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Abstract

YbeY is an ultraconserved small protein belonging to the unique heritage shared by most
existing bacteria and eukaryotic organelles of bacterial origin, mitochondria and chloroplasts.
Studied in more than a dozen of evolutionarily distant species, YbeY is invariably critical for
cellular physiology. However, the exact mechanisms by which it exerts such penetrating
influence are not completely understood. In this review, we attempt a transversal analysis of
the current knowledge about YbeY, based on genetic, structural, and biochemical data from a
wide variety of models. We propose that YbeY, in association with the ribosomal protein uS11
and the assembly GTPase Era, plays a critical role in the biogenesis of the small ribosomal
subunit, and more specifically its platform region, in diverse genetic systems of bacterial type.



Introduction

Some proteins evolve fast and look like ad hoc inventions with narrow, specialised roles, often
restricted to a few related species. Others traverse myriads of generations and transcend deepest
phylogenetic boundaries barely changing; they usually perform vital functions and constitute

the legacy defining entire life forms [1]. The latter is the case for YbeY.

YbeY is found in nearly all bacteria and most eukaryotes, but not in archaea (Fig. 1). The two
studied eukaryotic homologues — from Arabidopsis thaliana and human — localise in
chloroplasts and mitochondria, respectively [2-4]. Additionally, the YbeY proteins of
Plasmodium falciparum (Apixomplexa) and Trypanosoma brucei (Discoba) reside in the
apicoplast and the kinetoplast, correspondingly [5, 6], supporting the notion that members of
this protein family operate in bacterial-type genetic systems and have been carried over into

the eukaryotic kingdom along with the ancestors of the modern plastids and mitochondria.

All studied YbeY homologues are critically important for cell physiology. Their loss may be
lethal, as in Haemophilus influenzae or Bacillus subtilis [7-9], or result in pleiotropic
phenotypes hardly compatible with survival in the wild (Table 1). YbeY appears to be of vital
importance in Eukarya, too. Its loss in Arabidopsis is seedling-lethal due to the lack of
photosynthesis [2]. It is also essential in Plasmodium [10]. In human, YBEY knockout severely
impairs mitochondrial respiration [3, 4]; elevated YBEY expression has been associated with
breast cancer, whereas a loss-of-function variant is a candidate driver of Lynch syndrome [11-
13].

Surprisingly, after nearly two decades of research, our understanding of how YbeY works, why
it is so important for bacteria and the derived eukaryotic organelles remains rather limited.
Current evidence implicates YbeY in key gene expression processes, such as ribosome
biogenesis, quality control and turnover, RNA processing, and posttranscriptional regulation.
At the molecular level, structural and biochemical evidence strongly points at YbeY being an
enzyme. However, existing assays struggle to bridge its in vitro activities with the observed

phenotypes, making elaboration of detailed mechanistic models exceedingly difficult.

Here we attempt to provide a unifying view of YbeY biology based on available data from
multiple species separated by billions of years of evolution (Fig. 1). We discuss the possible
‘aetiology’ of striking molecular deregulations caused by YbeY deficiency (Table 1). In quest
for the genuine function of this protein, we dissect its structure, known activities and molecular

partners and reflect on plausible molecular mechanisms of YbeY action.



Molecular phenotypes of YbeY deficiency: defective ribosomes with far-reaching

consequences

Due to the pleiotropy of phenotypes associated with YbeY loss (Table 1), this protein is
sometimes called a multifunctional regulator. However, careful examination of their molecular
underpinnings suggests that most of these phenotypes may stem from a unique, recurrently
observed molecular cause, i.e., a critical biogenesis defect affecting the small ribosomal subunit
(SSU) (Fig. 2).

Early studies demonstrated that ribosomes of E. coli AybeY strains are much less translationally
active than their wild-type counterparts, and this handicap is specifically on the SSU side [14].
Indeed, one striking feature that accompanies YbeY loss in bacteria and chloroplasts is
inefficient 16S rRNA processing, especially on the 3’-terminus [2, 9, 15-19]. This means that
either the 3’-cleavage event itself or some critical upstream SSU biogenesis step cannot be
properly completed in the absence of YbeY. The latter scenario is observed in its pure form in
the human mitochondria. In this case, mitochondrial rRNA processing, ensured by two co-
opted tRNA-processing enzymes (PRORP and ELAC2), occurs normally without YBEY.
Nevertheless, the SSU assembly is impaired, with several head and platform proteins depleted
or completely missing [3, 4, 20, 21].

In either case, the lack of YbeY specifically affects the SSU platform which harbours the 3°-
end of 16S rRNA. This announces two kinds of problems. First, the SSU becomes unstable and
undergoes rapid degradation [3, 4, 9, 16, 22]. For example, in bacteria like E. coli aberrant,
unspecific internal cleavages sever the 3’-minor domain of 16S rRNA [16, 23]. Second, the
platform plays an important role in the presentation of the anti-Shine-Dalgarno sequence and/or
the recruitment of initiation factors [24-28]. Problems at this level expectedly compromise
translation initiation, as observed in E. coli and mitochondria [3, 15]. As a result, YbeY
deficiency severely impairs protein synthesis, often presenting as the loss of 70S ribosomes
and polysomes and the accumulation of free subunits (Table 1). This likely explains the
recurrent growth phenotype (up to lethality) of AybeY strains and their characteristic sensitivity
to translational inhibitors (Fig. 2). Interestingly, in B. subtilis inactivating RNase R, that is
responsible for the degradation of defective ribosomes accumulating upon YbeY depletion,
rescues the essentiality of the ybeY gene in this bacterium: the double mutant grows poorly but

survives [9]. Therefore, in some cases the drastic ribosome biogenesis defect caused by YbeY



loss can be, albeit suboptimally, mitigated by readjusting other pathways controlling the

ribosome production or turnover.

Being a ‘red button’ of the cellular protein synthesis machinery, YbeY appears to ‘regulate’
the expression of hundreds of genes at both RNA and protein levels [19, 29-33]. This influence
occurs via both direct and indirect mechanisms (Fig. 2). Many proteins decrease their level in
AybeY backgrounds due to insufficient activity of defective ribosomes. Some transcripts also
get destabilised in response to low translation, which makes them vulnerable to RNase attack,

as it happens with type 3 secretion system-encoding mRNASs in enteropathogenic E. coli [34].

The majority of observed gene expression changes, however, appear to be indirect. Indeed,
while the interactions of YbeY with ribosomal components are extensively characterised across
various species (see below), there is little evidence of its direct association with protein-coding
or regulatory RNAs [33, 34]. Instead, a few studies exposed amazingly complex and
meandering regulatory cascades underlying some of AybeY phenotypes [19, 32, 35]. Pervasive
gene expression changes often arise when regulators, such as transcription factors or SRNAs,
get involved. This is exactly what has been observed in various bacterial ybeY mutants [29, 30,
32, 33, 36]. In Pseudomonas aeruginosa, YbeY loss curtails the production of the key o-factor
RpoS, which is responsible for the expression of virulence and stress response genes [19]. In
the same organism, a complex cascade involving the posttranscriptional regulators of the Rsm
system mediates the upregulation of the type 3 and the downregulation of the type 6 secretion
system upon ybeY deletion, resulting in high cytotoxicity and low biofilm formation [35]. Thus,
by affecting the levels of just a few positive and negative regulators, YbeY deficiency can lead

to impressive genome-wide gene expression changes and pleiotropic phenotypes (Fig. 2).

Besides this common ‘phenotypic core’, a few interesting species-specific alterations have
been reported (Table 1). In E. coli and chloroplasts, the large subunit (LSU) rRNAs also show
maturation defects [2, 15], whereas in C. glutamicum and the human mitochondria, the SRP
RNA and a tRNAS®", respectively, are significantly misprocessed in the absence of YbeY [4,
37]. Based on genetic and/or biochemical experiments, new roles for E. coli YbeY in rRNA
transcription antitermination [38] and the turnover of defective or damaged ribosomes [16, 17,
23, 39] have been proposed. While some of these phenotypes may be indirect, they again
contribute to the key theme of the AybeY-associated disorders — defective translation.
Understanding the fundamental molecular causes thereof requires detailed analysis of the

structure-function relationship and the molecular interactions involving YbeY.



YbeY structure and activities: a small, conserved yet elusive enzyme

Apart from relatively rare decorations (e.g., extensions and additional domains, like in A.
thaliana), the core YbeY domain is remarkably conserved both sequence- and structure-wise
(Fig. 3). Moreover, most YbeY orthologues appear to be genetically interchangeable, i.e., they
complement each other’s deletion [15, 17, 18, 40, 41], supporting a deeply conserved molecular
function transcending the specifics of individual biological contexts.

