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Abstract

Ribosomes synthesize protein in all cells. Maintaining both the correct num-
ber and composition of ribosomes is critical for protein homeostasis. To
address this challenge, cells have evolved intricate quality control mech-
anisms during assembly to ensure that only correctly matured ribosomes
are released into the translating pool. However, these assembly-associated
quality control mechanisms do not deal with damage that arises during the
ribosomes’ exceptionally long lifetimes and might equally compromise their
function or lead to reduced ribosome numbers. Recent research has re-
vealed that ribosomes with damaged ribosomal proteins can be repaired by
the release of the damaged protein, thereby ensuring ribosome integrity at
a fraction of the energetic cost of producing new ribosomes, appropriate
for stress conditions. In this article, we cover the types of ribosome dam-
age known so far, and then we review the known repair mechanisms before
surveying the literature for possible additional instances of repair.
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OVERVIEW OF RIBOSOME ASSEMBLY

Ribosomes are universally conserved RNA-protein complexes that enable protein synthesis in all
cells. Ribosomes comprise two subunits, a small subunit (40S or 30S in eukaryotes or bacteria,
respectively) and a large subunit (60S or 50S in eukaryotes or bacteria, respectively). These are
made up of four ribosomal RNAs (rRINAs) (three for bacteria) onto which 79 ribosomal proteins
(RPs) assemble (54 in bacteria and 79 in eukaryotes). While both rRNAs and RPs have universally
conserved elements (which for RPs are denoted with the prefix u), there is also an elaboration
of the structure in the transition from bacteria to eukaryotes, with eukaryote-specific expansion
segments in the rRINA and additional RPs.

Ribosomes are highly abundant in all cells, and their assembly requires significant cellular
resources, including approximately 60% of all transcription events, 90% of all splicing events,
and about half of all translation events in yeast (Warner 1999). Thus, it is not surprising that
under all characterized cellular stress conditions ribosome assembly is rapidly downregulated
(Gasch et al. 2000), presumably to conserve energy. Importantly, conserving ribosome num-
bers is critically linked to protein homeostasis, as different messenger RINAs (mRINAs) respond
differently to changes in ribosome numbers (Ivanov et al. 2022, Mills & Green 2017). Thus,
given that stress conditions temporarily block both new ribosome assembly and cell division,
ribosome numbers remain constant if there is no significant ribosome degradation. Such degra-
dation could occur either to provide nutrients (such as autophagy) or because ribosomes are
damaged. Conversely, extensive ribosome damage and decay during stress would alter protein
homeostasis.

Ribosome assembly begins with transcription of the rRNA and the cotranscriptional modifica-
tion, folding, and processing of the rRNA from longer precursor transcripts (reviewed in Henras
etal. 2015). These processes are integrated with the hierarchical binding of a subset of early bind-
ing RPs (de la Cruz et al. 2015). Assembly is mediated by a large machinery (reviewed in Klinge &
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Woolford 2019), which is essential in eukaryotes and required under stress conditions in bacteria.
This machinery promotes the processing and modification of the rRNA, chaperones the folding of
the rRNA (Blomgqvist et al. 2023, Huang & Karbstein 2021, Liu et al. 2021), enables hierarchy in
RP binding (Blomgvist et al. 2023), and allows for regulation and quality control (Garcia-Gomez
et al. 2011; Ghalei et al. 2015, 2017; Huang et al. 2020; Lo et al. 2010; Mitterer et al. 2023;
Parker etal. 2019; Schafer et al. 2006; Strunk et al. 2012). While quality control mechanisms have
been recently reviewed (Parker & Karbstein 2023) and therefore are not a focus here, the elab-
orate system of multiple quality control systems—as well as the finding that they are frequently
bypassed in disease states, which leads to defective ribosomes in the translating pool (Parker &
Karbstein 2023)—suggests the importance of quality control during ribosome assembly and thus
the integrity of ribosomes for cellular and organismal health.

Most RPs are small, highly basic proteins that tend to aggregate outside of ribosomes
(Gorenstein & Warner 1977, Warner 1977). Thus, they are stabilized by binding to the ribosome-
associated chaperones ribosome-associated complex (RAC) and nascent polypeptide-associated
complex (NAC) (Koplin et al. 2010), preventing their aggregation and enabling the production
of ribosomes at the levels necessary to maintain cell growth and protein homeostasis. Interest-
ingly, 13 RPs have specialized chaperones that solely bind and stabilize these RPs outside the
ribosome (Black et al. 2019, Pillet et al. 2017, Rossler et al. 2019, Ting et al. 2017, Yang et al.
2016) (Table 1). In addition, yeast Fap7, yeast Sefl, and human NAP1L1 are chaperone candi-
dates for uS11 (Rps14),uS19 (Rps15), and uL2 (Rpl2), respectively (Hellmich et al. 2013, Yip et al.
2022).

Table 1 Ribosomal proteins with personalized chaperones

Caenorbabditis

Ribosomal protein Yeast elegans Mice Drosophila Humans Zebrafish
40S proteins
uS3/Rps3 Yarl ND ND ND ND ND
uS5/Rps2 Tsr4 ND Pdcd2 Zfrp8 PDCD2 pded2
€S6/Rps6 Nap1P nap-1 Naplll Napl NAPILI1 napll4a
uS11/Rps14? Fap7? E02H1.6 Ak6 Ak6 AK6 2gc:86811
uS19/Rps15? Sef1? ND ND ND ND ND
eS26/Rps26 Tsr2 Y51H4A.15 Tsr2 CG14543 TSR2 Tsr2
60S proteins
ul.2/Rpl2? Napl nap-1 Naplll Napl NAPI1L1? napll4a
ulL.3/Rpl3 Rrbl Y54H5A.1 Grwdl 1(2)09851 GRWD1 grwdl
ul4/Rpl4 Acl4 ND ND ND ND si:dkey-12j5.1
uL5/Rpl11 Syol® ND Heatr3 CG10286 HEATR3 heatr3
ulL14/Rpl23 Bepl ZK1127.4 Bccip CGI286 BCCIP becip
ul.16/Rpl10 Sqtl Y111B2A.12 Aamp CG5114 AAMP aamp
ulL.18/Rpl5 SyolP ND Heatr3 CG10286 HEATR3 heatr3
el.39/Rpl39 Napl1b nap-1 Naplll Napl NAP1L1 nap1l4a
elL42/Rpl42 Napib nap-1 Naplll Napl NAP1L1 napll4a
el43/Rpl43 Puf6/Locl puf-12/ND Pum3/ND Peng/ND PUM3/ND ND/ND

