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Abstract
Protein synthesis on ribosomes is carefully quality controlled to ensure the faithful transmission of
genetic information from mRNA to protein. Many of these mechanisms rely on communication
between distant sites on the ribosomes, and thus on the integrity of the ribosome structure.
Furthermore, haploinsufficiency of ribosomal proteins, which increases the chances of forming
incompletely assembled ribosomes, can predispose to cancer. Finally, release of inactive
ribosomes into the translating pool will lead to their degradation together with the degradation of
the bound mRNA. Together, these findings suggest that quality control mechanisms must be in
place to survey nascent ribosomes and ensure their functionality. This review gives an account of
these mechanisms as currently known.
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The importance of ribosomal quality control
Actively growing cells must synthesize thousands of ribosomes every minute [1], while
ensuring that they faithfully translate genetic information from mRNA to protein. The
importance of producing enough functional ribosomes is illustrated by diseases linked to
defects in ribosome assembly. Diamond Blackfan Anemia (DBA) and 5q-syndrome are
caused by haploinsufficiency of ribosomal proteins (RPs), and characterized by low
numbers of the rapidly dividing cells of the bloodline, as well as a generally diminutive
phenotype [2-4]. Similarly, Shwachman Bodian syndrome (SDS) results from the inability
to release the assembly factor eIF6 [2]. Interestingly, all three diseases predispose patients to
cancer with 23% of patients suffering from DBA being diagnosed with cancer by the age of
46 [2, 5]. One possible scenario to explain the increased cancer incidence is the release of
misassembled ribosomes into the translating pool [4, 6], underscoring the importance of
mechanisms to ensure that only fully assembled and fully functional ribosomes be allowed
to translate protein.

Ribosome assembly involves the coordinated transcription, modification and processing of
precursor rRNAs and the binding of RPs. Assembly in vivo requires about 200 assembly
factors (AFs) in yeast, or about 40 in bacteria (see [7-14] for recent reviews). Ribosomes can
be reconstituted from their components under certain conditions [15-18], and many RPs of
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the small subunit bind co-transcriptionally [19, 20]. Thus, it appears that AFs provide a
platform for the regulation of rRNA modification and processing, and for quality control of
ribosome assembly steps, instead of simply facilitating the binding of RPs.

Recent work in prokaryotes and eukaryotes has provided insight into the mechanisms by
which ribosomes are matured, and how their quality is controlled. Quality control can be
subdivided into mechanisms to ensure that nascent subunits do not enter the translation
cycle, as well as those to provide for functional checks of the nascent subunits. Excitingly,
but perhaps not surprisingly, functional checks employ parts of the translational apparatus,
and are thus “real-life” situations for the assembling ribosomes. Below, we will describe in
detail how translation is blocked on nascent ribosomes, as well as the quality control
pathways that gate release of these blocks. Finally, pathways to degrade non-functional
ribosomes are discussed. Each mechanism is first described for the small and then for the
large subunit, and data from eukaryotes and prokaryotes are presented. No studies on
ribosome assembly have been performed in archaea, however, a number of the players are
conserved and this is mentioned where applicable. Finally, most of the assembly
mechanisms and factors are conserved from yeast to human. If there are known differences
between yeast and humans these are explicitly described.

Blocking premature translation
Separation of assembly from translation in the nucleus

The simplest way to prevent translation by premature ribosomes is to separate ribosome
maturation in the nucleolus/nucleus from translation in the cytoplasm, as is done in
eukaryotes. Nevertheless, the final maturation steps for both subunits occur in the
cytoplasm, where all components of the translation machinery, including tRNAs, mRNAs,
translation factors and ribosomal subunits are highly abundant. Thus, blocking premature
translation initiation is expected to be especially important for the cytoplasmic steps of
maturation in eukaryotes, and later steps in prokaryotes and archaea, where assembly is
sufficiently progressed to allow for binding of ligands, such as tRNA, mRNA etc.

Blocking RP binding
Most RPs are essential and therefore blocking their binding is expected to render the
subunits incompetent for translation. Interestingly, several AFs block RP binding. Among
these, binding of the AFs Enp1/Ltv1 blocks binding of S10, and binding of Pno1 blocks
binding of S26, on the head and platform of the maturing small subunit [21]. While these
AFs have no structural similarity to the RPs they replace, several cases of RP mimicry are
known, including Mrt4, which has strong sequence homology to the stalk base protein P0,
except it does not allow for stalk assembly, Rlp7, which resembles L7 and Rlp24, which
resembles L24. Furthermore, Imp3 has sequence homology to S9. It is assumed that these
AFs block binding of their counterpart RPs, although that has only been rigorously shown
for Mrt4 [22-25].