The YbeY fold consists of five a-helices arranged around a mixed four-strand 3-sheet (Figure
3B). The presumed active centre is formed by nearly invariant residues embedded in a2, 33,
a4 and the short a4-a5 loop. The latter two elements are of paramount importance because they
harbour the emblematic signature HGXLHLXGYDH, whose three histidines coordinate a Zn?*
ion [18, 42, 43]. This zinc is likely architecturally important, since H. influenzae YbeY, purified
in the presence of EDTA, showed an exploded fold with displaced a-helices (Fig. 3B), which
could be restored by addition of Zn?* [42].

First structural studies noted a striking similarity between YbeY and matrix metallopeptidases
(MMPs) of the met-zincin family [43, 44]. Not only do met-zincins feature a closely related
fold (Fig. 4), but they also possess a conspicuously similar consensus motif (HEXxHxxGxxH)
and a characteristic methionine residue (so-called ‘Met-turn’), which structurally supports the
Zn?*-coordinating histidines [45] and has its exact counterpart (M133) in the helix a5 of YbeY
(Fig. 3A and 5B).

More recently, YfcM/EpmC, an enzyme involved in post-translational modification of the
elongation factor P in E. coli, has been recognised as a structural homologue of YbeY (Fig. 4).
In its active centre, two histidines, forming a helix-embedded HExxH motif, together with a
more distant glutamate coordinate a cobalt ion, much in the same way as in YbeY and classical
MMPs [46]. Interestingly, the metal ions of MMPs and EpmC are directly involved in catalysis,
suggesting that YbeY is a Zn?*-dependent enzyme, too. However, because the critical
glutamate residue in the second position of the MMP consensus is replaced in YbeY by a

glycine, it is unlikely to participate in proteolytic reactions [44, 47].

Despite the kinship with enzymes involved in protein metabolism, YbeY, both in bacteria and
eukaryotes, was found to possesses endoribonuclease activity. This activity is relatively weak
(often requiring micromolar concentrations to observe cleavages), promiscuous, with a strong
preference for single-stranded RNA [2, 3, 16-19, 31, 33, 40, 41, 48]. Interestingly, while YbeY

does not cleave double-stranded transcripts, it can completely degrade complex RNA
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molecules, such as rRNAs, provided they have single-stranded ‘entry points’ [2, 3, 16, 18, 33,
40]. This property may rationalise the potential role of YbeY in ribosome quality control and
turnover [16, 23, 39].

The chemical nature of the RNase activity demonstrated by YbeY preparations raises some
questions. Zinc plays a critical role in this activity because its removal with EDTA or
replacement with a much less reactive Ni2* significantly inhibits cleavage [2, 16-18]. But unlike
classical Zn?*-dependent RNases (e.g., PRORP and other NYN-domain enzymes), YbeY
produces 5’-hydroxyl and 3’-phosphate groups, which is more characteristic of metal-
independent enzymes (e.g., RNase A) or of in-line cleavage catalysed by free divalent metals
[16, 49-52]. This suggests that YbeY may simply present the catalytic Zn?* in an orientation

compatible with in-line attack, without being directly involved in the reaction.

The biological significance of the RNase activity is not fully clear either. Analysis of point
mutations within the active centre of YbeY yielded discordant and sometimes surprising results
across species (Fig. 5). For instance, the three Zn?*-coordinating histidines are obviously not
equivalent: mutation of the first one, H114, appears to be loss-of-function in most species,
whereas the other two residues can be substituted without compromising the ability of the
protein to complement ybeY deletion [3, 9, 15, 19]. While mutating H114 kills the RNase
activity in the E. coli and P. aeruginosa enzymes [16, 19], an equivalent change in the human
homologue has only a minor effect [3]. The consequences of another frequently analysed
mutation, R59A, on the RNase activity and the functionality of YbeY in vivo are also highly
species-specific (Fig. 5). This conserved residue seems to be important in E. coli and P.

aeruginosa but not in B. subtilis or human [3, 9, 15, 16, 19].

These discrepancies likely stem from subtle variations in the structure and the stability of
different YbeY homologues, making them more or less tolerant to specific alterations. They
may also reflect differential requirement for interactions with functionally important partners,

whose complement varies between evolutionarily distant groups.
YbeY interactions: ribosomal leitmotiv with clade-specific variations

In line with the recurrent translational phenotypes, YbeY was found to interact with ribosomal
components in bacteria [33, 34, 53], chloroplasts [54], and mitochondria [3, 4], indicating that
this association is deeply conserved and mechanistically important. The privileged contact site
appears to be the protein uS11 residing in the SSU platform. The YbeY-uS11 interaction is

direct, strong and can occur outside the ribosomal context, as shown by B2H assays for the E.
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coli proteins and by reconstitution of a stable stoichiometric complex between their
mitochondrial orthologues [3, 53]. The YbeY-uS11 link is of paramount importance. In E. coli,
certain mutations in the B-sheet of YbeY (Fig. 5) abolish uS11 binding and induce phenotypes
similar to those of the AybeY strain (with the double R44D/D85R substitution behaving as a
complete loss-of-function) [53]. In human YBEY knockout cells, uS11m is strongly depleted
from the mitochondrial SSU and destabilised, suggesting that it cannot be properly assembled.
A few other SSU proteins, whose recruitment hierarchically depends on the presence of uS11m
(e.g., the platform proteins bS21m and mS37), follow suit. Importantly, uS11m knockdown
phenocopies YBEY deficiency, confirming an intimate mechanistic connection between the

two proteins [3].

While YbeY does not interact stably with mature ribosomes [3, 4, 14, 55-57], it seems to
recognise and transiently associate with certain SSU biogenesis intermediates [33, 54], most
prominently those containing the highly conserved assembly GTPase Era. YbeY and Era
interact closely in mitochondria and bacteria [3, 4, 53, 58], up to the point that the two proteins
may be fused in one polypeptide in certain Firmicutes and Acidobacteria. This interaction is
meaningful: Era associates with immature SSUs in the immediate vicinity of the platform and
plays a critical role in its shaping [59, 60]. Era depletion phenotypically resembles YbeY loss:
16S rRNA processing is impaired, 70S ribosomes fail to assemble, and translation stops [58,
60]. Additionally, the SSU platform gets disordered, uS11 fails to assume a fixed position while
bS21 is virtually absent, which resembles the outcome of YBEY knockout in mitochondria [3,
60]. The loss of its human orthologue ERALL also compromises the SSU stability and
mitochondrial translation, provoking the Perrault syndrome [62-64]. Importantly,
overexpression of Era in AybeY E. coli significantly improves the 16S rRNA processing and
the 70S ribosome assembly [22], further highlighting the tight mechanistic connection between

the two proteins.

The YbeY-uS11-Era trio seems to constitute a core functional unit conserved from bacteria to
eukaryotic organelles. By contrast, a few other YbeY partners are restricted to certain
phylogenetic groups [53]. For example, the putative ATPase YbeZ/PhoL, found in many
bacterial clades and often encoded in one operon with YbeY (Fig. 6), interacts with the latter
physically and shows similar phenotypes upon deletion [19, 35, 53, 65]. The functional
significance of this highly conserved association is currently unknown. In mitochondria, the
top-scoring and apparently obligate YBEY interactor is the highly conserved eukaryotic protein

p32. YBEY and p32 form a stable stoichiometric complex that can additionally recruit uS11m
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[3]. Like YBEY, p32 interacts with mitochondrial ribosomes and is essential for mitochondrial
translation and cellular respiration, although its molecular mechanism remains elusive [66-68].
Mutations in p32 result in severe mitochondrial diseases, whereas its upregulation is a hallmark
of aggressive cancers [69-74]. While its contribution to YBEY function is not entirely clear, it
seems to play an important structural role. Unlike bacterial YbeY homologues which are
mostly negatively charged, mitochondrial YBEY proteins are usually neutral and, therefore,
poorly soluble in isolation. Association with the highly negatively charged p32 endows human
YBEY with sufficient solubility and may facilitate its interactions with positively charged
ligands, such as uS11m [3].

The molecular mechanism of YbeY: learning from eukaryotes?

While the exact molecular mechanism of YbeY is a mystery, the mist surrounding it is getting
thinner. Based on interactomic and phenotypic data from phylogenetically diverse models, one
can now with reasonable confidence situate its intervention at some relatively advanced SSU
maturation stage taking place at the level of the platform. Late biogenesis events are
conceptually similar in different types of ribosomes, and we believe that comparison with the
better studied eukaryotic SSU assembly pathway may provide useful insights into the possible
roles of YbeY in the maturation of its bacterial-type counterpart (Fig. 7).