Abbreviation: ND, not determined.
2Possible personalized chaperones.
bChaperones interacting with multiple targets.
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Typically, although not universally, these chaperones are conserved from yeast to humans
(Table 1), and their deletion or depletion produces cell growth phenotypes that can be res-
cued by overexpression of the client RP (Black et al. 2019, Koch et al. 2012, Pausch et al. 2015,
Pillet et al. 2015, Rossler et al. 2019, Schutz et al. 2018, Ting et al. 2017, Yang & Karbstein 2022,
Yang et al. 2016). These chaperones have been suggested to deliver their client RPs to nascent
ribosomes, which has been demonstrated for Tsr2 and eS26 (Rps26) and for Yarl and uS3 (Rps3)
(Ghalei et al. 2015, Yang & Karbstein 2022). In addition, chaperones might regulate nuclear im-
port of some RPs (Iouk et al. 2001, Koch et al. 2012, Kressler et al. 2012, Mitterer et al. 2016,
Pillet et al. 2015, Schutz et al. 2014, Stelter et al. 2015, Ting et al. 2017) and ensure the stoichio-
metric assembly of RPs into ribosomes (Kressler et al. 2012). Interestingly, while many RPs with
chaperones are universally conserved, chaperones are not known to exist in bacteria. Moreover,
many RPs with personalized chaperones [except uL4 (Rpl4) and eL.42 (Rpl42)] are located on the
periphery of the ribosome (Figure 1a). Together, these features suggest that a critical role of the
chaperones is not the stabilization of their client proteins. Indeed, we have recently shown that
the €S26 (Rps26) chaperone Tsr2 and the ulL16 (Rpl10) chaperone Sqtl can release their client
proteins from ribosomes under specific conditions, allowing for ribosome remodeling or repair
(Yang & Karbstein 2022, Yang et al. 2023).

uL4/L4

ulL4/L4

Figure 1

The location of RPs with chaperones or evidence of damage. (#) RPs with known personalized chaperones
are highlighted in multiple colors and in space-filling models of yeast 80S ribosomes (PDB ID 4V88). The
small ribosomal subunit is shown in cyan and the large subunit in pink. (5) Frequently oxidized RPs are
highlighted in multiple colors and depicted as space-filling models, as in panel 4. Abbreviations: PDB,
Protein Data Bank; RPs, ribosomal proteins.
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RIBOSOMES ARE EXTREMELY STABLE
Ribosome Half-Lives

The stability of ribosomes can be measured by the stability of their constituent RPs or rRNAs.
While both contribute to the stability of ribosomes, the half-lives of different RPs can vary, sug-
gesting that a subset of RPs are exchangeable (see the section titled Ribosomes Can Be Repaired).
In addition, unassembled RPs are rapidly degraded (Ju et al. 2023, Shigeoka et al. 2019, Sung et al.
2016). Therefore, the stability of ribosomes is likely better represented by long-lived RPs rather
than by an average half-life of all RPs, which includes RPs outside of ribosomes. On the other
hand, the half-lives of rRNAs, which form the ribosome core and cannot be exchanged without
entirely disassembling (and thus likely degrading) the ribosome, may directly represent ribosome
stability.

As detailed with several examples below, the ribosome half-life generally exceeds 100 h, with
RPs presenting longer half-lives than rRNAs. These differences in the apparent stability of RPs
and rRNAs might be experimental artifacts, or they might indicate that some RPs are recycled.
Importantly, these half-lives are much longer than the doubling times of the cells that they are
found in, indicating that ribosome populations are turned over by cell division and not by the
decay of ribosomes. In addition, the average half-lives for RPs from the small subunit are generally
longer than those for the large subunit, indicating that small subunits are more stable, perhaps
simply reflecting fewer opportunities to incur damage due to their smaller size.

A proteomic analysis using Saccharomyces cerevisiae and Schizosaccharomyces pombe has shown that
a number of RPs (including uS2, eS27, ul.24, and eL.31 in S. cerevisiae) have a half-life exceeding
100 h, providing a lower limit for the half-life of ribosomes in yeast (Christiano et al. 2014). Sim-
ilarly, no degradation was observed for 18S (~3.5 h) and 25S (~2.5 h) rRNA (Cole et al. 2009),
although the timescale of the experiment was very short.

Compared with higher eukaryotic organisms, it is difficult to measure the half-life of ribosomes
in bacteria due to their short doubling time (~20 min in Escherichia coli) relative to the stability of
ribosomes. Yet, studies again suggest that their stability far exceeds the doubling time of bacteria
(Meselson et al. 1964). Moreover, in E. coli, ribosomes are degraded under certain stress conditions,
including entrance into the stationary phase (reviewed in Deutscher 2003).

In Caenorbabditis elegans, the half-lives of RPs in young worms varied around ~100 h [with
the longest-lived from each subunit being uS14 (~118 h) and eL.28 (~140 h)]. However, in aged
worms, the numbers drastically changed, now varying between different RPs and ranging from
7 h to 660 h (eS8, ~660 h; ulL15, ~420h) (Dhondt et al. 2017).

In Drosophila melanogaster, average RP half-lives were initially measured as ~200 h [with the
longest-lived from each subunit being uS10 (~270 h) and uL.3 (~220 h), respectively (Vincow
et al. 2013)]. A subsequent study showed that, just as in C. elegans, the half-life of RPs in young
flies (eS6, ~265 h; elL15, ~315 h) is shorter than in older flies (eS6, ~310 h; ul.1, ~345 h), with
average half-lives of ~189 h and ~210 h in young and older flies, respectively (Vincow etal. 2021).

Finally, a correlation between ribosome half-life and age was observed in ribosomes from rat
brains. Total ribosomes (RINA and protein) turned over with a half-life of ~18 days (~15.7 days
for rRNA and ~21.4 days for RPs) for 24-month-old animals, while for younger (12-month-old)
animals the ribosome half-life averaged ~7 days [~8.2 days for rRNA and ~6.7 days for RPs
(Menzies & Gold 1972)]. In contrast, no significant age-dependent difference was observed in
other rat tissues, including liver (5.9 or 6.1 days), kidney (6.5 or 6.4 days), lung (9.0 or 10.2 days),
spleen (8.6 or 9.1 days), and intestinal mucosa (8.1 or 8.3 days) (Menzies et al. 1972). More-
over, the half-life of rRNA in male brains (~12 days) was significantly longer than in females
(~7 days) (Novakovic etal. 1979). Whether this finding represents premature aging in male rats, or

www.annualreviews.org o Ribosome Assembly and Repair

245



246

intrinsic differences in the stability of ribosomes, remains unknown. Together, these observations
from three distinct organisms suggest that ribosomes might be stabilized in aging animals, which
downregulate the production of ribosomes (D’Aquila et al. 2017, Jung et al. 2015). The prolonged
stability of ribosomes may also require the repair of damaged subunits, potentially explaining why
the half-lives of different RPs start to vary in aged animals. Thus, the stability of ribosomes ap-
pears to be regulated to respond to the cellular demand for ribosomes and the ability to assemble
new ribosomes. In addition, high levels of ribosome damage in different tissues or growth condi-
tions might lead to increased degradation of damaged ribosomes (Cole et al. 2009, LaRiviere et al.
2006). Therefore, a fundamental question is how ribosomes are selectively degraded or stabilized
under different cellular conditions.