40S assembly factors block binding of initiation factors, mRNA, tRNA and 60S subunits
Translation initiation begins on the small subunit, which recruits translation factors, tRNAs,
mRNA and finally the large subunit to begin protein production (see [26] and references
therein). Thus, the small subunit (40S in eukaryotes, 30S in prokaryotes and archaea) has
more ligand binding sites, and blocking these is likely more important for assembling small
subunits than large subunits. Indeed, in eukaryotes and prokaryotes AFs block premature
translation initiation. A recent cryo-EM structure of a cytoplasmic 40S assembly
intermediate purified from yeast cells shows that all seven bound AFs cooperate to prevent
every step in the translation initiation pathway [21]: AFs on the subunit interface (Tsr1, Rio2
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and Dim1) and on the platform (Nob1, Pno1) block the binding of essential translation
initiation factors (Figure 1A), required to render 40S subunits competent for the subsequent
steps in translation initiation, including mRNA and tRNA recruitment. Furthermore, the
kinase Rio2 also blocks binding of initiator tRNA (Figure 1A), as predicted based on
footprinting data [27], and all three subunit interface factors together block access to the
mRNA binding channel. mRNA recruitment is further blocked by an allosteric mechanism
(Figure 1B): opening of the mRNA channel is stabilized by interactions on the solvent side
involving S3 [28]. In pre-40S subunits the entry channel is closed, as the AFs Enp1/Ltv1
block the interaction of S3 on the solvent side. Next, subunit joining is blocked by Dim1, as
predicted based on footprinting of this protein [27], and by the decoding site helix (Figure
1C), which contains many of the contact points with the large subunit. This helix is
dislodged towards the large subunit and to the left (viewed from the large subunit). Thus,
subunit bridges cannot form, and the decoding site helix sterically blocks subunit joining.
Loss of Dim1 alone is not sufficient to release the block in 60S binding, but depletion of
Tsr1, the largest factor on the subunit interface, leads to premature subunit joining [21]. Tsr1
itself does not block subunit joining (Figure 1C), but in the absence of Tsr1 the decoding site
helix is not dislodged, indicating that the conformation of this helix is largely responsible for
the block in subunit joining. However, because Pno1 is co-depleted with Tsr1, loss of Pno1,
Tsr1, or both could be responsible for changes in the decoding site. It is also important to
note that all three factors, Dim1, Pno1, and Tsr1 can be found in 80S-like ribosomes [29],
suggesting that any block to 80S formation is not absolute. Perhaps the 60S subunit is
accommodated in a different way in these 80S-like ribosomes. Finally, the rearrangements
of the decoding site helix distort the decoding site, which is not able to provide the minor
groove interactions critical for productive recognition of amino-acylated tRNA to start the
elongation cycle. Thus, all seven AFs bound to cytoplasmic 40S assembly intermediates in
eukaryotes contribute to block every step in the translation initiation pathway in a redundant
manner, underscoring the importance of ensuring that only mature ribosomes begin
translation. Importantly, four (Dim1, Nob1, Pno1 and Rio2) of the AFs are conserved in
archaea, suggesting that archaea use similar mechanisms to prevent premature translation
initiation on assembling subunits.

Prokaryotic assembly factors block binding of initiation factors, mRNA, tRNA and 50S
subunits

The function of AFs in preventing translation initiation on small subunits is echoed in
prokaryotes, although the mechanisms and AFs differ, reflecting differences in the
translation initiation pathway between the two kingdoms. The AFs RbfA and KsgA are
positioned to block binding of the translation initiation factors IF1 and IF3, respectively
[30-32]. Similarly, the GTPase Era binds the anti-Shine-Dalgarno sequence at the 3′-end of
16S rRNA, thus likely preventing mRNA recruitment [33, 34]. Finally, the assembly factor
KsgA, homologous to eukaryotic Dim1, overlaps the position of the large subunit A-site
finger, thus likely blocking joining of the 50S subunit in the normal conformation ([32], see
also Figure 1C).