Consolidation of the platform in all organisms involves bringing together parts of the central
and 3’-minor (helix 45) domains [75-78]. In eukaryotes, this critical step consists of several
events (Fig. 7, upper side). The Eukarya/Archaea-specific ATPase Fap7 associates with uS11
and ensures its correct incorporation in the platform, probably with the help of the KH-domain
assembly factor Krrl, with which they form a stable ternary complex [79-82]. The universally
conserved rRNA methyltransferase Dim1 modifies two invariant adenines on the tip of h45
[83]. The tectonic movements shaping the platform involve a hierarchical action of two KH-
domain assembly factors interacting with uS11: the already mentioned Krrl and Pnol. The
latter, being associated with h45, displaces Krrl and takes its position next to uS11 [77, 78, 82,
84-87]. After these events, the endoribonuclease Nob1 processes the 3’-end of pre-18S rRNA
[88, 89], permitting the incorporation in the platform of the last r-protein eS26 [86, 90].

Bacterial-type SSU assembly, although less well understood, likely follows similar logic and
features related protein factors (Fig. 7, lower side). The methyltransferase KsgA/RsmA
(TFB1M in mitochondria) modifies the same conserved adenines in h45 [91, 92]. Two KH-

domain assembly factors are involved in the platform maturation: the already mentioned early-



binding GTPase Era and the late factor RbfA, which seem to interact with the SSU near the 3°-
end of 16S rRNA in a mutually exclusive, possibly sequential fashion [25, 59, 62, 93-95]. The
ultimate biogenesis step in bacteria is the 3’-processing of 16S rRNA, which likely licences
the recruitment to the platform of the last r-protein bS21 (bS21m and mS37 in mitochondria),
as suggested by structural, biochemical, and genetic data [3, 25, 48, 60, 75, 96-104]. In bacteria,

deregulations of this assembly process compromise the final 3’-processing event [61, 105].

There are only two unassigned slots in this scheme which both befit YbeY. It may act as a
chaperone for uS11, a role supported by physical and genetic interactions between YbeY, Era
and uS11 and the assembly phenotype observed in the mitochondria. It may also function as a
3’-processing endoribonuclease analogous to Nobl, which agrees with its in vitro RNase
activity. These roles are not mutually exclusive: YbeY may first incorporate uS11 in the
immature SSU and then, using its strategic position next to the 3’-end of 16S rRNA [34, 53],

perform the processing reaction.

Both models must face certain challenges. For example, E. coli YbeY cannot process 16S
rRNA precursors in the context of SSU intermediates in vitro, whereas four other
exoribonucleases can do the job [48, 106]. In human mitochondria, rRNA processing is fully
YBEY-independent [3, 4, 20, 21]. By contrast, in B. subtilis no other RNase seems to account
for this cleavage, leaving YbeY the only plausible candidate [9]. So-far, all attempts to
reconstitute precise 3’-processing by YbeY in vitro failed, suggesting that key ingredients of
this reaction might be still missing [9, 16, 48]. On the other hand, the role of YbeY in uS11
assembly has only been demonstrated in mitochondria [3] and, although the YbeY-Era-uS11
interactions are conserved between the two systems, it is currently unknown whether YbeY has
the same function in bacteria. Furthermore, this assembly model is so-far based on interactomic

and phenotypic data; a more direct assay will be required to substantiate such a mechanism.
Future directions

As for now, YbeY remains an éminence grise of ribosome biogenesis: its influence is vital, but
its ways are still largely concealed. Their uncovering will require sorting out three key

questions:

Q) What is the genuine, biologically relevant activity of YbeY?
(i)  What is the precise mechanism and the rationale of its interactions with its partners
(especially Era and uS11)?

(i)  How did the organisms which had lost YbeY learn to thrive without it?
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Answering these questions will necessitate deeper mechanistic studies and will certainly
benefit from looking in evolutionarily divergent genetic systems beyond traditional models,

including the Candidate Phyla Radiation and the mitochondria of various eukaryotic clades
(Fig. 1).

Perspectives

. YbeY is an ultraconserved protein playing critical roles in the physiology of most

bacteria and bacteria-derived organelles (mitochondria and chloroplasts).

. Current consensus implicates YbeY in key gene expression processes, such as ribosome
biogenesis, quality control and turnover, RNA processing, and posttranscriptional regulation.
Its role in the maturation of the small ribosomal subunit is deeply conserved and likely

represents the main cause of the pleiotropic phenotypes associated with YbeY loss.

. Understanding the molecular mechanism of YbeY will require detailed studies of its
enzymatic activities, the mode and the rationale of its interactions with partner proteins, such
as GTPase Era and the ribosomal protein uS11. This will be facilitated by probing
evolutionarily distant biological contexts, beyond standard model species.

AUTHOR CONTRIBUTIONS

ZL. and CS. prepared the initial draft; CS and AS. prepared figures; AS. revised the draft and

prepared the final version of the manuscript.
CONFLICT OF INTEREST

The authors declare no conflict of interest.
FUNDING

This work was supported by Agence Nationale de la Recherche (ANR) (to AS., grant number
ANR-19-CE11-0013) and the University of Strasbourg Institute for Advanced Study (USIAS)
fellowship (to AS., grant number USIAS-2020-021).

REFERENCES

[1] Gil, R., Silva, F. J., Pereto, J., Moya, A. (2004) Determination of the core of a minimal
bacterial gene set. Microbiol Mol Biol Rev. 68, 518-537
https://doi.org/10.1128/MMBR.68.3.518-537.2004

11



[2] Liu, J., Zhou, W., Liu, G., Yang, C., Sun, Y., Wu, W., et al. (2015) The conserved
endoribonuclease YbeY is required for chloroplast ribosomal RNA processing in Arabidopsis.
Plant Physiol. 168, 205-221 https://doi.org/10.1104/pp.114.255000

[3] Summer, S., Smirnova, A., Gabriele, A., Toth, U., Fasemore, A. M., Forstner, K. U, et al.
(2020) YBEY is an essential biogenesis factor for mitochondrial ribosomes. Nucleic Acids Res.
48, 97629786 https://doi.org/10.1093/nar/gkaal48

[4] D’Souza, A.R., Van Haute, L., Powell, C.A., Rebelo-Guiomar, P., Rorbach, J., Minczuk,
M. (2019) YbeY is required for ribosome small subunit assembly and tRNA processing in
human mitochondria. bioRxiv. https://doi.org/10.1101/2019.12.12.874305

[5] Boucher, M. J., Ghosh, S., Zhang, L., Lal, A., Jang, S. W., Ju, A., et al. (2018) Integrative
proteomics and bioinformatic prediction enable a high-confidence apicoplast proteome in
malaria parasites. PLoS Biol. 16, e2005895 https://doi.org/10.1371/journal.pbio.2005895

[6] Panigrahi, A. K., Ogata, Y., Zikova, A., Anupama, A., Dalley, R. A., Acestor, N., et al.
(2009) A comprehensive analysis of Trypanosoma brucei mitochondrial proteome. Proteomics.
9, 434-450 https://doi.org/10.1002/pmic.200800477

[7] Akerley, B. J., Rubin, E. J., Novick, V. L., Amaya, K., Judson, N., Mekalanos, J. J. (2002)
A genome-scale analysis for identification of genes required for growth or survival of
Haemophilus influenzae. Proc Natl Acad Sci U S A 99, 966-971
https://doi.org/10.1073/pnas.012602299

[8] Gawronski, J. D., Wong, S. M., Giannoukos, G., Ward, D. V., Akerley, B. J. (2009)
Tracking insertion mutants within libraries by deep sequencing and a genome-wide screen for
Haemophilus genes required in the lung. Proc Natl Acad Sci U S A. 106, 16422-16427
https://doi.org/10.1073/pnas.0906627106

[9] Baumgardt, K., Gilet, L., Figaro, S., Condon, C. (2018) The essential nature of YqfG, a
YbeY homologue required for 3' maturation of Bacillus subtilis 16S ribosomal RNA is
suppressed by deletion of RNase R. Nucleic Acids Res. 46, 8605-8615
https://doi.org/10.1093/nar/gky488

[10] Zhang, M., Wang, C., Otto, T. D., Oberstaller, J., Liao, X., Adapa, S. R., et al. (2018)
Uncovering the essential genes of the human malaria parasite Plasmodium falciparum by
saturation mutagenesis. Science. 360, eaap7847 https://doi.org/10.1126/science.aap7847

[11] Zhang, B., Chen, M. Y., Shen, Y. J., Zhuo, X. B., Gao, P., Zhou, F. S., et al. (2018) A
large-scale, exome-wide association study of Han Chinese women identifies three novel loci
predisposing to breast cancer. Cancer Res. 78, 3087-3097 https://doi.org/10.1158/0008-
5472.CAN-17-1721

