consistent with such a view, literature data
show 10 physical interactions between energy-consuming

regulatory ribosome assembly factors and the TRAMP com-

plex or the exosome, including three with the small subunit

assembly factors Kre33, Dhr1, and Rli1 (Davierwala et al.

2005; Krogan et al. 2006; Collins et al. 2007; Tarassov et al.

2008; Wilmes et al. 2008). A passive quality-control system

may be enhanced by energy input according to the classic

principle of kinetic proofreading (Hopfield 1978). Binding
of specialized ‘‘assembly’’ factors to undesired structures

may also trigger active degradation (Dez et al. 2006, 2007;

Wery et al. 2009).

Multilayered control mechanisms for late cytoplasmic
assembly intermediates

The cytoplasmic assembly steps of both ribosomal subunits

are especially highly regulated (Fig. 5). Cytoplasmic mat-

uration of 40S subunits involves the action of two ATPases,
Fap7 and Rli1, and all three kinases in ribosome assembly,

Rio1, Rio2, and Hrr25. Similarly, cytoplasmic maturation of

60S subunits requires the activity of two GTPases (Ria1 and

Lsg1), two ATPases (Drg1 and Arb1), and the kinase Hrr25.

The necessity for the intricate regulation of these late steps

may arise because cytoplasmic pre-ribosomes are largely

assembled and likely to be at least partially functional.
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Furthermore, they can encounter mature subunits to join

for translation, if not properly safeguarded. In this context,

the number of regulatory interactions with Tif6 is especially

intriguing, because Tif6 binding to 60S ribosomes prevents

the binding of 40S subunits (Si and Maitra 1999). Thus,

removal of Tif6 should only occur if ribosomes are fully

matured. Tif6 removal is likely catalyzed directly by the
GTPase Ria1 (Senger et al. 2001); however, the ATPase

Drg1 appears to be upstream of this process as muta-

tions also lead to Tif6 accumulation in cytoplasmic pre-

ribosomes (Pertschy et al. 2007). Tif6 is also the direct

target of the export-regulating kinase Hrr25 (Basu et al.

2003; Ray et al. 2008). Finally, the severe growth defect

caused by deletion of Sdo1 can be rescued by mutations in

Tif6p that weaken its association with the pre-60S particle
(Menne et al. 2007). Sdo1 interacts with Ria1 (Krogan et al.

2006), suggesting that it may help recruit Ria1 to pre-

ribosomes. Mutations in human Sdo1 cause Shwachman–

Diamond Syndrome (Shammas et al. 2005), a rare blood

disease that predisposes to cancer and is caused by bone

marrow failure, providing further evidence for the impor-

tance of regulation in Tif6 removal.

Integration with other cellular processes

Another reason for the expanded repertoire of eukaryotic

ribosome assembly factors may be the increased need to

coordinate ribosome assembly with other cellular processes

such as stress response, growth state, cell cycle progression,
etc. These points of cross talk are most likely to occur at the

energy-releasing steps, which impart the ability to tempo-

rarily stall this process at specific stages under adverse

conditions. Some examples of such cross talk have even

been documented in bacteria, where GTPases involved in

ribosome assembly also regulate cell cycle progression and

sporulation (Karbstein 2007). In principle, such cross talk

could occur via two means. First, components shared
between ribosome assembly and other cellular processes

could provide for direct cross talk between such processes.

Second, signaling networks could affect ribosome assembly

and other processes. Such signaling networks may involve

kinases or other post-transcriptional modifications such as

ubiquitination. Data in the literature indicate that both

mechanisms occur, as outlined below.

Cross talk of ribosome biogenesis through shared components

Examples of cross talk between ribosome assembly and

other cellular processes mediated through shared compo-
nents include replication, rRNA transcription, tRNA ex-

port, cell cycle control, and stress response (e.g., Angermayr

and Bandlow 2002; Du and Stillman 2002; Steiner-Mosonyi

et al. 2003; Killian et al. 2004; Bernstein et al. 2007; Rudra

et al. 2007; Strub et al. 2007; Jwa et al. 2008), and this cross

talk is more evolved in higher organisms. Because the

connection to the cell cycle has been recently and expertly

reviewed (Dez and Tollervey 2004; Granneman and Baserga
2005), it will not be covered here.

Fap7, Yar1, and Ltv1 have been implicated in late 40S

assembly and the response to oxidative and osmotic stress

(Loar et al. 2004; Granneman et al. 2005; Schafer et al.