60S AFs block 40S joining
Large subunits (60S in eukaryotes, 50S in prokaryotes and bacteria) join the translation
initiation complex late and do not interact with mRNA or tRNA on their own. Thus, to block
premature translation by 60S precursors it is sufficient to block joining with 40S subunits. In
eukaryotes, the conserved AFs Nmd3 and eIF6/Tif6 bind to the subunit interface of the 60S
subunit (Figure 1D, [35-37]), and biochemical experiments indicate that both block the
formation of 80S ribosomes [35, 36]. Similarly, Mrt4 blocks binding of the stalk protein P0
and subsequent assembly of the stalk, an important binding site for the ribosomal GTPases.
Thus, it is likely that the GTPase eIF5B cannot promote joining of Mrt4-containing pre-60S
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ribosomes to 40S subunits. For additional discussion on the separation of premature 60S
subunits from the translational machinery see [10].

Testing ligand binding in nascent ribosomes
The section above describes how AFs block ligand-binding sites to prevent premature
translation initiation. However, blocking translation does not allow for separation of
functional from non-functional ribosomes. Here, we describe mechanisms to distinguish
functional from non-functional intermediates based on the ability to bind RPs, translation
factors or AFs mimicking them.

40S export requires late-binding r-proteins from the head
As ribosomes mature they acquire ligand-binding sites, which resemble more and more
those found in mature ribosomes. The simplest example of how recognition of ligand
binding sites is linked to progress in the assembly cascade is the release of assembling
subunits from the nucleus into the cytoplasm. S15/S18 and S5/S28 are required for nuclear
export of assembling small subunits [19, 38]. These are late-binding proteins that bind as
pairs to the head [19]. Thus, linking the ability to be exported to the acquisition of S15, S18,
S5 and S28 ensures that early intermediates cannot escape into the cytoplasm. Furthermore,
in humans Rio2 and Tsr1 are required for export [39, 40], with Rio2 a suggested export
adaptor [39]. Linking the ability to be exported to the successful binding of Rio2 and Tsr1
ensures that all exported small subunits are blocked for translation initiation as Rio2 and
Tsr1 are key contributor to this process as described above.

60S export requires completion of the exit tunnel
The main export adaptor for the nascent 60S subunit is Nmd3, whose binding site includes
the sarcin-ricin loop (SRL), which is important for function of EF-G/eEF2 [35, 41].
Furthermore, Arx1 is a second export adaptor that functions in yeast. Arx1 has substantial
sequence homology to aminopeptidases, which cleave the N-terminal methionine from
nascent peptide chains [42, 43]. As a result, Arx1 binds the exit tunnel akin to
aminopeptidases [44, 45], and can thus signal completion of the exit tunnel.

Furthermore, Arx1 also overlaps the binding sites for the translocon and the SRP [44, 45].
Thus, export of 60S subunits can only occur if the SRL and exit tunnel are completely
assembled. Interestingly, the export factors for both subunits (Rio2 and Tsr1 and Nmd3) also
function to block premature translation as described above, thus ensuring that the released
subunits cannot enter the translating pool.

Removal of AFs requires completion of functional centers
Interestingly, Arx1 removal requires Jjj1 [46, 47], whose binding site also overlaps that of
the SRP and the translocon [44], and which functions together with the Hsp70 Ssa, a
ribosome-bound chaperone. Thus, Arx1 dissociation requires the completion of the Ssa,
translocon and SRP binding sites, which signal the ability to promote co-translational
protein folding and membrane insertion.

3′-end formation of 40S subunits requires completion of the GTPase site
Successful assembly of functional sites is also a prerequisite for several of the characterized
rRNA maturation steps. rRNA cleavage steps are irreversible and, based on observations in
other metabolic pathways, therefore likely regulated. In eukaryotes, three of the four rRNAs
are co-transcribed. This pre-rRNA is matured in a series of largely ordered steps to release
the mature rRNAs for the small and large subunits. In yeast, rRNA processing requires eight
endonucleolytic steps and six exonucleases. Four of the endonucleases and all of the
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exonucleases have been identified; among them both nucleases required for formation of the
3′-end of 18S rRNA, Rcl1 and Nob1, respectively [48-53]. Rcl1 and Nob1 function
successively, Rcl1 separating the precursors destined for the small and large subunits [53],
before Nob1 cleaves at the 3′-end of 18S rRNA [50-52].