12



[12] Chen, C.P., Chen, C. Y., Chern, S.R., Wu, P. S., Chen, S. W., Chuang, T. Y., etal. (2019)
Detection of a familial 21922.3 microduplication in a fetus associated with congenital heart
defects. Taiwan J Obstet Gynecol. 58, 869-871 https://doi.org/10.1016/j.tjog.2019.09.024
[13] Horpaopan, S., Spier, 1., Zink, A. M., Altmdiller, J., Holzapfel, S., Laner, A,, et al. (2015)
Genome-wide CNV analysis in 221 unrelated patients and targeted high-throughput
sequencing reveal novel causative candidate genes for colorectal adenomatous polyposis. Int J
Cancer. 136, E578-589 https://doi.org/10.1002/ijc.29215

[14] Rasouly, A., Davidovich, C., Ron, E. Z. (2010) The heat shock protein YbeY is required
for optimal activity of the 30S ribosomal subunit. J Bacteriol. 192, 4592-4596
https://doi.org/10.1128/JB.00448-10

[15] Davies, B. W., Kohrer, C., Jacob, A. ., Simmons, L. A., Zhu, J., Aleman, L. M., et al.
(2010) Role of Escherichia coli YbeY, a highly conserved protein, in rRNA processing. Mol
Microbiol. 78, 506-518 https://doi.org/10.1111/j.1365-2958.2010.07351.x

[16] Jacob, A. I., Kéhrer, C., Davies, B. W., RajBhandary, U. L., Walker, G. C. (2013)
Conserved bacterial RNase YbeY plays key roles in 70S ribosome quality control and 16S
rRNA maturation. Mol Cell. 49, 427-438 https://doi.org/10.1016/j.molcel.2012.11.025

[17] Vercruysse, M., Kéhrer, C., Davies, B. W., Arnold, M. F., Mekalanos, J. J., RajBhandary,
U. L., etal. (2014) The highly conserved bacterial RNase YbeY is essential in Vibrio cholerae,
playing a critical role in virulence, stress regulation, and RNA processing. PLoS Pathog. 10,
e1004175 https://doi.org/10.1371/journal.ppat.1004175

[18] Babu, V. M. P., Sankari, S., Budnick, J. A., Caswell, C. C., Walker, G. C. (2020)
Sinorhizobium meliloti YbeY is a zinc-dependent single-strand specific endoribonuclease that
plays an important role in 16S ribosomal RNA processing. Nucleic Acids Res. 48, 332-348
https://doi.org/10.1093/nar/gkz1095

[19] Xia, Y., Weng, Y., Xu, C., Wang, D., Pan, X., Tian, Z., et al. (2020) Endoribonuclease
YbeY is essential for RNA processing and virulence in Pseudomonas aeruginosa. mBio. 11,
e00659-20 https://doi.org/10.1128/mBi0.00659-20

[20] Holzmann, J., Frank, P., L&ffler, E., Bennett, K. L., Gerner, C., Rossmanith, W. (2008)
RNase P without RNA: identification and functional reconstitution of the human mitochondrial
tRNA processing enzyme. Cell. 135, 462-474 https://doi.org/10.1016/j.cell.2008.09.013

[21] Brzezniak, L. K., Bijata, M., Szczesny, R. J., Stepien, P. P. (2011) Involvement of human
ELAC2 gene product in 3' end processing of mitochondrial tRNAs. RNA Biol. 8, 616-626
https://doi.org/10.4161/rna.8.4.15393

13



[22] Ghosal, A., Babu, V. M. P., Walker, G. C. (2018) Elevated levels of Era GTPase improve
growth, 16S rRNA processing, and 70S ribosome assembly of Escherichia coli lacking highly
conserved multifunctional YbeY endoribonuclease. J Bacteriol. 200, e00278-18
https://doi.org/10.1128/JB.00278-18

[23] Prossliner, T., Sgrensen, M. A., Winther, K. S. (2021) Hibernation factors directly block
ribonucleases from entering the ribosome in response to starvation. Nucleic Acids Res. 49,
22262239 https://doi.org/10.1093/nar/gkab017

[24] Kaminishi, T., Wilson, D. N., Takemoto, C., Harms, J. M., Kawazoe, M., Schluenzen, F.,
et al. (2007) A snapshot of the 30S ribosomal subunit capturing mMRNA via the Shine-Dalgarno
interaction. Structure. 15, 289-297 https://doi.org/10.1016/j.str.2006.12.008

[25] Schedlbauer, A., Iturrioz, I., Ochoa-Lizarralde, B., Diercks, T., Lopez-Alonso, J.P., Lavin,

J.L., etal. (2020) A conserved rRNA switch is central to decoding site maturation on the small
ribosomal subunit. bioRxiv. https://doi.org/10.1101/2020.10.19.334821

[26] Allen, G. S., Zavialov, A., Gursky, R., Ehrenberg, M., Frank, J. (2005) The cryo-EM
structure of a translation initiation complex from Escherichia coli. Cell. 121, 703-712
https://doi.org/10.1016/j.cell.2005.03.023

[27] Khawaja, A., Itoh, Y., Remes, C., Spahr, H., Yukhnovets, O., Hofig, H., et al. (2020)
Distinct pre-initiation steps in human mitochondrial translation. Nat Commun. 11, 2932
https://doi.org/10.1038/s41467-020-16503-2

[28] Koripella, R. K., Sharma, M. R., Haque, M. E., Risteff, P., Spremulli, L. L., Agrawal, R.
K. (2019) Structure of human mitochondrial translation initiation factor 3 bound to the small
ribosomal subunit. iScience. 12, 76-86 https://doi.org/10.1016/j.isci.2018.12.030

[29] Pandey, S. P., Winkler, J. A., Li, H., Camacho, D. M., Collins, J. J., Walker, G. C. (2014)
Central role for RNase YbeY in Hfg-dependent and Hfg-independent small-RNA regulation in
bacteria. BMC Genomics. 15, 121 https://doi.org/10.1186/1471-2164-15-121

[30] Leskinen, K., Varjosalo, M., Skurnik, M. (2015) Absence of YbeY RNase compromises
the growth and enhances the virulence plasmid gene expression of Yersinia enterocolitica O:3.
Microbiology. 161, 285-299 https://doi.org/10.1099/mic.0.083097-0

[31] Saramago, M., Peregrina, A., Robledo, M., Matos, R. G., Hilker, R., Serrania, J., et al.
(2017) Sinorhizobium meliloti YbeY is an endoribonuclease with unprecedented catalytic
features, acting as silencing enzyme in riboregulation. Nucleic Acids Res. 45, 1371-1391
https://doi.org/10.1093/nar/gkw1234

[32] Budnick, J. A., Sheehan, L. M., Colquhoun, J. M., Dunman, P. M., Walker, G. C., Roop,
R. M., 2nd, et al. (2018) Endoribonuclease YbeY is linked to proper cellular morphology and

14


https://doi.org/10.1016/j.str.2006.12.008

virulence in Brucella abortus. J Bacteriol. 200, e00105-18 https://doi.org/10.1128/JB.00105-
18

[33] Moller, P., Busch, P., Sauerbrei, B., Kraus, A., Forstner, K. U., Wen, T. N., et al. (2019)
The RNase YbeY is vital for ribosome maturation, stress resistance, and virulence of the natural
genetic  engineer  Agrobacterium  tumefaciens. J Bacteriol. 201, e00730-18
https://doi.org/10.1128/JB.00730-18

[34] McAteer, S. P., Sy, B. M., Wong, J. L., Tollervey, D., Gally, D. L., Tree, J. J. (2018)
Ribosome maturation by the endoribonuclease YbeY stabilizes a type 3 secretion system
transcript required for virulence of enterohemorrhagic Escherichia coli. J Biol Chem. 293,
9006-9016 https://doi.org/10.1074/jbc.RA117.000300

[35] Xia, Y., Xu, C., Wang, D., Weng, Y., Jin, Y., Bai, F., et al. (2020) YbeY controls the type
Il and type VI secretion systems and biofilm formation through RetS in Pseudomonas
aeruginosa. Appl Environ Microbiol. 87, e02171-20 https://doi.org/10.1128/AEM.02171-20
[36] Pandey, S. P., Minesinger, B. K., Kumar, J., Walker, G. C. (2011) A highly conserved
protein of unknown function in Sinorhizobium meliloti affects SRNA regulation similar to Hfqg.
Nucleic Acids Res. 39, 4691-4708 https://doi.org/10.1093/nar/gkr060