Cells with Long-Lived Ribosomes

As indicated above, there is evidence for tissue-specific differences in ribosome half-lives. Studies
carried out with both rat livers and brains show faster turnover of ribosomes in livers than in
brains (Dawson 1967, Retz & Steele 1980, Stoykova et al. 1983). Moreover, the half-lives of RPs
in rat brains vary within a wider range (3—10 days), suggesting the exchange of a subset of RPs and
perhaps the repair of long-lived ribosomes that become damaged (Dorrbaum et al. 2018).

Moreover, Mathieson et al. (2018) have analyzed the RP half-life in four nondividing human
cell types [B cells, monocytes, natural killer (NK) cells, and hepatocytes]. Interestingly, while on
average the RP half-life was ~100 h, in NK cells the half-life was ~520 h. Similarly, the longest-
lived RPs varied, with NK cells having the slowest turnover (€512, ~1,020 h; P0, ~830 h), followed
by hepatocytes (uS14, ~410; eL42, ~200 h), monocytes (uS8, ~155 h; e.34, ~510 h), and B cells
(€S27,~130 h; eL.22, ~130 h). rRNA stability similarly varied between 72 and 700 h, depending
on the cell type (Liebhaber et al. 1978).

An extreme example might be presented by oocytes, where ribosomes (and mRNAs) made dur-
ing the fetal development of the animal are stored in a translational resting state (Abelson et al.
1974, Bachvarova & De Leon 1977). Depending on the animal, these dormant ribosomes can be
stored for years or decades, becoming activated and transitioning to actively translating polysomes
after fertilization (Leesch et al. 2023). Dormant ribosomes in zebrafish are associated with Habp4-
eEF2 and Daplb/Dap-elF5a, which stabilize 80S ribosomes and repress translation. Habp4
(SERBP1 or Stm1 in humans or yeast, respectively) knockout animals, but not Dap1 knockout ani-
mals, have fewer ribosomes, suggesting the importance of Habp4 for ribosome stability in oocytes.

As in oocytes, other studies have similarly shown that ribosomes are typically stored in 70S or
80S complexes rather than individual subunits. In bacteria, RaiA, HPE, RMF and LHPF are used
to preserve ribosomes in 70S or 100S (two 70S) complexes (Prossliner et al. 2018). In eukaryotes,
Stm1, IFRD2, and Lso2 are used to store ribosomes in 80S complexes to prevent translation and
stabilize ribosomes (Ben-Shem et al. 2011, Brown et al. 2018, Wells et al. 2020). One advantage
of this arrangement might be that if these complexes are damaged and then decayed, the ratio of
small and large subunits will be maintained. In addition, and likely even more importantly, subunit
joining reduces the surface area of the ribosome, likely protecting the subunits from damage. In-
deed, eS26 (Rps26) in 80S complexes is less prone to oxidation and decay relative to eS26 (Rps26)
in 40S subunits, consistent with its location at the subunit interface (Yang et al. 2023).

CHEMICAL DAMAGE TO RIBOSOMES
Ribosomal Protein Damage by Oxidative Stress

Reactive oxygen species (ROS), including superoxide (O, ™), hydrogen peroxide (H,0O;), and hy-
droxyl radicals (* OH), are ubiquitous in cells. They cause oxidative stress by damaging cellular
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components, including protein and RNA (Apel & Hirt 2004, Cross et al. 1987, Imlay 2003). In
proteins, cysteine, histidine, methionine, tryptophan, and tyrosine are all sensitive to oxidative
stress (Sies 1986). Nonetheless, both because cysteine is most readily oxidized (Shacter 2000) and
because its oxidation can serve signaling functions (Paulsen & Carroll 2013), its oxidation has
been the most extensively characterized (Reddie & Carroll 2008), using a variety of probes that
take advantage of cysteine’s reactivity and covalently attach themselves to cysteine or its oxidized
forms (Shi & Carroll 2020).

RPs, and specifically their cysteine residues, have been identified as targets of oxidation in
various species (Fu et al. 2017, Leichert et al. 2008, Meng et al. 2021, Petrova et al. 2018, Topf
et al. 2018, van der Reest et al. 2018), which is perhaps not surprising given the abundance of
ribosomes. Moreover, by comparing previous studies using various eukaryotic model organisms,
we noticed that specific RPs were frequently oxidized in many species, conserving even oxidation
sites in some cases (Yang et al. 2023). Interestingly, the most frequently oxidized RPs [uS2 (Rps0),
eS1 (Rpsl), uS5 (Rps2), uS3 (Rps3), uS7 (Rps5), and €S26 (Rps26) from the 40S subunit and ul4
(Rpl4), uL.16 (Rpl10), eL.20 (Rpl20), uL.14 (Rpl23), eL.24 (Rpl24), and eL.34 (Rpl34) from the 60S
subunit] are all located in functionally important regions (Figure 15) (Table 2). Four of the six
oxidized small subunit proteins [uS5 (Rps2), uS3 (Rps3), uS7 (Rps5), and eS26 (Rps26)] line the
mRNA binding channel; from the large subunit, one [uL.16 (Rpl10)] is located in the peptidyl
transferase center; one [uL4 (Rpl4)] lines the peptide exit tunnel; and three proteins, from both
subunits [eS1 (Rps1), ul.14 (Rpl23), and eL.24 (Rpl24)], are located at the subunit interface. These
locations might simply reflect their accessibility to solvent and thereby ROS, but they also suggest
that the oxidation of these RPs might adversely affect ribosome function. Interestingly, half of
these RPs are known to have a personalized chaperone [uS5 (Rps2), uS3 (Rps3), eS26 (Rps26),
ul4 (Rpl4), uL.16 (Rpl10), and ulL.14 (Rpl23)]. In addition, uS11 (Rps14) and ulL.2 (Rpl2), RPs
with chaperone candidates, are oxidized, and Fap7, the chaperone candidate for uS11 (Rps14), is
important for the oxidative stress response in yeast (Juhnke et al. 2000).

Other RPs that appear to be selectively prone to oxidation are those with zinc-finger motifs.
Six out of nine RPs with bound zinc [€S26, eS27,uS14 (Rps29), eS31, eL.34, el.37, €140, e1.42, and
el43] are found to be oxidized, likely reflecting the high susceptibility of cysteines in zinc fingers
to oxidation (Topf et al. 2018).

Similarly, in the bacterial model system E. co/i, specific RPs are prone to oxidation (Leichert
et al. 2008, Xie et al. 2019). Leichert et al. (2008) observed the cysteine oxidation of uS4, uS17,
ulL14, and bL31 in E. coli treated with either H,O, or hypochlorite. Interestingly, three of these
RPs (uS17, ul.14, and bL31) were also identified as being oxidized during phagocytosis, along
with six additional RPs (bS1, uS2, uS12, uS13, bS21, and bL35) (Xie et al. 2019). Out of these
nine RPs, six are universally conserved, and four of them (uS2, uS13, uS17, and ul.14) are also
oxidized in eukaryotic systems (Yang et al. 2023). Notably, while bS21 and eS26 (Rps26) share
no discernable homology, they bind at the same location on the ribosome and both RPs are
oxidized, again suggesting that accessibility to ROS might be a main driver of susceptibility to
oxidation.