The GTPase Bms1 promotes delivery of Rcl1 to early pre-40S subunits [54, 55]. Bms1 has
extensive sequence homology to Tsr1, a late-acting AF, which binds at the GTPase site on
the small subunit [21, 56]. The sequence similarity between these two proteins, their
successive binding to assembling 40S subunits, and the observation that Tsr1 binds at the
GTPase site, all suggest that Bms1 occupies Tsr1’s spot in early assembly intermediates.
Together, these data indicate that Bms1-dependent Rcl1 binding and the resulting rRNA
cleavage require at least partial completion of the GTPase site on small subunits.

Furthermore, Nob1-dependent cleavage at the 3′-end of 18S rRNA requires prior Rcl1-
dependent cleavage, which allows for a conformational change to provide Nob1 access to
the cleavage site [52]. This conformational change involves formation of the decoding site
helix. Interestingly, the cryo-EM structure of a later cytoplasmic 40S assembly intermediate
shows that this conformational change is only partially complete, with the uppermost helical
element remaining unpaired, thus allowing the decoding site helix to be “pulled out” from
the body of the subunit to block 60S joining as described above [21]. Thus, formation of 80S
ribosomes must somehow be linked to the formation of the decoding site. Nob1 cleavage
can occur in 80S-like ribosomes, composed of pre-40S subunits and 60S subunits [29, 57],
and mutations in the large subunit RP L3 affect the Nob1-dependent step (J. de la Cruz,
personal communication), indicating that Nob1-dependent formation of the 3′-end of 18S
rRNA must occur in 80S-like ribosomes, and is thus linked to formation of the decoding
site. It is unlikely that formation of the decoding site in 80S-like ribosomes alone is
sufficient to promote Nob1-dependent cleavage, as 18S rRNA formation is blocked in the
absence of the ATPase Fap7, which is stalled in 80S-like complexes. Nevertheless, the
absence of S14 and S1 in these assembly intermediates [29] could account for the lack of
Nob1-dependent cleavage, plausible as S14 directly binds Nob1 [50], and S1 binds Pno1
[21], a regulator for Nob1 [58].

5′-end formation of 5.8S rRNA requires r-proteins near the exit tunnel
Early rRNA maturation steps for the 60S subunit require a group of proteins, referred to as
the A3 cluster proteins for the precursor that accumulates in their absence [59-66]. Depletion
of any of the A3 cluster proteins results in the failure to recruit the exonuclease Rrp17,
required for formation of the 5′-end of 5.8S rRNA, as well as four neighboring RPs, L17,
L26, L35 and L37, which bind adjacent to the 5′-end of 5.8S rRNA, and form part of the
exit tunnel [67]. Because the A3 cluster proteins bind distant from the Rrp17 site at the 5′-
end of 5.8S rRNA [68], it is tempting to speculate that failure to recruit Rrp17 in the absence
of the A3 cluster proteins is an indirect effect resulting from the failure to recruit the four r-
proteins. Additionally, failure to recruit these RPs also leads to Rat1-dependent degradation
of 60S precursors, while normally Rat1 stops at the 5′-end of 5.8S rRNA, presumably due to
the presence of these four RPs [67]. These data indicate that the decision between
maturation or degradation at the 5′-end of 5.8S rRNA depends on assembly of the exit
tunnel.

Using ligands to mimic translation
In the examples above AFs structurally mimic RPs or translation factors to couple successful
formation of ligand binding sites on assembling ribosomes to subsequent maturation steps.
However, these only approximate the binding function, without providing for quality control
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of functionality. The next section describes mechanisms in place to test the functionality of
nascent ribosomal subunits.