[37] Maeda, T., Tanaka, Y., Wachi, M., Inui, M. (2017) Polynucleotide phosphorylase, RNase
E/G, and YbeY are involved in the maturation of 4.5S RNA in Corynebacterium glutamicum.
J Bacteriol. 199, e00798-16 https://doi.org/10.1128/JB.00798-16

[38] Grinwald, M., Ron, E. Z. (2013) The Escherichia coli translation-associated heat shock
protein YbeY is involved in rRNA transcription antitermination. PLoS One. 8, €62297
https://doi.org/10.1371/journal.pone.0062297

[39] Erental, A., Kalderon, Z., Saada, A., Smith, Y., Engelberg-Kulka, H. (2014) Apoptosis-
like death, an extreme SOS response in Escherichia coli. mBio. 5, e01426-14
https://doi.org/10.1128/mBi0.01426-14

[40] Ghosal, A., Kéhrer, C., Babu, V. M. P., Yamanaka, K., Davies, B. W., Jacob, A. |, et al.
(2017) C210rf57 is a human homologue of bacterial YbeY proteins. Biochem Biophys Res
Commun. 484, 612-617 https://doi.org/10.1016/j.bbrc.2017.01.149

[41] Zuo, R., de Oliveira, A., Bullita, E., Torino, M. I., Padgett-Pagliai, K. A., Gardner, C. L.,
et al. (2019) Identification of flavonoids as regulators of YbeY activity in Liberibacter
asiaticus. Environ Microbiol. 21, 4822-4835 https://doi.org/10.1111/1462-2920.14831

[42] Yeh, D. C., Parsons, L. M., Parsons, J. F., Liu, F., Eisenstein, E., Orban, J. (2005) NMR

structure of HIO004, a putative essential gene product from Haemophilus influenzae, and

15



comparison with the X-ray structure of an Aquifex aeolicus homolog. Protein Sci. 14, 424-430
https://doi.org/10.1110/ps.041096705

[43] Penhoat, C. H., Li, Z., Atreya, H. S., Kim, S., Yee, A., Xiao, R., etal. (2005) NMR solution
structure of Thermotoga maritima protein TM1509 reveals a Zn-metalloprotease-like tertiary
structure. J Struct Funct Genomics. 6, 51-62 https://doi.org/10.1007/s10969-005-5277-z

[44] Oganesyan, V., Busso, D., Brandsen, J., Chen, S., Jancarik, J., Kim, R., et al. (2003)
Structure of the hypothetical protein AQ_1354 from Aquifex aeolicus. Acta Crystallogr D Biol
Crystallogr. 59, 1219-1223 https://doi.org/10.1107/s0907444903011028

[45] Stocker, W., Bode, W. (1995) Structural features of a superfamily of zinc-endopeptidases:
the metzincins. Curr Opin Struct Biol. 5, 383-390 https://doi.org/10.1016/0959-
440x(95)80101-4

[46] Kobayashi, K., Katz, A., Rajkovic, A., Ishii, R., Branson, O. E., Freitas, M. A., etal. (2014)
The non-canonical hydroxylase structure of YfcM reveals a metal ion-coordination motif
required for EF-P  hydroxylation. Nucleic Acids Res. 42, 12295-12305
https://doi.org/10.1093/nar/gku898

[47] Cerda-Costa, N., Gomis-Riith, F. X. (2014) Architecture and function of metallopeptidase
catalytic domains. Protein Sci. 23, 123-144 https://doi.org/10.1002/pro.2400

[48] Smith, B. A., Gupta, N., Denny, K., Culver, G. M. (2018) Characterization of 16S rRNA
processing with pre-30S subunit assembly intermediates from E. coli. J Mol Biol. 430, 1745-
1759 https://doi.org/10.1016/.jmb.2018.04.009

[49] Reinhard, L., Sridhara, S., Hallberg, B. M. (2015) Structure of the nuclease subunit of
human  mitochondrial RNase P.  Nucleic Acids Res. 43, 5664-5672
https://doi.org/10.1093/nar/gkv481

[50] Anantharaman, V., Aravind, L. (2006) The NYN domains: novel predicted RNAses with
a PIN domain-like fold. RNA Biol. 3, 18-27 https://doi.org/10.4161/rna.3.1.2548

[51] Yang, W. (2011) Nucleases: diversity of structure, function and mechanism. Q Rev
Biophys. 44, 1-93 https://doi.org/10.1017/S0033583510000181

[52] Butzow, J. J., Eichhorn, G. L. (1971) Interaction of metal ions with nucleic acids and
related compounds. XVII. On the mechanism of degradation of polyribonucleotides and
oligoribonucleotides by zinc(Il) ions. Biochemistry. 10, 2019-2027
https://doi.org/10.1021/bi00787a009

[53] Vercruysse, M., Kéhrer, C., Shen, Y., Proulx, S., Ghosal, A., Davies, B. W., et al. (2016)
Identification of YbeY-protein interactions involved in 16S rRNA maturation and stress
regulation in Escherichia coli. mBio. 7, €01785-16 https://doi.org/10.1128/mBi0.01785-16

16



[54] Méteignier, L. V., Ghandour, R., Zimmerman, A., Kuhn, L., Meurer, J., Zoschke, R.,
Hammani, K. (2021) Arabidopsis mTERF9 protein promotes chloroplast ribosomal assembly
and translation by establishing ribonucleoprotein interactions in vivo. Nucleic Acids Res. 49,
1114-1132 https://doi.org/10.1093/nar/gkaal244

[55] Hor, J., Garriss, G., Di Giorgio, S., Hack, L. M., Vanselow, J. T., Forstner, K. U., et al.
(2020) Grad-seq in a Gram-positive bacterium reveals exonucleolytic SRNA activation in
competence control. EMBO J. 39, e103852 https://doi.org/10.15252/embj.2019103852

[56] Gerovac, M., El Mouali, Y., Kuper, J., Kisker, C., Barquist, L., Vogel, J. (2020) Global
discovery of bacterial RNA-binding proteins by RNase-sensitive gradient profiles reports a
new FinO domain protein. RNA. 26, 1448-1463 https://doi.org/10.1261/rna.076992.120

[57] Gerovac, M., Wicke, L., Chihara, K., Schneider, C., Lavigne, R., Vogel, J. (2021) A Grad-
seq view of RNA and protein complexes in Pseudomonas aeruginosa under standard and
bacteriophage predation conditions. mBio. 12, €03454-20 https://doi.org/10.1128/mBi0.03454-
20

[58] Wood, A., Irving, S. E., Bennison, D. J., Corrigan, R. M. (2019) The (p)ppGpp-binding
GTPase Era promotes rRNA processing and cold adaptation in Staphylococcus aureus. PL0S
Genet. 15, e1008346 https://doi.org/10.1371/journal.pgen.1008346

[59] Sharma, M. R., Barat, C., Wilson, D. N., Booth, T. M., Kawazoe, M., Hori-Takemoto, C.,
et al. (2005) Interaction of Era with the 30S ribosomal subunit implications for 30S subunit
assembly. Mol Cell. 18, 319-329 https://doi.org/10.1016/j.molcel.2005.03.028

[60] Razi, A., Davis, J. H., Hao, Y., Jahagirdar, D., Thurlow, B., Basu, K., et al. (2019) Role
of Era in assembly and homeostasis of the ribosomal small subunit. Nucleic Acids Res. 47,
8301-8317 https://doi.org/10.1093/nar/gkz571

[61] Inoue, K., Alsina, J., Chen, J., Inouye, M. (2003) Suppression of defective ribosome
assembly in a rbfA deletion mutant by overexpression of Era, an essential GTPase in
Escherichia coli. Mol Microbiol. 48, 1005-1016 https://doi.org/10.1046/j.1365-
2958.2003.03475.x

[62] Dennerlein, S., Rozanska, A., Wydro, M., Chrzanowska-Lightowlers, Z. M., Lightowlers,
R. N. (2010) Human ERAL1 is a mitochondrial RNA chaperone involved in the assembly of
the 28S small mitochondrial ribosomal subunit. Biochem J. 430, 551-558
https://doi.org/10.1042/BJ20100757

[63] Uchiumi, T., Ohgaki, K., Yagi, M., Aoki, Y., Sakai, A., Matsumoto, S., et al. (2010)

ERALL1 is associated with mitochondrial ribosome and elimination of ERAL1 leads to

17



mitochondrial dysfunction and growth retardation. Nucleic Acids Res. 38, 5554-5568
https://doi.org/10.1093/nar/gkg305

[64] Chatzispyrou, I. A., Alders, M., Guerrero-Castillo, S., Zapata Perez, R., Haagmans, M. A.,
Mouchiroud, L., et al. (2017) A homozygous missense mutation in ERAL1, encoding a
mitochondrial rRNA chaperone, causes Perrault syndrome. Hum Mol Genet. 26, 2541-2550
https://doi.org/10.1093/hmg/ddx152