The oxidation of the other sulfur-containing amino acid, methionine, affects L7/L.12 (for
bL12, note that L7 and L12 are both encoded by the same gene but differ by the presence
and absence of an N-terminal acetylation) binding to ribosomes in E. coli (Caldwell et al. 1978,
Gudkov & Behlke 1978). While two L7/L.12 dimers bind per ribosome in E. co/i (Diaconu et al.
2005), H,O, treatment converts the dimerized L7/L12 to a monomer by oxidizing methionine
and weakening the binding of one monomer to ribosomes (Caldwell et al. 1978, Gudkov &
Behlke 1978), which decreases EF-G binding (Diaconu et al. 2005, Koteliansky et al. 1978).
Similarly, a study in Arabidopsis thaliana showed that methionine oxidation in RPs increased in
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Table 2 Oxidized ribosomal proteins with evidence of exchange

Ribosomal protein | Cysteine oxidation® Exchange Chaperone® | Zinc finger
40S proteins

eS1 (Rpsl) Eukaryotes Eukaryotes

uS2 (Rps0) Bacteria, eukaryotes | Bacteria

uS3 (Rps3) Eukaryotes Eukaryotes Eukaryotes

uS5 (Rps2) Eukaryotes Bacteria Eukaryotes

uS8 (Rps22) Eukaryotes Eukaryotes

uS11 (Rpsl4) Eukaryotes Eukaryotes (Eukaryotes)

eS19 (Rps19) Eukaryotes Eukaryotes

bS21 Bacteria Bacteria

eS26 (Rps26) Eukaryotes Eukaryotes Eukaryotes Eukaryotes
60S proteins

ulL1 (Rpll) Eukaryotes Bacteria, eukaryotes

ul.2 (Rpl2) Eukaryotes Eukaryotes (Eukaryotes)

ul.3 (Rpl3) FEukaryotes Eukaryotes Eukaryotes

ul4 (Rpl4) Eukaryotes ND Eukaryotes

ul5 (Rpl11) Eukaryotes Bacteria Eukaryotes

ulL10 (Rpp0) Eukaryotes Bacteria, eukaryotes

ul.11 (Rpl12) Eukaryotes Eukaryotes

eL13 (Rpl13) Eukaryotes Eukaryotes

uL14 (Rpl23) Bacteria, eukaryotes | Fukaryotes Eukaryotes

ul16 (Rpl10) Eukaryotes Eukaryotes Eukaryotes

ul18 (Rpl5) FEukaryotes ND Eukaryotes

eL21 (Rpl21) Eukaryotes Eukaryotes

eL24(Rpl24) Eukaryotes Eukaryotes

bL31 Bacteria Bacteria Bacteria
eL34 (Rpl34) Eukaryotes Eukaryotes Eukaryotes
eL36 (Rpl36) Eukaryotes Eukaryotes

el.38 (Rpl38) Eukaryotes Eukaryotes

el42 (Rpl42) #e Eukaryotes Eukaryotes Eukaryotes
el43 (Rpl43) Eukaryotes ND Eukaryotes Eukaryotes
Rppl Eukaryotes Eukaryotes

Rpp2 (Eukaryotes) Eukaryotes

Abbreviation: ND, not determined.
*Parentheses indicate that the ribosomal protein has a suggested chaperone.
"Data from Y.-M. Yang & K. Karbstein (unpublished observations).

“The number sign (#) indicates cysteine-containing peptides that are too small to be detected by mass spectrometry,

precluding the detection of oxidized eL42/Rpl42. The most frequently oxidized ribosomal proteins appear in bold.

the catalase knockout plant (Jacques et al. 2015). Yet, whether and how ribosome function is

altered from the methionine oxidation of RPs, and whether these RPs are repaired by methionine

sulfoxide reductases (Moskovitz 2005), remain to be addressed.

Together, these observations suggest that certain RPs are more prone to oxidation than others,
likely due to their accessibility to ribosome ligands, which also exposes them to solvent. Because
of the functional importance of these residues, it is likely that their oxidation might result in

compromised ribosome activity, explaining why a repair function is needed.
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rRNA Damage by Oxidative Stress

While cysteine oxidation in proteins is caused by the relatively stable H,O, (Gough & Cotter
2011, Kiley & Storz 2004), RNA is most likely targeted by the highly reactive ®* OH, which is
generated by Fe?* and H,O; in the so-called Fenton reaction. Of the various types of base dam-
age caused by ®* OH (Barciszewski et al. 1999), 8-oxo-7,8-dihydroguanosine (8-0x0G) is the most
frequently observed chemical modification, presumably due to the relatively low redox potential
of guanine (Steenken & Jovanovic 1997). While the presence of RPs protects guanosine residues
in rRNA from oxidation to 8-0x0G (Estevez et al. 2021), 8-0x0G in rRNA has been observed
in several studies (Shcherbik & Pestov 2019). Together, these observations suggest that regions
without bound RPs should be more prone to oxidation. However, such recurring oxidation sites
have not (yet) been identified.

While the alkylation of both DNA and RINA is repairable in an enzymatic manner (Aas et al.
2003), whether oxidized guanosines in rRNA (or other RNAs) can be repaired or reduced remains
unknown. mRNAs containing 8-0xoG are recognized by the ribosomal collisions they incur and
then degrade (Simms et al. 2014, Yan et al. 2019), perhaps suggesting that 8-oxoG in RINA cannot
be repaired or reduced, even though (#) RNA is more susceptible to this damage than DNA both
in vitro (Hofer et al. 2006) and in vivo (Hofer et al. 2005) and (J) a repair system for oxidized
guanine in DNA has been identified (Poetsch 2020).

While ® OH can cause oxidative damage by chemically modifying rRINA, it can also cleave the
rRINA backbone. Interestingly, the Shcherbik and Pestov groups have shown that increased levels
of endogenous oxidative stress cause cleavage at a specific site in 25S rRINA (Shedlovskiy et al.
2017). In a follow-up study, they provided evidence that this site-specific cleavage arises in an Fe?*-
dependent manner (Zinskie et al. 2018). The Fe?*-dependent cleavage was blocked by the addition
of Mn?*, suggesting that there is a binding site for Fe>* that can be blocked by Mn**, which causes
cleavage by locally generated ® OH (Smethurst et al. 2020). Finally, the authors observed similar
patterns of degradation in vivo and in vitro for other rRNAs (18S, 5.8S, and 55). Together, these
observations suggest that site-specific Fe’*-dependent oxidation-mediated cleavage occurs within
rRINA.