Parts of the translation machinery are used to “test-drive” 40S ribosomes
AFs that prevent premature translation initiation are stably bound to subunit precursors,
providing an opportunity to regulate their release, which eventually leads to translation
initiation. Excitingly, release of AFs from the subunit interface of nascent 40S subunits and
subsequent translation initiation require a translation-like cycle, during which translation
factors must function (Figure 2, [29]). The starting point for this cycle is the stable 40S
assembly intermediate containing all seven stably bound AFs shown in Figure 1A-C. After
Ltv1 dissociation the translation factor eIF5B promotes joining of 60S subunits with the
nascent 40S subunits in a GTP-dependent manner [29, 57]. However, because mRNA and
initiator tRNA recruitment are blocked as described above, the resulting 80S-like ribosomes
do not contain mRNA or initiator tRNA and thus do not produce proteins [29]. The
assembly factors Tsr1 and Rio2 on the subunit interface dissociate after or with formation of
80S-like ribosomes. However, mRNA and initiator tRNA recruitment are blocked by the
bound 60S subunit, which thus prevents translation initiation until the 80S-like ribosomes
are dissociated by the termination factors Rli1 and Dom34, which also dissociate 80S
ribosomes after translation is complete [69-72]. Thus, this cycle has the ability to probe key
functional sites on assembling 40S subunits, including the ability to bind and position large
subunits, the ability to bind and activate the translation initiation factor eIF5B, the ability to
bind Dom34 in the decoding site [73, 74], and the ability to bind the termination factor Rli1
and activate its ATPase activity. Furthermore, it has been suggested that Dom34, a homolog
of the release factor RF1 is delivered to ribosomes by the GTPase Hbs1, a close homolog of
release factor RF3 [75]. Thus, release factor function is also inspected by homology.
Importantly, the key players in this translation-like cycle (eIF5B, Fap7, Rli1 and Dom34)
are conserved from archaea to humans, suggesting the conservation of this cycle, and
demonstrating its importance. Interestingly, this cycle also has the ability to test nascent 60S
subunits against key translation factors. It remains to be tested if this cycle also quality
controls nascent 60S subunits.

In a related finding, it was shown that prokaryotic 16S and 23S precursors can enter
polyribosomes [76-78], indicating that maturation can occur after translation initiation.
Subsequent work indicates that 23S rRNA processing requires conditions that allow for
protein synthesis. Lastly, in dictyostelium it has been suggested that 18S rRNA maturation
requires active translation [79].

Mimicking translocation to release eIF6 from nascent 60S subunits
Dissociation of eIF6 is promoted by the GTPase Efl1 [80, 81], aided AF Sdo1 [82], the
protein mutated in SDS patients, and requires stalk assembly ([83], Figure 3). Furthermore,
Efl1 has strong homology to the translation factor eEF2, which promotes translocation of
tRNA from the A/P to the P/P site, and the shape of Sdo resembles that of tRNA [82, 84,
85]. These findings prompted the suggestion that Efl1/Sdo1 function analogously to eEF2/
tRNA, “translocating” and releasing Sdo1 and eIF6. This proposal is consistent with the
eIF6 binding site adjacent to the GTPase binding site, and explains the requirement for the
stalk, which plays a role in GTPase stimulation [83]. Furthermore, mutations in a loop of
L10, located in the P-site of the large subunit, disrupt Efl1-dependent release of eIF6 [86].
This linkage of two proteins separated by ~90 Å, is explained by Efl1-binding, and suggests
that Efl1 binds the P-site in a manner similar to that observed with eEF2. Thus, Efl1-
dependent release of eIF6 during maturation appears to mimic the function of eEF2-
mediated translocation of tRNAs during translation, and therefore provides an opportunity to
inspect the integrity of the P-site and the stalk base on the large subunit [86]. Interestingly,
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eEF2 functions in the context of 80S ribosomes. Perhaps the release of eIF6 by Efl1 also
requires 40S joining, or, alternatively, the mechanism of translocation differs. Of note,
archaea have homologs for Sdo1 and eIF6 [87], suggesting conservation of this pathway.

Discard pathways
Quality control also requires mechanisms to provide for degradation of intermediates
identified as non-functional [88]. Non-functional mature ribosomes are identified as they are
stalled on mRNAs [89]. Because defective ribosomes stalled on an intact mRNA are
indistinguishable from intact ribosomes stalled on a defective mRNA, degradation is
initiated in both cases by Hbs1-mediated binding of Dom34 to the ribosomal A-site (see [75]
and references therein). In principle this mechanism could be used to eliminate
misassembled ribosomes based on their inability to translate. However, because disassembly
of the stalled mRNA*ribosome complex involves endonucleolytic degradation of the
mRNA, this is not desired to occur on a large scale, thus necessitating quality control and
degradation before translation starts.