[65] Ohyama, H., Sakai, T., Agari, Y., Fukui, K., Nakagawa, N., Shinkai, A., et al. (2014) The
role of ribonucleases in regulating global mMRNA levels in the model organism Thermus
thermophilus HB8. BMC Genomics. 15, 386 https://doi.org/10.1186/1471-2164-15-386

[66] Yagi, M., Uchiumi, T., Takazaki, S., Okuno, B., Nomura, M., Yoshida, S., et al. (2012)
p32/gC1gR is indispensable for fetal development and mitochondrial translation: importance
of its RNA-binding ability. Nucleic Acids Res. 40, 9717-9737
https://doi.org/10.1093/nar/gks774

[67] Hu, M., Crawford, S. A., Henstridge, D. C., Ng, I. H., Boey, E. J., Xu, Y., et al. (2013)
p32 protein levels are integral to mitochondrial and endoplasmic reticulum morphology, cell
metabolism and survival. Biochem J. 453, 381-391 https://doi.org/10.1042/BJ20121829

[68] Matos, P., Horn, J. A., Beards, F., Lui, S., Desforges, M., Harris, L. K. (2014) A role for
the mitochondrial-associated protein p32 in regulation of trophoblast proliferation. Mol Hum
Reprod. 20, 745-755 https://doi.org/10.1093/molehr/gau039

[69] Feichtinger, R. G., Olahova, M., Kishita, Y., Garone, C., Kremer, L. S., Yagi, M., et al.
(2017) Biallelic C1QBP mutations cause severe neonatal-, childhood-, or later-onset
cardiomyopathy associated with combined respiratory-chain deficiencies. Am J Hum Genet.
101, 525-538 https://doi.org/10.1016/j.ajhg.2017.08.015

[70] Marchet, S., Legati, A., Nasca, A., Di Meo, 1., Spagnolo, M., Zanetti, N., et al. (2020)
Homozygous mutations in C1QBP as cause of progressive external ophthalmoplegia (PEO)
and mitochondrial myopathy with multiple mtDNA deletions. Hum Mutat. 41, 1745-1750
https://doi.org/10.1002/humu.24081

[71] Wang, J., Li, H., Sun, M., Yang, Y., Yang, Q., Liu, B., et al. (2020) Early onset of
combined oxidative phosphorylation deficiency in two Chinese brothers caused by a
homozygous (Leu275Phe) mutation in the C1QBP Gene. Front Pediatr. 8, 583047
https://doi.org/10.3389/fped.2020.583047

[72] McGee, A. M., Douglas, D. L., Liang, Y., Hyder, S. M., Baines, C. P. (2011) The
mitochondrial protein C1gbp promotes cell proliferation, migration and resistance to cell death.
Cell Cycle. 10, 4119-4127 https://doi.org/10.4161/cc.10.23.18287

18



[73] Fogal, V., Richardson, A. D., Karmali, P. P., Scheffler, I. E., Smith, J. W., Ruoslahti, E.
(2010) Mitochondrial p32 protein is a critical regulator of tumor metabolism via maintenance
of oxidative phosphorylation. Mol Cell Biol. 30, 1303-1318
https://doi.org/10.1128/MCB.01101-09

[74] Jiang, Y., Wu, H., Liu, J., Chen, Y., Xie, J., Zhao, Y., et al. (2017) Increased breast cancer
risk with HABP1/p32/gC1gR genetic polymorphism rs2285747 and its upregulation in
northern Chinese women. Oncotarget. 8, 13932-13941
https://doi.org/10.18632/oncotarget.14737

[75] Mulder, A. M., Yoshioka, C., Beck, A. H., Bunner, A. E., Milligan, R. A., Potter, C. S., et
al. (2010) Visualizing ribosome biogenesis: parallel assembly pathways for the 30S subunit.
Science. 330, 673-677 https://doi.org/10.1126/science.1193220

[76] Strunk, B. S., Loucks, C. R., Su, M., Vashisth, H., Cheng, S., Schilling, J., et al. (2011)
Ribosome assembly factors prevent premature translation initiation by 40S assembly
intermediates. Science. 333, 1449-1453 https://doi.org/10.1126/science.1208245

[77] Sun, Q., Zhu, X., Qi, J., An, W., Lan, P., Tan, D, et al. (2017) Molecular architecture of
the 90S small subunit pre-ribosome. Elife. 6, 22086 https://doi.org/10.7554/eLife.22086

[78] Cheng, J., Lau, B., La Venuta, G., Ameismeier, M., Berninghausen, O., Hurt, E., et al.
(2020) 90S pre-ribosome transformation into the primordial 40S subunit. Science. 369, 1470-
1476 https://doi.org/10.1126/science.abb4119

[79] Granneman, S., Nandineni, M. R., Baserga, S. J. (2005) The putative NTPase Fap7
mediates cytoplasmic 20S pre-rRNA processing through a direct interaction with Rps14. Mol
Cell Biol. 25, 10352-10364 https://doi.org/10.1128/MCB.25.23.10352-10364.2005

[80] Hellmich, U. A., Weis, B. L., Lioutikov, A., Wurm, J. P., Kaiser, M., Christ, N. A, et al.
(2013) Essential ribosome assembly factor Fap7 regulates a hierarchy of RNA-protein
interactions during small ribosomal subunit biogenesis. Proc Natl Acad Sci U S A. 110, 15253-
15258 https://doi.org/10.1073/pnas.1306389110

[81] Loc'h, J., Blaud, M., Réty, S., Lebaron, S., Deschamps, P., Bareille, J., et al. (2014) RNA
mimicry by the fap7 adenylate kinase in ribosome biogenesis. PLoS Biol. 12, e1001860
https://doi.org/10.1371/journal.pbio.1001860

[82] Sturm, M., Cheng, J., Bassler, J., Beckmann, R., Hurt, E. (2017) Interdependent action of
KH domain proteins Krrl and Dim2 drive the 40S platform assembly. Nat Commun. 8, 2213
https://doi.org/10.1038/s41467-017-02199-4

19



[83] Lafontaine, D., Delcour, J., Glasser, A. L., Desgres, J., Vandenhaute, J. (1994) The DIM1
gene responsible for the conserved m6(2)Am6(2)A dimethylation in the 3'-terminal loop of 18
S rRNA is essential in yeast. J Mol Biol. 241, 492-497 https://doi.org/10.1006/jmbi.1994.1525
[84] Cheng, J., Kellner, N., Berninghausen, O., Hurt, E., Beckmann, R. (2017) 3.2-A-resolution
structure of the 90S preribosome before Al pre-rRNA cleavage. Nat Struct Mol Biol. 24, 954-
964 https://doi.org/10.1038/nsmb.3476

[85] Heuer, A., Thomson, E., Schmidt, C., Berninghausen, O., Becker, T., Hurt, E., etal. (2017)
Cryo-EM structure of a late pre-40S ribosomal subunit from Saccharomyces cerevisiae. Elife.
6, €30189 https://doi.org/10.7554/eLife.30189

[86] Ameismeier, M., Cheng, J., Berninghausen, O., Beckmann, R. (2018) Visualizing late
states of human 40S ribosomal subunit maturation. Nature. 558, 249-253
https://doi.org/10.1038/s41586-018-0193-0

[87] Du, Y., An, W., Zhu, X., Sun, Q., Qi, J., Ye, K. (2020) Cryo-EM structure of 90S small
ribosomal subunit precursors in transition states. Science. 369, 1477-1481
https://doi.org/10.1126/science.aba9690

[88] Fatica, A., Tollervey, D., Dlakic, M. (2004) PIN domain of Nob1p is required for D-site
cleavage in 20S pre-rRNA. RNA. 10, 1698-1701 https://doi.org/10.1261/rna.7123504

[89] Lamanna, A. C., Karbstein, K. (2009) Nobl binds the single-stranded cleavage site D at
the 3'-end of 18S rRNA with its PIN domain. Proc Natl Acad Sci U S A. 106, 14259-14264
https://doi.org/10.1073/pnas.0905403106

[90] Klinge, S., Woolford, J. L., Jr. (2019) Ribosome assembly coming into focus. Nat Rev
Mol Cell Biol. 20, 116-131 https://doi.org/10.1038/s41580-018-0078-y

[91] Demirci, H., Murphy, F. t., Belardinelli, R., Kelley, A. C., Ramakrishnan, V., Gregory, S.
T., et al. (2010) Modification of 16S ribosomal RNA by the KsgA methyltransferase
restructures the 30S subunit to optimize ribosome function. RNA. 16, 2319-2324
https://doi.org/10.1261/rna.2357210