2006). Deletion of the nonessential Yar1 and Ltv1 render

yeast hypersensitive to oxidative stress, while mutations in

Fap7 were identified in a screen for mutants defective in

activation of the Skn7 transcription factor, which regulates
both the osmotic and oxidative stress response (Juhnke

et al. 2000). Furthermore, oxidative stress also leads to

nuclear accumulation of Dim2 (Vanrobays et al. 2008).

These results suggest that oxidative stress inhibits 40S

assembly, perhaps not unexpected, given the observation

that oxidative stress downregulates transcription of Rps

and ribosome assembly factors (Gasch et al. 2000).

FIGURE 5. Late cytoplasmic assembly intermediates are regulated in
multiple layers. (Blue) 40S subunits; (green) 60S subunits; (orange)
energy-consuming assembly factors; (yellow) select other assembly
factors. Phosphorylation of Enp1, Rps3, and Tif6, catalyzed by Hrr25,
and subsequent dephosphorylation, are required for maturation and
export of the 40S and 60S subunits, respectively. Nob1-dependent
cleavage at the 39-end of 18S rRNA is regulated by the kinases Rio1
and Rio2, and the ATPase Fap7. The binding site for the bacterial
homolog of Dim1, KsgA, overlaps with the binding site for IF3,
indicating that Dim1-containing ribosomes cannot initiate trans-
lation. Rli1 binds to both pre-ribosomes and eIF3, indicating a link
between assembling and initiating ribosomes. Release of Tif6 requires
binding of the Shwachman-Diamond protein Sdo1, perhaps to recruit
the GTPase Ria1, which can remove Tif6 from ribosoms in vitro. In
addition, Drg1 is required to release Tif6 from pre-ribosomes. Arb1
binds to pre-ribosomes containing Tif6, but also interacts with
initiation factors, linking the ribosome assembly and translation
machineries.
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Co-regulation of pathways

Co-regulation of biochemical pathways can also occur via

simultaneous phosphorylation of components of multiple

pathways via the same kinase. While there is good evidence
that ribosome assembly is regulated by phosphorylation,

the exact kinase cascades and, indeed, the targets of that

phosphorylation have not been determined in most cases.

Nutrient availability affects transcription rates of rRNA

and r-protein mRNAs (Ju and Warner 1994; Gasch et al.

2000). Furthermore, splicing of ribosomal proteins is also

sensitive to nutrient availability (Pleiss et al. 2007). In

addition to the production of ribosomal components,
ribosome assembly is directly regulated by the Tor-pathway

(Powers and Walter 1999), although the exact mechanisms

remain obscure. Localization of the RNA-binding proteins

Dim2, Rrp12, and the GTPase Nog1 are affected by

inhibition of this pathway (Honma et al. 2006; Vanrobays

et al. 2008). However, it is not clear that either protein is

a target of the Tor kinase (or downstream effectors), and

the observed effects might be due to phosphorylation and
inactivation of other ribosome assembly factors. Neverthe-

less, these data provide strong evidence that assembly of

both ribosomal subunits is directly responsive to nitrogen

deprivation and inhibition of the Tor pathway.

Intriguingly, Atg1, another Tor-target and a regulator of

the autophagy pathway (a starvation response), phosphor-

ylates 11 ribosome assembly factors in vitro (although eight

of them are nuclear proteins and Atg1 is thought to be
a cytosolic protein) (Table 2; Ptacek et al. 2005). Further-

more, Gcn2, a kinase activated by amino acid deprivation,

and its cofactors Gcn1 and Gcn20 interact genetically as well

as physically with more than 20 ribosome assembly factors,

including four nucleotide-hydrolyzing enzymes, indicating

that these proteins may regulate ribosome assembly (Table 2;

Gavin et al. 2002, 2006; Schafer et al. 2003; Krogan et al.

2006; Collins et al. 2007; Wilmes et al. 2008). We speculate

that nutrient stress may result in phosphorylation and

inactivation of ribosome assembly proteins.

Perhaps most suggestive is the potential co-regulation of

ribosome assembly and invasive growth, a response to

nutrient stress, during which yeast cells fail to separate after

division, creating long multicellular chains that invade their

growth medium. Recent work has shown that the non-

essential kinase Ksp1 is required for the invasive growth

pathway (Bharucha et al. 2008). Ksp1 translocates to the

nucleus during invasive growth, and nuclear localization is

required for invasive growth, suggesting that at least a sub-

set of its substrates are nuclear proteins (Bharucha et al.

2008). Ksp1 phosphorylates eight 40S and four 60S assem-

bly factors in vitro (Ptacek et al. 2005) and interacts with

the 60S assembly factors Sdo1 and Dbp7 in vivo (Table 2;

Ho et al. 2002; Krogan et al. 2006). Furthermore, reduction

of Rps26 and deletion of the 40S component Asc1 both

abolish the invasive growth pathway (Strittmatter et al.