RNA damaged by backbone cleavage can be repaired via ligation. Bacterial RtcB and its ho-
mologs in eukaryotes (i1l in yeast and HSPC117 in humans) catalyze the ligation of RINAs
with a 2’,3’-cyclic phosphate and 5’-OH. Its function is important for the maturation of transfer
RNAs and the XBP1 mRNA in mammalian cells (Jurkin et al. 2014, Lu et al. 2014, Popow et al.
2011). ReteB is conserved in prokaryotes but not in all eukaryotes, where plants lack this enzyme
(Englert et al. 2011, Popow et al. 2011, Tanaka & Shuman 2011). Interestingly, RtcB is also ac-
tivated by multiple stress-causing agents, especially those that cause oxidative stress (Engl et al.
2016). Capillary electrophoresis experiments with E. co/i ribosomes from RtcB knockout cells show
the accumulation of site-specifically cleaved rRINA, suggesting that there are cleavage-prone sites
in E. coli rRNA and that the Rtc system is important for its repair and, by extension, rRNA stabil-
ity (Engl et al. 2016). Another study showed that RtcB accelerated the repair of rRNA (Manwar
et al. 2020). Interestingly, rRNA cleavage and religation were observed during and after antibi-
otic stress, respectively (Manwar et al. 2020), suggesting that rRNA cleavage may be caused by
ROS generated during antibiotic treatment (Dwyer et al. 2014, Kohanski et al. 2007). Addition-
ally, RtcB was suggested to function in ribosome repair during recovery from stress (Temmel et al.
2017).1In E. coli, the endoribonuclease MazF cleaves 16S rRNA, thereby removing its 3’ end, which
contains the anti-Shine-Dalgarno sequence (Vesper et al. 2011), thereby inactivating ribosomes
against mRINAs whose translation is driven by a Shine-Dalgarno sequence. RtcB reverses this in-
activation by the religation of the 16S rRNA 3’ end (Temmel et al. 2017). Since rRNA repair by
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RtcB has been demonstrated only in E. co/i, it needs to be elucidated whether this rRNA repair
system is conserved in eukaryotes, which should be greatly aided by a recent direct sequencing
methodology that detects the products of repair (White et al. 2023).

rRNA Damage by Cisplatin

Cisplatin is one of the most widely used chemotherapy drugs, and it functions by intercalation into
DNA (Wang & Lippard 2005). However, cisplatin can target other cellular molecules, including
RINA, to which it covalently attaches (Jamieson & Lippard 1999). Indeed, cisplatin accumulates
in rRNA from both prokaryotic and eukaryotic ribosomes (Dedduwa-Mudalige & Chow 2015,
Hostetter et al. 2012, Melnikov et al. 2016, Osborn et al. 2014, Plakos & DeRose 2017, Rijal
& Chow 2009). Specifically, experiments in S. cerevisiae show that cisplatin accumulates ~4-20-
fold more in RNA than DNA as well as ~4-6-fold more in rRNA than in mRNA (Hostetter
et al. 2012), which is likely at least partially a reflection of the high abundance of rRNA. More-
over, specific platinated sites in rRINA have been identified, including functionally important sites
(Dedduwa-Mudalige & Chow 2015, Hostetter et al. 2012, Melnikov et al. 2016, Osborn et al.
2014, Plakos & DeRose 2017, Rijal & Chow 2009). These include the peptidyl transferase cen-
ter and the intersubunit region of 25S rRNA (Osborn et al. 2014, Plakos & DeRose 2017), as
well as the mRINA channel of 18S rRNA (Hostetter et al. 2012). Similarly, in prokaryotic ribo-
somes, cisplatin targets the mRINA channel, subunit interface, and GTPase center of 23S rRNA
(Melnikov et al. 2016, Rijal & Chow 2009). Finally, cisplatin accumulates at helix 69 of 23S rRNA
in bacteria (Dedduwa-Mudalige & Chow 2015) and functions by inhibiting ribosome recycling
(Borovinskaya et al. 2007). What happens to these platinated ribosomes remains unknown.

Ultraviolet Damage

Like oxidative stress, UV light can cause chemical modifications of RNA (Wurtmann & Wolin
2009). Interestingly, UV-induced lesions of mouse 28S rRINA were observed in a site-specific and
dose-dependent manner (Iordanov et al. 1998). Because the ribosome active site was particularly
affected, its translation activity was decreased (Iordanov et al. 1998).

UV damage also leads to ribosome collisions, but whether these arise solely from damage to
the mRNA and/or the ribosome itself remains to be determined (Stoneley et al. 2022, Wu et al.
2020). Notably, it appears that collided complexes both sensitive and resistant to resolution by
Asc-1/Rqt are formed (Stoneley et al. 2022), consistent with a model in which some collisions
arise due to mRINA damage, which should allow them to be resolved by Asc-1/Rqt, while others
may represent damaged ribosomes, whose collided complexes do not respond to Rqt (Parker et al.
2024).

Finally, UV stress can lead to RNA-RNA or RNA-protein cross-linking (Wurtmann & Wolin
2009). uS11, ul23, eL.29, and eL32 cross-linked to RNA in UV-exposed plants (Casati &
Walbot 2004), and a subset of RPs (eS1, eS6, ulL18, and el.6) were cross-linked to mRINA af-
ter UV treatment in rat liver polysomes (Takahashi & Ogata 1981). These results suggest that
RP-mRNA cross-linking could arise during translation under UV stress, which may trigger ribo-
some stalling and the subsequent degradation of these ribosomes. Importantly, this does not seem
to account for the Asc-1/Rqt-resistant collided disomes (Stoneley et al. 2022).

Other Types of Ribosome Damage

While ribosomes are targets of various posttranslational modifications (including ubiquitylation,
phosphorylation, acetylation, and methylation), the functional effects of these modifications re-
main mostly unclear (Lee et al. 2002, Nesterchuk et al. 2011, Odintsova et al. 2003, Yu et al. 2005).
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While many efforts are focused on identifying these modifications as causes of functional ribo-
some heterogeneity (Gay et al. 2022), it appears likely that in many, perhaps most, cases, these
modifications are nonspecific and simply reflect the extreme cellular abundance of ribosomes. In
addition, modifications that disrupt ribosome function and consequentially cause disease (Simsek
& Barna 2017) should be considered ribosome damage.

While whether and which posttranslational modifications cause ribosome damage require clar-
ification, Young et al. (2012) observed the methylation of one of the zinc-binding cysteine residues
in €527, a zinc-finger protein. Because cysteine methylases have not been discovered, the authors
suggested that this modification occurs in a nonenzymatic but zinc-dependent manner, as in the
case of the E. coli Ada protein (He et al. 2005). Cysteine methylation in 527 may lead to the release
of its bound zinc, as we have shown for the oxidation of analogous cysteines in ¢S26 (Yang et al.
2023). While the structural disorder caused by zinc release recruits Tsr2 for the release of eS26
from ribosomes (see below), a personalized chaperone for €527 has not (yet) been identified. Nev-
ertheless, cysteine demethylase activity has not been described, suggesting that this lesion must
be managed by degradation.

CONSEQUENCES OF RIBOSOME DAMAGE
Ribosome Degradation

Above we describe observations demonstrating that ribosomes are exceptionally long-lived. This
long life should allow for ample opportunity to incur damage to both the rRNA and RPs, and, as
we also describe above, there is substantial evidence for such damage. These observations lead to
the question of how cells deal with damaged ribosomes. While no response might be required for a
subset of the damaged sites, because they do not alter the structure of the function of the molecule,
consideration of their location or data in the literature support the functional impairment of the
ribosome arising from many of the documented damages, as discussed above.