[92] Metodiev, M. D., Lesko, N., Park, C. B., Camara, Y., Shi, Y., Wibom, R., et al. (2009)
Methylation of 12S rRNA is necessary for in vivo stability of the small subunit of the
mammalian mitochondrial ribosome. Cell Metab. 9, 386-397
https://doi.org/10.1016/j.cmet.2009.03.001

[93] Datta, P. P., Wilson, D. N., Kawazoe, M., Swami, N. K., Kaminishi, T., Sharma, M. R.,
et al. (2007) Structural aspects of RbfA action during small ribosomal subunit assembly. Mol
Cell. 28, 434-445 https://doi.org/10.1016/j.molcel.2007.08.026

20



[94] Inoue, K., Chen, J., Tan, Q., Inouye, M. (2006) Era and RbfA have overlapping function
in ribosome biogenesis in Escherichia coli. J Mol Microbiol Biotechnol. 11, 41-52
https://doi.org/10.1159/000092818

[95] Rozanska, A., Richter-Dennerlein, R., Rorbach, J., Gao, F., Lewis, R. J., Chrzanowska-
Lightowlers, Z. M., et al. (2017) The human RNA-binding protein RBFA promotes the
maturation of the mitochondrial ribosome. Biochem J. 474, 2145-2158
https://doi.org/10.1042/BCJ20170256

[96] Connolly, K., Culver, G. (2013) Overexpression of RbfA in the absence of the KsgA
checkpoint results in impaired translation initiation. Mol Microbiol. 87, 968-981
https://doi.org/10.1111/mmi.12145

[97] Gupta, N., Culver, G.M. (2014) Multiple in vivo pathways for Escherichia coli small
ribosomal subunit assembly occur on one pre-rRNA. Nat Struct Mol Biol. 21, 937-943
https://doi.org/10.1038/nsmb.2887

[98] Jomaa, A., Stewart, G., Martin-Benito, J., Zielke, R., Campbell, T.L., Maddock, J., et al.
(2011) Understanding ribosome assembly: the structure of in vivo assembled immature 30S
subunits revealed by  cryo-electron microscopy. RNA. 17, 697-709
https://doi.org/10.1261/rna.2509811

[99] Guo, Q., Goto, S., Chen, Y., Feng, B., Xu, Y., Muto, A., et al. (2013) Dissecting the in
vivo assembly of the 30S ribosomal subunit reveals the role of RimM and general features of
the assembly process. Nucleic Acids Res. 41, 2609-2620 https://doi.org/10.1093/nar/gks1256
[100] Leong, V., Kent, M., Jomaa, A., Ortega, J. (2013) Escherichia coli rimM and yjeQ null
strains accumulate immature 30S subunits of similar structure and protein complement. RNA.
19, 789-802 https://doi.org/10.1261/rna.037523.112

[101] Soper, S.F.C., Dator, R.P., Limbach, P.A., Woodson, S.A. (2013) In vivo X-ray
footprinting of pre-30S ribosomes reveals chaperone-dependent remodeling of late assembly
intermediates. Mol Cell. 52, 506-516 https://doi.org/10.1016/j.molcel.2013.09.020

[102] Sashital, D.G., Greeman, C.A., Lyumkis, D., Potter, C.S., Carragher, B., Williamson, J.R.
(2014) A combined quantitative mass spectrometry and electron microscopy analysis of

ribosomal 30S subunit assembly in E. coli. Elife. 3, e04491
https://doi.org/10.7554/eLife.04491

[103] Shetty, S., Varshney, U. (2016) An evolutionarily conserved element in initiator tRNAs
prompts ultimate steps in ribosome maturation. Proc Natl Acad Sci U S A. 113, E6126-E6134
https://doi.org/10.1073/pnas.1609550113

21


https://doi.org/10.1261/rna.2509811
https://doi.org/10.1093/nar/gks1256
https://doi.org/10.1261/rna.037523.112
https://doi.org/10.1016/j.molcel.2013.09.020

[104] Bogenhagen, D. F., Ostermeyer-Fay, A. G., Haley, J. D., Garcia-Diaz, M. (2018) Kinetics
and mechanism of mammalian mitochondrial ribosome assembly. Cell Rep. 22, 1935-1944
https://doi.org/10.1016/j.celrep.2018.01.066

[105] Bylund, G. O., Wipemo, L. C., Lundberg, L. A., Wikstrom, P. M. (1998) RimM and
RbfA are essential for efficient processing of 16S rRNA in Escherichia coli. J Bacteriol. 180,
73-82 https://doi.org/10.1128/JB.180.1.73-82.1998

[106] Sulthana, S., Deutscher, M. P. (2013) Multiple exoribonucleases catalyze maturation of
the 3' terminus of 16S ribosomal RNA (rRNA). J Biol Chem. 288, 12574-12579
https://doi.org/10.1074/jbc.C113.459172

[107] Davies, B. W., Walker, G. C. (2008) A highly conserved protein of unknown function is
required by Sinorhizobium meliloti for symbiosis and environmental stress protection. J
Bacteriol. 190, 1118-1123 https://doi.org/10.1128/JB.01521-07

[108] Rasouly, A., Schonbrun, M., Shenhar, Y., Ron, E. Z. (2009) YbeY, a heat shock protein
involved in translation in Escherichia coli. J Bacteriol. 191, 2649-2655
https://doi.org/10.1128/JB.01663-08

[109] AdI, S. M., Bass, D., Lane, C. E., Lukes, J., Schoch, C. L., Smirnov, A., et al. (2019)
Revisions to the classification, nomenclature, and diversity of Eukaryotes. J Eukaryot
Microbiol. 66, 4-119 https://doi.org/10.1111/jeu.12691

[110] Castelle, C. J., Banfield, J. F. (2018) Major new microbial groups expand diversity and
alter our understanding of the tree of Life. Cell. 172, 1181-1197
https://doi.org/10.1016/j.cell.2018.02.016

[111] Zhan, C., Fedorov, E. V., Shi, W., Ramagopal, U. A., Thirumuruhan, R., Manjasetty, B.
A., et al. (2005) The ybeY protein from Escherichia coli is a metalloprotein. Acta Crystallogr
Sect F Struct Biol Cryst Commun. 61, 959-963 https://doi.org/10.1107/S1744309105031131
[112] Papadopoulos, J. S., Agarwala, R. (2007) COBALT: constraint-based alignment tool for
multiple protein sequences. Bioinformatics. 23, 1073-1079
https://doi.org/10.1093/bioinformatics/btm076

[113] Crooks, G. E., Hon, G., Chandonia, J. M., Brenner, S. E. (2004) WebLogo: a sequence
logo generator. Genome Res. 14, 1188-1190 https://doi.org/10.1101/gr.849004

FIGURE LEGENDS
Figure 1. Phylogenetic distribution of YbeY. The phyla (capitalised) and supergroups

(uppercase) which possess YbeY homologues are coloured with different colours, whereas

those lacking YbeY are filled in grey (situation in January 2021, according to UniProt). In
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certain clades (e.g., Mucoromycota and Peregrinibacteria), some species have YbeY whereas
others have lost it), which is highlighted with partial grey filling. The species with YbeY
homologues described in literature are shown. SAR — Stramenopiles-Alveolata-Rhizaria group,
CPR - Candidate Phyla Radiation. Phylogenetic groups are given according to [109, 110].

Figure 2. The likely hierarchy of phenotypes associated with YbeY deficiency in various
species. The primary driver of the pleiotropic phenotypes appears to be a severe small subunit
(SSU) biogenesis defect, which manifests itself in the impairment of 16S rRNA 3’-processing
(in bacteria and chloroplasts) or SSU assembly problems (in mitochondria). This results in SSU
destabilisation and decreased translational activity, explaining the sensitivity of AybeY bacteria
to ribosome-targeting antibiotics. Insufficient translation impacts protein synthesis directly and
through destabilisation of mRNAs, resulting in growth inhibition. Through decreased
production of positive (P) or negative (N) regulators, e.g., transcription factors, YbeY loss can
cause pervasive downregulation or upregulation of their targets (T), respectively. This triggers
multiple physiological and morphological phenotypes and impacts on ecological relationships
(virulence, symbiosis) with other species. See Table 1 for a detailed overview of phenotypes

in each species.

Figure 3. YbeY is an ultraconserved protein. (A) Sequence alignment of the YbeY
homologues described in literature (see Fig. 1 for the phylogenetic positions of the species).
Secondary structure elements are mapped based on the E. coli structure [111]. The multiple
alignment is performed with COBALT [112]. The sequence logo is created with WebLogo
[113]. Residues are coloured according to the physicochemical properties of their side chains
(positively charged — blue, negatively charged — red, other hydrophilic — green, hydrophobic -
black). YBEY homologues from A. thaliana and other plants often have an additional C-
terminal Cof/HAD family hydrolase domain (IPR000150) of unknown functional significance.
(B) Tertiary structures of four studied YbeY homologues. The three histidines of the
HGXLHLXGYDH motif are shown in red, the coordinated Zn?* observed in the E. coli structure
is yellow. PDB codes: 1XM5, 1029, 1TVI, 1XAX.