The recent work on the translation-like cycle also suggests several intermediates that are
sensitive to degradation, as well as others resistant to it. In particular, depletion of Rli1 leads
to degradation of 80S-like ribosomes [29]. The only difference between the intermediate that
accumulates in the absence of Rli1 (Rli1-intermediate), which is exceptionally labile, and
the intermediate that accumulates in the absence of Fap7 (Fap7-intermediate), which is
exceptionally stable, is the presence of Tsr1 and the absence of S14 and S1 in the Fap7-
intermediate. Furthermore, in the Rli1-intermediate 18S rRNA is already matured [29]. It is
possible that Tsr1 in the Fap7-intermediate blocks access of Hbs1 to the 80S-like ribosome
to deliver Dom34. Dom34 could initiate Rli1-dependent maturation, but also degradation,
albeit by mechanisms poorly understood. Alternatively, or additionally, the presence of the
precursor RNA sequence might protect the subunit, perhaps by providing a 3′-end that is
largely double-stranded and thus less sensitive to exonucleolytic degradation.

Furthermore, the translation initiation factor eIF5B is required for 40S ribosome maturation,
but its deletion has only a relatively small (3-fold) effect on accumulation of the 18S
precursor [29, 57, 90]. This is in contrast to about 30-fold increases observed in the absence
of Fap7 or Nob1 [29, 91]. This difference is likely partially a reflection of the fact that Fap7
or Nob1 are essential proteins, while eIF5B is not [92]. Nevertheless, eIF5B deletion results
in a profound slow growth phenotype, suggesting that the modest accumulation of 20S
rRNA could result from degradation of the assembly intermediate that accumulates in the
absence of eIF5B. The difference between the stable intermediate purified for cryo-
electronmicroscopy and the unstable intermediate that accumulates without eIF5B is likely
the presence of Ltv1 and perhaps Rio2. How these proteins affect the stability of the
assembly intermediate remains to be tested.

The best-characterized pathway responsible for degradation of ribosome assembly
intermediates is the nuclear pathway mediated by the TRAMP complex [93-95]. This
complex, composed of the polyA polymerase Trf4/5, the RNA binding protein Air1/2, and
the helicase Mtr4, marks nuclear RNAs with short polyA tails, and then targets them for
degradation by the exosome. Recent data indicate that the Air proteins have some sequence
specificity, although they can complement for each other [96]. Similarly, Trf4 and Trf5
proteins also have specificity, but can complement for each other [97]. Nevertheless, this
limited specificity likely only segregates different clients for these complexes, and is
unlikely to explain how misassembled ribosomes are distinguished from correctly assembled
ribosomes. Although not directly shown, it is likely that TRAMP-mediated polyadenylation
and decay is kinetically controlled [98, 99], such that RNAs that linger longer are more
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likely to be recognized and degraded. In this context, the mechanisms described above to
link progress in assembly and export to successful completion of important sites becomes
important, as this will decrease the time spent in states vulnerable to degradation.

Concluding remarks
Mechanisms to provide for quality control of assembling ribosomes can be subdivided into
three categories: (i) those ensuring that later assembly events require successful construction
of key structural features recognized by AFs that mimic translation factors or RPs; (ii) those
ensuring that translation initiation on premature ribosomes is effectively blocked sterically
and/or allosterically; (iii) functional tests of the nascent ribosomal subunits, which employ
the translational apparatus, or mimic elements of the translational cycle. Failure to succeed
in (i) or (iii) predisposes nascent subunits to degradation, while mechanism (ii) could in
principle also used to safely store assembly intermediates, perhaps under stress conditions.

Future work will be required to better understand how release of AFs blocking translation
initiation is coupled to functional tests, as well as the mechanisms leading to decay, or even
why certain intermediates are more vulnerable than others. Furthermore, conspicuously
absent in all quality control pathways is the testing of the real function of ribosomes, to
produce protein in a codon-dependent manner, although it has been reported in
dictyostelium that translation is required for rRNA maturation [79]. Thus, it is tempting to
speculate that there is at least one more layer in the quality control that remains to be
discovered. Finally, no progress has been made to test if the absence of quality control
pathways actually leads to larger populations of malfunctioning ribosomes, and if these can
affect the proteome in a manner that explains the increased cancer incidence observed in
DBA and 5q-syndrome. It will be exciting to see future progress in these areas, which will
go hand-in-hand with new insights into maturation.
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Highlights