Data in the literature indicate that nonfunctional 18S and 25S rRINAs are rapidly degraded
(Cole et al. 2009, LaRiviere et al. 2006), providing for a paradigm where nonfunctional ribosomes
are selectively removed from cells. It is believed that these genetically encoded, nonfunctional
ribosomes are stalled at the start codon (Garshott et al. 2021, Sugiyama et al. 2019), because they
either cannot load an incoming amino acid or catalyze the addition of that second amino acid to
the starting methionine. However, if damage is incurred during an ongoing round of translation,
then these ribosomes might slow down or even stall inside the open reading frame of the mRNA.
This would lead to collisions with the subsequent ribosomes (Simms et al. 2017). Indeed, we have
shown that genetically encoded, partially functional ribosomes (which can translate but move more
slowly) invite collisions with fully functional ribosomes and are then degraded (Parker etal. 2024).
This depends on the presence of functional ribosomes. Thus, one way in which damage might be
recognized is via collisions, mirroring the way that ribosomes detect damage in mRNAs (D’Orazio
& Green 2021, Yan & Zaher 2019, Yan et al. 2019). A potential downside of this mechanism would
be that extensive damage could thereby significantly lower ribosome numbers, with effects on
protein homeostasis and cell growth (Ivanov et al. 2022, Mills & Green 2017).

Ribosomes Can Be Repaired

Given the impressive stability of ribosomes, the large amount of cellular resources that are re-
quired to assemble ribosomes, and the extensive oxidative damage to RPs, the repair of damaged
ribosomes might be an alternative to their degradation that enables the maintenance of ribo-
some numbers and preserves the energetic investment that went into ribosome assembly, while
safeguarding ribosome integrity.
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Figure 2

Model for ribosome repair. Oxidative stress preferentially damages eS26/Rps26 and uL.16/Rpl10 in yeast.
Ribosomes containing the damaged proteins are removed from the polysomes and converted into idle 80S
complexes, from which Tsr2 and Sqtl release eS26/Rps26 and uL16/Rpl10, respectively. Newly made
€S26/Rps26 and uLL16/Rpl10 are then incorporated into these ribosomes to repair the lesion and allow for
the resumption of translation by these subunits. Figure adapted with permission from Yang et al. (2023).

Utilizing a probe that enables the labeling of oxidized cysteines in live cells, we showed that
€526 (Rps26) and ul.16 (Rpl10) are preferentially oxidized and that this impairs their function.
To mitigate the harm from dysfunctional ribosomes, the damaged proteins are then selectively
released from ribosomes via their chaperones Tsr2 and Sqtl, respectively, to allow for their rela-
tively rapid turnover. The eS26- or uL16-deficient ribosomes are then repaired with newly made
RPs. Our data indicate that these processes occur within idle 80S ribosomes (Figure 2) (Yang
et al. 2023). Together, these data reveal for the first time that ribosomes are extensively and
site-specifically damaged via cysteine oxidation and that this damage can be repaired, conserv-
ing ribosome numbers and cellular resources. Thus, the novel repair mechanism is akin to the
repair of damaged photosystem complexes by the replacement of individual subunits (Tikkanen
etal. 2014).

We speculate that the evolution of this repair machinery was necessary because oxidative stress
also damages mRNA, which is detected in a translation-dependent manner (Simms et al. 2014, Yan
et al. 2019). If damaged ribosomes were degraded, it would reduce ribosome numbers enough to
potentially impair the clearance of damaged mRNAs, which is concentration dependent (Simms
etal. 2017).

Other Examples of Chaperone-Mediated Ribosomal Protein Repair?

While we have observed the chaperone-dependent release of €S26, uL16 (Rpl10) (Yang et al.
2023), and ul14 (Rpl23) (Y.-M. Yang & K. Karbstein, unpublished observations) under oxidative
stress, no release by their personalized chaperones was observed for uS5 (Rps2), uS3 (Rps3), or
el43 (Rpl43) (Y.-M. Yang & K. Karbstein, unpublished observations). Interestingly, while this
finding aligns with the resistance of these RPs to oxidation in yeast (Topf et al. 2018, Yang et al.
2023), the fact that these RPs were sensitive to oxidation in other species suggests the possibility
that the chaperone-dependent repair of these RPs may exist in other eukaryotic systems, or may
occur after distinct physiological forms of damage.

While these are the only confirmed cases of ribosome repair, data in the literature suggest
several other instances of repair. First, two independent mass spectrometry—based studies observed
some locally translated RPs to be incorporated into ribosomes in the dendrites of neuronal cells
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(Fusco et al. 2021, Shigeoka et al. 2019). Moreover, using mass spectrometry, Fusco et al. (2021)
showed that some newly made RPs appear in assembled ribosomes faster than the rest, indicating
incorporation into premade, assembled ribosomes under oxidative stress [eS30 (Rps30), RACKI,
ulL.10 (P0), Rplp2, and ul16] (Table 3). While it is difficult to entirely rule out artifacts from
pools of free RPs and differences in turnover rates in such studies, the subset of exchangeable RPs
includes €526 (Rps26) and ul.16 (Rpl10), which are repaired in yeast (Yang et al. 2023), as well as
other RPs with (suggested) personalized chaperones, including uL.3 (Rpl3), uS11 (Rps14), uS19
(Rps15), and uL.2 (Rpl2). While this finding suggests that ribosome repair may occur in neuronal
cells, whether such repair requires chaperones and whether chaperones are also locally translated
or axonally transported (Maday et al. 2014) need to be confirmed.

In addition, Leesch et al. (2023) observed the chaperone Nap1l4a (possible chaperone for eS6,
ul.2, eL.39, and eL.42) (Table 1) bound to ribosomes, and this binding decreased during fertil-
ization. This observation is consistent with a model whereby these chaperones detect damage in
their client RPs and repair the damaged ribosomes after fertilization, when new RPs are trans-
lated. More interestingly, a subset of RPs showed significantly altered levels during fertilization.
These RPs include eS17, uS19, eS26, eS27, eS30, eS31, ulL11, el.28, el.29, el.37, .40, P1, and
P2. While many of these overlap with oxidized RPs, they also include five zinc-containing RPs
(Table 2), again indicating repair of these proteins after fertilization.

The Repair Machinery Can Be Used for Ribosome Remodeling

As described above, we hypothesize that the requirement for ribosome repair might have driven
the evolution of at least a subset of RP chaperones, which can both extract and deliver RPs. How-
ever, there is also evidence that these abilities might be utilized under different cellular stress
conditions to rapidly and reversibly remodel ribosomes (Yang & Karbstein 2022).

