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Fix it, don’t trash it: Ribosome maintenance by chaperone-
mediated repair of damaged subunits

Silvan Spiril:2, Gloria Ann Brarl:2*
1Department of Molecular and Cell Biology, University of California, Berkeley, Berkeley, CA,
94720, USA

2California Institute for Quantitative Biosciences (QB3), University of California, Berkeley, CA,
94720, USA

Summary:

Acute stressors or normal cellular function may result in ribosomal protein damage, which
threatens the functional ribosome pool and translation. In this issue, Yang et al.1 show that
chaperones can extract damaged ribosomal proteins and replace them with newly synthesized
versions to repair mature ribosomes.

Cellular components are exposed to many detrimental exogenous and endogenous
conditions, leading to inevitable damage over time. Efficient strategies must counteract the
deterioration of key components, including protein complexes and nucleic acids, to maintain
cellular fitness. While DNA repair mechanisms are known and necessary, whether protein
complexes can be repaired - as opposed to being degraded and resynthesized - has been
unclear. In a recent study, Yang et al.} elucidate how the ribosome can be repaired to

regain functionality after partial oxidative damage through replacement of impaired protein
components.

Ribosomes, the conserved cellular machines that control protein synthesis, are large protein-
RNA complexes, containing ~80 different ribosomal proteins (RP).2 Ribosome assembly is
a highly regulated process that is enabled by ribosome-associated chaperones, which bind
the aggregation-prone free RPs until they are integrated into the maturing ribosome.*5 A
subset of RPs have dedicated chaperones, including Tsr2 for Rps26, a 40S subunit protein.?
In yeast cells exposed to high salt or low pH conditions, Tsr2 reversibly releases Rps26 from
ribosomes, generating Rps26-lacking ribosomes with transcript preferences distinct from
Rps26-containing ribosomes to counteract these adverse conditions.8” Intriguingly, RPs in
general, and the cysteines in Rps26 specifically, are preferentially oxidized in yeast and
Drosophila cells in response to conditions that increase oxidative damage®-°. The fate of
these damaged ribosomes is the focus of Yang et al.l.

"Correspondence: gabrar@berkeley.edu.

Declaration of interests:
The authors declare no competing interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spiri and Brar

Page 2

Cells must tightly control the ribosomal lifecycle, as even modest changes in number of
ribosomes can lead to cellular growth defects and mMRNA-specific translational changes.®
Roughly half of all transcriptional and translational capacity is dedicated to ribosome
synthesis and assembly, and once made, ribosomes are highly stable.2 So how do cells deal
with oxidatively damaged ribosomes? At least three non-mutually exclusive possibilities
exist. One strategy could be to cleanse the ribosome pool of damage through replacement of
entire complexes. However, this would be energy-intensive, and since oxidative stress causes
downregulation of overall translation,® may also be slow and inefficient. Alternatively, cells
could retain damaged ribosomes and rectify downstream consequences through quality
control pathways that sense stalling or collisions during translation. A third possibility is
that damaged ribosomes are repaired by extracting and replacing the specific damaged
components (Figure 1). From a cellular efficiency and integrity perspective, this third model
is most attractive. However, it has not been directly observed until now.

Using a cell-permeable probe to detect cysteinyl oxidation, followed by purification of
oxidized ribosomes and mass spectrometry, Yang et al.} showed that Rps26 is prone to
oxidation /in vivo, even in the absence of the oxidative stressor H,O,. Furthermore, purified
Tsr2 can specifically release oxidized Rps26 from ribosomes /n vitro. This role depends

on Tsr2’s ability to bind both Rps26 and the 40S subunit, demonstrating that Tsr2 actively
extracts Rps26,y rather than just “catching” released Rps26. /n vivo experiments, in which
oxidative stress was coordinated with a switch to tagged Rps26, showed that Rps26, release
is followed by Tsr2-dependent incorporation of newly synthesized Rps26 into pre-existing
ribosomes. Notably, since this process also occurs in unstressed cells, although to a much
lesser extent, Tsr2-mediated replacement of damaged Rps26 acts in ribosome maintenance
even in the absence of acute stress.

How does Tsr2 remove Rps26,,? Yang et al.1 showed that oxidative damage led to release
of a Zn2* ion that is important for Rps26 structure. This Zn2* is normally chelated by four
cysteines in Rps26, two of which were identified as sites of oxidation. Cys23 and Cys74, are
essential for viability and /n vitro incorporation into the ribosome. Purified Rps26 mutated
for either residue was Zn2*-free, suggesting that binding of Zn2* to Rps26 is essential for

its function. Because Tsr2 selectively releases Rps26 from ribosomes when its binding is
weakened by Mg?* ion loss at an rRNA interface’, the authors hypothesize that Rps26,y is
recognized and released in a similar way. Lack of Rps26 exchange, due to specific mutations
in Tsr2, caused poor resistance to oxidative stress even in the presence of excess Rps26, and
reduced growth even in the absence of H,0, treatment, arguing that this repair mechanism is
important for cellular fitness.

This type of repair is not unique to Rps26. Rpl10 is a preferentially oxidized 60S
component that Yang et al.1 showed was similarly replaced in response to oxidative
damage. When Rpl10 is oxidized, its dedicated chaperone Sqt1 is recruited to ribosomes
where it removes Rpl10,, from 60s subunits. Sqt1 mutants deficient in Rpl10 release are
sensitive to oxidative stress. Since both Tsr2 and Sqtl are highly conserved and Rps26

and Rpl10 undergo oxidation in other organisms, this mechanism may be general to
eukaryotes. While the possibility of ribosomal repair has been suggested previously in
studies investigating remodeling of ribosomes in vertebrate neurons, these studies could not
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rule out late association of subunits with immature ribosomes rather than their removal and
replacement.19.11 Here, Yang et al.! provide molecular evidence that ribosome repair occurs,
and put forth a potential general mechanism to protect the critical integrity of the ribosome
pool by replacing damaged parts of the ribosome with dedicated chaperones.

Tsr2 and Sqtl, like all dedicated RP chaperones described to date, function in ribosome
biogenesis, often within the nucleus (as in the case of Tsr2). Some of the others may

also serve to repair ribosomes. Moreover, ribosome repair would be expected to occur in

the cytoplasm, and as is not necessary for chaperones involved in ribosome repair to also
contribute to ribosome biogenesis, there may be RP chaperones that repair ribosomes but
have not yet been identified for an RP-related role. More widespread use of ribosome repait,
beyond Rps26 and Rpl10, and beyond oxidative damage, warrants further study. It will also
be interesting to investigate the fate of damaged proteins downstream of extraction from the
ribosome. This might reveal an active pathway with additional regulatory factors or a passive
model whereby damaged ribosomal protein interactions with their chaperone are unstable or
outcompeted by newly synthesized protein.

Compared to the complete ribosome degradation upon damage, the repair mechanism
demonstrated here presents a cost-efficient, fast, and flexible way for cells to respond to

a variety of challenging endogenous and exogenous conditions (Figure 1). The modularity
of the ribosome, which is composed of many very small proteins, seems particularly well-
suited to such a strategy, and indeed could represent an advantage of this evolutionarily
conserved structure.
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Figure 1. Possible strategiesto counter act damage to the ribosome complex.
1. degradation of the complete complex; 2. oxidized Rps26 and Rpl10 are extracted from

ribosomes and replaced, by chaperones Tsr2 and Sqtl respectively, to restore ribosome
integrity; 3. damage remains and other quality control pathways handle defective translation.
These strategies are not mutually exclusive; the first and third occur in some instances. Yang
et al.1 show for the first time that the second strategy happens and is important.
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