2006; Valerius et al. 2007). Finally, a large-scale mutagen-

esis approach has identified genes required for invasive

growth. While ribosome assembly factors are under-

screened (because they are essential), mutations in Utp5,

Utp7, Utp10, Brix1, and Nog2, as well as in 10 r-proteins

with two orthologs (including Rps26), abolish invasive

growth, indicating that ribosome assembly is essential for

invasive growth (Jin et al. 2008). This is perhaps surprising

given that invasive growth is a response to nitrogen lim-

itation. We speculate that invasive growth and ribosome

assembly are somehow co-regulated via the action of Ksp1.

Alternatively, it is possible that Ksp1 up-regulates ribosome

assembly under conditions that induce invasive growth,

and that the reduction in ribosomal subunits is responsible

for the observed invasive growth deficiency in Ksp1 mutant

strains.

TABLE 2. Interactions between energy-consuming assembly factors and protein kinases

Physical interactions are shown in red, in vitro phosphorylation is shown in yellow, genetic interactions are shown in purple, and interactions in
protein complementation assay are shown in blue. NTP-hydrolyzing assembly factors are color-coded dark blue for DExH/DATPases, light blue
for other ATPases, green for GTPases, and orange for kinases. Filamentous growth is abbreviated as ‘‘Filam. gro.’’
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Table 2 also illustrates interactions between growth-pro-

moting pathways and ribosome assembly, including the

protein kinase C (PKC) and casein kinase 2 (CK2) pathways.

PKC binds or phosphorylates six energy-consuming ribo-

some assembly factors (Table 2), and PKC phosphorylates 16

additional assembly factors in vitro (Ptacek et al. 2005). In

addition, the RNase III Rnt1 interacts with the PKC

regulatory subunit Bcy1 (Tarassov et al. 2008). While most
of these interactions are not validated, they are consistent

with the known influence of the PKC signaling pathway on

transcription of ribosomal components.

Data in the literature document physical interactions

between CK2 and eight energy-consuming assembly factors

(Table 2), and 17 other assembly factors. Interactions with

Utp18 and Utp22 are found with each one of CK2’s four

subunits, and Nop7 and Nop12 show genetic or direct
physical interactions with three subunits. The interaction

between Utp22, Rrp7, CK2, and the r-protein transcription

factor Ifh1 has been validated, and it has been suggested to

provide an interface for co-regulation of rP transcription

and ribosome assembly (Rudra et al. 2007). Furthermore,

interactions between Rio1 and CK2 depend on Rio1’s

C-terminal tail, and CK2 phosphorylates six serines in that

tail in vivo and in vitro (Angermayr et al. 2007). Serine-to-
alanine mutation produces a slow-growth phenotype and

leads to cell cycle phenotypes similar to those seen in the

Rio1 deletion (Angermayr et al. 2007). Finally, phosphor-

ylation activates Rio1’s kinase activity, indicating that the

CK2 pathway could activate 40S assembly by modulating

Rio1’s activity in response to optimal growth conditions.

PERSPECTIVE

Work over the last decade has re-created the ribosome

assembly field, demonstrating that in eukaryotes, ribosome

assembly is much more complex than indicated by the

facile reconstitution of ribosomal subunits from bacteria.

Almost 200 protein and many RNA cofactors for ribosome

assembly have been identified, most of which are essential

in vivo, and it is likely that the identification of ribosome
assembly factors is close to complete. In addition, for many

assembly factors, it is known whether they are required for

assembly of the small or large ribosomal subunit and

roughly at which step in the respective assembly pathway

they act. More recently, work has started to identify

subcomplexes, functional and physical units within assem-

bling ribosomes. This work is the first step in attacking the

next frontier: establishing the function for these assembly
factors. Much work to date has focused on the NTP-

dependent factors discussed herein, simply because of their

potential importance as regulatory enzymes, and much

progress has been made. Nevertheless, the molecular details

of the function of many proteins and how their interplay is

managed remains elusive and will be exciting to follow in

the future. A second frontier is to understand how

ribosome assembly is regulated in living cells. This will be

a prerequisite for targeting this pathway with drugs,

a potentially fruitful area, due to the importance of

ribosome assembly for cell growth. Furthermore, the link

between defects in ribosome assembly and cancer marks

this pathway as a new target for anti-cancer drugs. As

described above, the literature points to several pathways as

potential regulators. It will be exciting to learn which
assembly factors are targeted, if multiple targets exist, and

what the composition of these signaling networks is.
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