It has been suggested that different ribosome populations might exist within cells to
preferentially translate different subsets of mRINAs (reviewed in Ferretti & Karbstein 2019,

Table 3 Ribosomal proteins with evidence for exchange

Virus

Ribosomal protein Exchange Cysteine oxidation® homolog Chaperone
40S proteins

eS1 (Rpsl) Eukaryotes Eukaryotes
uS2 (Rps0) Bacteria Bacteria, eukaryotes
uS3 (Rps3) Eukaryotes Eukaryotes Eukaryotes
eS4 (Rps4) Eukaryotes ND
uS5 (Rps2) Bacteria FEukaryotes Eukaryotes
eS7 (Rps7) Eukaryotes ND
uS8 (Rps22) Eukaryotes Eukaryotes

eS10 (Rps10) Eukaryotes ND
uS11 (Rps14) Eukaryotes Eukaryotes EukaryotesP
eS19 (Rps19) Eukaryotes Eukaryotes

bS20 Bacteria ND Bacteria

bS21 Bacteria Bacteria Bacteria

eS26 (Rps26) Eukaryotes FEukaryotes Eukaryotes
eS30 (Rps30) Eukaryotes (Eukaryotes)

RACK1 (Ascl) Eukaryotes (Eukaryotes)

(Continued)
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Table 3 (Continued)

Virus
Ribosomal protein Exchange Cysteine oxidation® homolog Chaperone
60S proteins
ulLl (Rpll) Bacteria, eukaryotes Eukaryotes
ul.2 (Rpl2) FEukaryotes Eukaryotes Bacteria Eukaryotes®
ul3 (Rpl3) Eukaryotes Eukaryotes Eukaryotes
ul5 (Rpl11) Bacteria Eukaryotes Eukaryotes
bL9 Bacteria ND
ulL10 (Rpp0) Bacteria, eukaryotes Eukaryotes Bacteria
ulL11 (Rpl12) Eukaryotes Eukaryotes Bacteria
eL13 (Rpl13) FEukaryotes Eukaryotes
ulL14 (Rpl23) Eukaryotes® Bacteria, eukaryotes Eukaryotes
ulL16 (Rpl10) Eukaryotes Eukaryotes Eukaryotes
eL21 (Rpl21) Eukaryotes Eukaryotes
el.22 (Rpl22) Eukaryotes ND
el.24 (Rpl24) FEukaryotes Eukaryotes
eL.27(Rpl27) Eukaryotes ND
ul.29 (Rpl35) Eukaryotes ND
ul.30 (Rpl7) Bacteria, eukaryotes ND
bL31 Bacteria Bacteria Bacteria
eL31 (Rpl31) Eukaryotes ND
bL33 Bacteria ND Bacteria
eL34 (Rpl34) Eukaryotes Eukaryotes
bL36 Bacteria ND Bacteria
eL.36 (Rpl36) FEukaryotes Eukaryotes
eL38 (Rpl38) Eukaryotes Eukaryotes
el42 (Rpl42) FEukaryotes ND Eukaryotes
Rppl Eukaryotes Eukaryotes
Rpp2 Eukaryotes (Eukaryotes)

Abbreviation: ND, not determined.

*Parentheses indicate that increased exchange under conditions of oxidative stress has been observed but cysteine oxidation
has not been confirmed.

bPossible personalized chaperones.

“Data from Y.-M. Yang & K. Karbstein (unpublished observations).

Gay et al. 2022, Genuth & Barna 2018, Xue & Barna 2012). While this is an intriguing proposal,
there remain limited data for such distinct subsets of ribosomes with distinct functionalities
(Ferrett et al. 2017, Shi et al. 2017, Thompson et al. 2016, Werner et al. 2015), and several
major conceptual obstacles have been raised (Barna et al. 2022, Ferretti & Karbstein 2019).
These include the stability of ribosomes, which slows the turnover of ribosome populations and
is exacerbated under stress conditions. Additionally, stress conditions impair ribosome turnover,
as they generally block ribosome assembly to make altered ribosomes, as well as cell division,
which dilutes ribosomes. Moreover, the observation that ribosome assembly is carefully quality
controlled to ensure that only fully assembled ribosomes enter the translating pool (Blomqvist
et al. 2023, Ghalei et al. 2017, Huang et al. 2020, Parker et al. 2019), as well as the finding that
ribosome misassembly is generally pathogenic (reviewed in Parker & Karbstein 2023), argues
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Figure 3

Chaperone-dependent ribosome remodeling. () Tsr2-dependent release of €S26/Rps26 under high-salt
conditions or pH stress produces eS26-deficient ribosomes (Yang & Karbstein 2022), which have altered
mRNA selectivity (Ferretti et al. 2017) and support the translation of mRNAs encoding for proteins involved
in the response to high salt/pH stress. (5) Oxidation of the zinc-finger cysteines in eS26/Rps26 leads to zinc
release and partial protein unfolding, thus weakening its binding to ribosomes and enabling its release by
Tsr2 (Yang et al. 2023). (¢) Portion of the structure of eS26/Rps26 within ribosomes (PDB ID 4V88),
showing the Zn>* and Mg?™* ions that support the folding and binding of €526/Rps26, respectively.

(d) Model for the Na™-dependent release of e526/Rps26. Mg?* binding to Asp33 is required for eS26
binding (Schutz et al. 2014). Na* competes for this Mg?* ion (Yang & Karbstein 2022), weakening
€S26/Rps26 binding to ribosomes while strengthening binding to Tsr2 (Schutz et al. 2018) and thus enabling
the Tsr2-mediated release of €S26/Rps26 under high-salt conditions. Abbreviations: PDB, Protein Data
Bank; rRNA, ribosomal RNA.

against widespread ribosome heterogeneity. Finally, the finding that ribosomes with different
elongation speeds are removed via collisions (Parker et al. 2024) suggests limits to heterogeneity.
Remodeling of preexisting ribosomes would address these conceptual flaws, as it could be
potentially rapid, conservative in terms of ribosome numbers, and regulated, thereby avoiding
pathogenic effects. Indeed, we have shown that under conditions of high salt or high pH stress,
Tsr2, the chaperone for eS26 (Rps26), which is required for the repair of damaged ribosomes,
also extracts eS26/Rps26 from mature, undamaged ribosomes to generate eS26/Rps26-deficient
ribosomes (Yang & Karbstein 2022) (Figure 34). Because eS26 (Rps26) directly interacts with the
mRNA upstream of the start codon, in a region that forms part of the Kozak sequence (Hussain
et al. 2014), the eS26-deficient ribosomes are blinded from some of the information contained
in the Kozak sequence and enrich and translate a different subset of mRNAs relative to the
eS26-containing ribosomes (Ferretti et al. 2017). Importantly, mRNAs enriched in eS26-deficient
ribosomes encode proteins required for the cellular response to high salt and high pH, and their
translation by eS26-deficient ribosomes promotes resistance to these stresses.

How Are Extraction and Incorporation Regulated and Balanced?