• Assembly factors can mimic binding of ribosome ligands to promote maturation

• Assembly factors block premature translation initiation

• Release of assembly factors requires translation-like cycles to test function
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Figure 1.
Assembly Factors Block Premature Translation Initiation. Adapted from [21]. (A) Left:
Tsr1, Rio2 and Dim1 on the subunit interface block binding of eIF1 (in blue spacefill,
[100]), eIF1A (binding site highlighted in red, [101]), and P-site tRNA (in green, [102]).
Right: Nob1 (orange) and Pno1 (red) block binding of eIF3 (purple, [103]). (B) Opening of
the mRNA binding channel is destabilized. The entry latch on the mRNA binding channel
(indicated with the arrow) is closed in mature 40S subunits (left, [28]) and pre-40S subunits
(middle, [21]). Channel opening in mature subunits (right panel) is stabilized by an
interaction between S3 and H16 (shown in dark green, [28]) on the solvent side. The AFs
Enp1 and Ltv1 form a complex with S3 (in yellow, [21]), which does not allow for this
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interaction of S3. Asc1, present only in mature 40S subunits, is indicated with a white
asterisk. (C) In 80S ribosomes the A-site finger from the 60S subunit (indicated with the
arrow), overlaps with H44 and Dim1 (in green), but not Tsr1 (in magenta). (D) In 80S
ribosomes eIF6 (in purple, [37]) overlaps with the 40S subunit (shown in spacefill, [104]).
For simplicity the 60S subunits is not shown.
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Figure 2.
A translation-like cycle during 40S ribosome maturation. Adapted from [29]. The cycle
starts with the dissociation of Ltv1 from the intermediate visualized by cryo-EM (I). The
translation factor eIF5B, a GTPase, then promotes joining of 60S subunits, analogous to its
function during translation, to give an 80S-like complex, lacking both mRNA and tRNA
(III). Rio2 dissociates with or soon after 60S joining to give a stable 80S-like complex (IV),
which accumulates in the absence of the ATPase Fap7. Dissociation of Tsr1 (V) allows for
Nob1-dependent rRNA maturation (VI) and access of Dom34 and Rli1 to separate 80S-like
ribosomes (VII). Exchange of S26 for Pno1 appears to be the final step in maturation. The
small and large ribosomal subunits are shown in light and dark grey, respectively. Stably
bound assembly factors are shown in yellow. ATP or GTP-hydrolyzing transiently bound
factors are shown in magenta, other transiently bound factors are shown in green and mRNA
is shown as a blue band.
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Figure 3.
Pathway for Cytoplasmic 60S maturation. Adapted from [83]. Release of the Arx1/Alb1
complex from the exit tunnel requires the Hsp70 ATPase Ssa and its co-chaperone Jjj1, and
has the ability to check the binding site for Ssa on the exit tunnel. Exchange of Mtr4 with P0
and subsequent stalk assembly requires Yvh1. Both events can occur independently of each
other but are both required for the Efl1/Sdo1-dependent release of eIF6/Tif6. Efl1 function
tests the P-site [86] as well as the stalk [83]. The final step in 60S maturation is the Lsg1-
dependent release of Nmd3.
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Table 1
Assembly factors and their roles in quality control

AF name Archaeal
homolog?

Function

40S assembly factors Diml yes Blocks 60S joining, eIFl

Enpl+Ltvl Block Sl0 binding and mRNA channel
opening

Nobl yes Blocks eIF3 binding, nuclease

Pnol yes Blocks eIF3 binding, S26 binding, Nobl
co-factor

Rio2 yes Blocks initiator tRNA, eIFlA

Tsrl Blocks eIFlA

eIF5B yes Checks GTPase site integrity

Rlil yes Checks GTPase site integrity

Dom34 yes Checks decoding site

60S assembly factors Arxl Export factor, Blocks exit tunnel factors

Nmd3 yes Export factor, Blocks subunit joining

eIF6/Tif6 yes Blocks subunit joining

Efll+Sdol no/yes Test P-site integrity, remove eIF6

Ssal yes Hsp70 chaperone to remove Arxl, tests
chaperone site

Mrt4 Blocks premature P0 binding

Rpl7 Blocks premature L7 binding

Rpl24 Blocks premature L24 binding
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