If chaperones can both extract and incorporate RPs into ribosomes, then how is this reversible
reaction sometimes driven toward incorporation and sometimes toward extraction? Our data
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strongly suggest that the relative affinity of ribosomes and chaperones for the RP dictates the
directionality of this process (Figure 35—d). On the one hand, the data indicate that eS26 (Rps26)
oxidation leads to the release of a Zn?* ion, which is bound to the four cysteines in €S26 (Yang
etal. 2023) (Figure 3b). This is expected to lead to unfolding of the zinc-finger domain stabilized
by this Zn** ion and would render the protein dysfunctional. Because the zinc-finger domain is
at the interface between €526 (Rps26) and rRNA (Figure 3¢), the expectation would be that the
zincless protein would bind ribosomes weakly. Indeed, we have shown that zincless €S26 (Rps26)
cannot be incorporated into ribosomes (Yang et al. 2023). Moreover, while both Na* and K*
can promote €526 release from ribosomes in vitro, much lower concentrations of Na* than K*
are required, indicating that this is not a general electrostatic effect but rather reflects the spe-
cific binding of a monovalent cation. In addition, increasing the Mg?* concentration protects
against the Na™- or K*-dependent eS26 (Rps26) release (Yang & Karbstein 2022), indicating that
the monovalent cations compete with an Mg?* ion that is crucial for eS26 binding (Figure 34).
Indeed, the crystal structure of 40S ribosomes shows an Mg?* ion bridging the interaction be-
tween eS26 and rRNA (Ben-Shem et al. 2011) (Figure 3¢). Mutating the eS26-derived ligand for
this Mg?* ion, Asp33 essentially abolishes €S26 binding to ribosomes (Schutz et al. 2014, Yang
& Karbstein 2022), demonstrating the importance of the Mg?* ion for €526 (Rps26) binding.
Finally, biophysical experiments also indicate that high Na*t concentrations strengthen the Tsr2-
€526 interaction (Schutz et al. 2018), which might further enable ¢S26 (Rps26) binding to Tsr2
rather than ribosomes. Taken together, these data support a model where high concentrations
of Na* (or even higher concentrations of K*) evict a structural Mg?* ion, which is required for
€526 (Rps26) binding, thus weakening eS26 (Rps26) binding to ribosomes while strengthening its
interaction with Tsr2 and ultimately allowing for its extraction by Tsr2.

Interestingly, in bacterial ribosomes, differences in rRNA folding at the binding sites of uL1
and uLL11 have been observed, which are caused by the availability of Mg?* or Fe** (Bray et al.
2018). We speculate that these RPs, which are known to exchange both in and out of ribosomes
(see the next section), may be extracted in a metal ion—dependent mechanism.

Additional Evidence of Ribosomal Protein Exchange

The exchange of individual RPs out of ribosomes has been observed in several species. For in-
stance, ribosomes from bacteria in the stationary phase contain bL31B and bL36B instead of
bL31A and bL36A, respectively (Lilleorg et al. 2019) (Table 3). While it has not been shown that
the difference involved the exchange of the bL.31 and bL.36 proteins rather than the replacement
of bLL31A/bL36A ribosomes, bL31A can be exchanged for bL31B at low pH in vitro. Similarly,
pulse-chase experiments with radioactively labeled proteins show the binding of labeled bL31,
ulL1 (Rpll), uL5 (Rpl11),ul10 (Rpp0), ul.11 (Rpl12), ul.30 (Rpl7), uS2 (Rps0), and uS5 (Rps2) as
well as bL9, bLL33, and bS21 into ribosomes under conditions where ribosome assembly is not de-
tectable (Pulk et al. 2010, Robertson et al. 1977, Subramanian & van Duin 1977). Consistently, in
pulse-chase mass spectrometry experiments, N°-labeled bS20, bS21, and bL33 are also detected
in ribosomes faster than expected if these ribosomes were produced by de novo ribosome assembly,
suggesting that they exchange into preexisting ribosomes and not newly made ribosomes (Chen
et al. 2012). While it may be unlikely that all of these proteins are exchangeable, we note that for
three of them, bS21,bL31, and bL33, multiple independent studies provide evidence for exchange
as described above, bolstering this evidence (Table 3). Nonetheless, evidence for the extraction of
these RPs, as opposed to spontaneous dissociation and equilibration, has not yet been provided.
Interestingly, some viruses encode their own RP paralogs (e.g., bS6, uS9, uS15, bS20, bS21,
ul.2,ul.10,ul.11,bL12,bL19,bL31,bL33) in their limited genomes, suggesting another subset of
exchangeable RPs (Mizuno et al. 2019). Six of these putative viral RP paralogs (bS20, bS21,uL.10,
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ul11, bL31, and bL33) are likely exchangeable. Notably, bS21 and bL31 are observed oxidized
and exchangeable and have virus-encoded paralogs, making them strong candidates for ribosome
remodeling or repair in prokaryotes.

Finally, a study in yeast that combined cryo-electron microscopy and mass spectrometry to
investigate ribosome composition after the switch of the carbon source from glucose to glycerol
found increased levels of ribosomes lacking ul.16, eS1,uS11, and eS26 (Sun etal. 2021) (Table 3).
ul16 and eS26 are released by their chaperones for repair (Yang et al. 2023) or remodeling (Yang
& Karbstein 2022), and eS1 and uS11 bind directly to eS26. Whether these ribosomes are being
repaired due to increased oxidative stress after a carbon shift or remodeled to produce alternate
ribosomes, or even degradation intermediates, remains unknown.

In mammalian cells, it has been demonstrated that ul.29 (Rpl35), Rpp2, Rps7, and Rps10 as well
asulL16 (Rpl10), Rpl24, eL.34 (Rpl34), RpI36A (Rpl42), and Rpl38 turn over faster than the other
RPs (An etal. 2020, Mathis et al. 2017), indicating that they could be exchanged and then degraded
from a free pool. Additionally, several studies have shown that mRNAs in localized dendrites,
whose local translation is important for neuronal function, include those encoding RPs (reviewed
in Holt et al. 2019). Moreover, locally translated RPs were detected with preexisting ribosomes
(Fusco etal. 2021, Shigeoka et al. 2019). Altogether, the data from bacteria and eukaryotes suggest
that the exchange of RPs between a free and a ribosome-bound pool appears possible for a sizable
subset of these proteins (Table 3).

SUMMARY AND FUTURE OUTLOOK

The importance of ribosomes for protein homeostasis necessitates mechanisms to ensure the
structural and functional integrity of ribosomes. These include quality control mechanisms during
assembly to ensure that only correctly assembled and fully functional ribosomes enter the trans-
lating pool (Parker & Karbstein 2023), as well as quality control mechanisms after assembly and
during their functional cycle that detect defective or damaged ribosomes and either degrade them
(Parker et al. 2024) or repair their damage (Yang et al. 2023). While these mechanisms have so
far been documented only in yeast and in limited cases, the data reviewed here suggest that these
mechanisms may be conserved and that different forms of physiological ribosome damage might
be repaired in other instances. Future research will be required to better characterize the sites of
damage and identify repair machineries, as well as mechanisms. Moreover, while the long lifetime
of ribosomes might necessitate repair mechanisms, the finding that in one case the repair ma-
chinery can also be utilized to remodel ribosomes raises the tantalizing possibility that this might
occur for other RPs as well.
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