Figure 4. Structural similarity between YbeY, matrix metalloproteinases and
YfcM/EmpC. The conserved metal-coordinating residues are shown in red, Zn?* is yellow and
Co?" is pink. PDB codes: 20W2, 1XM5, 3WTR.

Figure 5. Overview of YbeY point mutations and their effects in diverse organisms. (A)

The corresponding residues are aligned between orthologues as shown in Fig. 3A, and their
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effects on in vitro RNase activity, uS11 binding or stability, 16S rRNA processing, and other
phenotypes are colour-coded, based on literature [3, 9, 15, 16, 18, 19, 41, 53]. For the L.
asiaticus YbeY, only its ability to complement the E. coli ybeY deletion has been tested in vivo
[41]. (B) Position of the corresponding residues in the 3D structure of the E. coli YbeY protein
shown in ‘back’ (left) and ‘front’ (right) views. The colour code is the same between the two

panels.

Figure 6. Genomic context of ybeY genes in model bacterial species. Recurrently co-
occurring genes and the corresponding protein families are expanded on the right. Additional
genes and protein families found next to ybeY only in some clades are encoded as follows:
“cydA” - cytochrome oxidase d subunit | (PF01654: Cyt _bd_oxida_l); “cydB” - cytochrome
oxidase d subunit 1l (PF02322, Cyt bd oxida_Il); “EF-G” - elongation factor G, fusA
(PF00679: EFG_C, PF14492: EFG_IIl, PFO3764: EFG_IV, PFO0009: GTP_EFTU, PF03144:
GTP_EFTU_D2); “lysS” - lysyl-tRNA synthetase (PF00152: tRNA-synt 2, PF01336:
tRNA_anti-codon); “MMCo0A” - methylmalonyl-CoA mutase, a-subunit, chain A (PF01642:
MM_CoA_mutase); “murC” - UDP-N-acetylmuramate-L-alanine ligase (PF01225:
Mur_ligase, PF02875: Mur_ligase C, PF08245: Mur_ligase_M); “nfeD” - PF01957: NfeD,
PF01972: SDH_sah; “rsmB” - 16S rRNA m°C967 methyltransferase (PF01189:
Methyltr RsmB-F, PF01029: NusB); “speE” - polyamine aminopropyltransferase
(IPR030374: PABS, IPR029063: SAM-dependent_Mtases, IPR001045: Spermi_synthase);
“tmcAL” - tRNAMe cytidine acetate ligase (PF05636: HIGH NTasel); “ydfA” - UPF0365
protein (PF12127: YdfA_immunity); “1015” - PF06245: DUF1015; “H” - heat-inducible
transcription repressor, hrcA (PF01628: HrcA); “J” — chaperone, dnalJ (PF00226: DnaJ,
PF01556: DnaJ_C, PF00684: DnaJ_ CXXCXGXG); “K” - PF07295: DUF1451; “L” — yqzL
(PF14006: YqzL); “M” - cytidine deaminase, ccd (PF00383: dCMP_cyt deam_1); “N” -
PF02698: DUF218; “P” - UPF0719 transmembrane protein (PF03994: DUF350); “Q” - glycyl-
tRNA synthetase a-subunit, glyQ (PF02091: tRNA-synt_2e); “S” - glycyl-tRNA synthetase [3-
subunit, glyS (PF02092: tRNA _synt 2f); “T” - cation efflux system membrane protein
(PF01545: Cation_efflux, PF16916: ZT _dimer); “U” - nitrogen fixation protein, nifu
(PF0O8712: Nfu_N, PF01106: NifU); “V” - PF13785: DUF4178; “W” - heme chaperone, hemW
(PF06969: HemN_C, PF04055: Radical_SAM); “a” - shikimate dehydrogenase
(NADP*), aroE (PF18317: SDH_C, PF01488: Shikimate_DH, PF08501: Shikimate_dh_N);
“b” - ribosomal protein uS7, rpsG (PF00177, Ribosomal _S7); “c” - PTS system, glucose-
specific 1A component, crr (PF00358: PTS_EIIA 1); “d” - ribosomal protein uS12, rpsL
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(PF00164: Ribosom_S12 S23); “e” - transcription inhibitor protein, gfhl (PF01272:
GreA _GreB, PF03449: GreA_GreB_N); “g” - grcA (PF07750: GcrA);, “i”
glutamate/aspartate import solute-binding protein, gltl (PF00497: SBP_bac 3);, “j” -
glutamate/aspartate import permease protein, gltJ (PF00528: BPD_transp_1); “k” - DUF1893
domain-containing protein (PF08973: TM1506); “I” - lipoyl synthase, lipA (PF04055:
Radical SAM); “p” - isoprenyl transferase, uppS (PF01255, Prenyltransf); “q” — ygfC
(PFO7873: YabP); “s” - PF08238: Sell; “u” - PF08850: DUF1820; “v” - PF01988:VIT1; “y” —
ygfD (PF06898: Y(qfD); “z” - putative metal-dependent peptidase (PF04298, Zn_peptidase_2).
The locus between Int and gltl in enterobacteria is highly variable even within one species: for
example, it contains a transposase gene (PF01609: DDE_Tnp_1, PF05598: DUF772) in E. coli
K-12 strains, a phosphohydrolase gene (PF01243: Putative_PNPOX) in Y. enterocolitica, but
IS empty in most other Enterobacterales.

Figure 7. Possible molecular mechanisms of YbeY. Key SSU biogenesis processes
accompanying the maturation of the platform in eukaryotes are summed up in the upper side
of the scheme. Their hypothetical counterparts in the biogenesis of bacterial-type SSUs and
two possible roles for YbeY are shown in the lower side. Transient or short events are marked
with vertical black lines. The physical interactions between Krrl, Fap7 and uS11 and an
analogous association between Era, YbeY and uS11 are indicated with blue dotted lines. ‘KH-
switch’ refers to the main tectonic movement that brings h45 bound to Pnol to its mature

position in the platform, provoking the displacement of Krrl.
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Tablel. Phenotypic consequences of YbeY deficiency in various species.

Organism Physiological phenotypes of YbeY deficiency Molecular phenotypes of YbeY deficiency Source
a-proteobacteria
Agrobacterium Not essential. Moderate growth defect in complex medium; reduced  Multiple gene expression changes; mild processing defect for 16S rRNA  [33]
tumefaciens swimming motility; sensitivity to translational inhibitors and (17S rRNA accumulation).
hydroxyurea; impaired virulence.
Sinorhizobium Not essential. Severe growth delay; strong symbiotic defect on Pervasive gene expression changes; 70S ribosome assembly defect [18, 31,
meliloti alfalfa; impaired swimming and swarming motility; sensitivity to (paralleled by increased free subunits); 3’- and 5’-processing defect; 36, 107]
oxidative, envelope, and heat stresses, DNA damaging agents, cell accumulation of a 16S rRNA precursor; mild decrease of mature 16S
wall-targeting and translational antibiotics. rRNA; 23S rRNA is not visibly affected.
Brucella abortus Not essential. Small colonies; moderate growth defect; morphological Multiple gene expression changes; accumulation of a 16S rRNA [18, 32]

abnormalities; impaired virulence in murine macrophages; sensitivity precursor, but no visible effect on the levels of mature 16S and 23S
to oxidative and envelope stresses; multiple metabolic deregulations  rRNAs.
(e.g., inability to grow on butyric and caproic acids).

y-proteobacteria

Escherichia coli Not essential. No growth defect in minimal medium but slower Pervasive gene expression changes; moderate translation defect at 37°C;  [14-17,
growth in LB medium at 37°C; severe thermosensitivity (growth complete loss of translation at 42°C; decreased polysomes and increased 22, 23,
arrest at 42°C, heat shock intolerance); sensitivity to cell wall- free subunits already at 37°C; higher frame-shift and stop codon read- 29, 53,
targeting antibiotics, DNA damaging agents, translational inhibitors, through rates; the SSU is defective: low activity in translation, severe loss 108]
envelope and oxidative stresses; resistance to hydroxyurea. of IF2 binding, 16S rRNA processing and stability defects (decreased 3’-

and 5’-processing, accumulation of 17S rRNA and a truncated 16S* rRNA
species), decrease of mature 16S rRNA (completely disappears at 45°C);
LSU is not visibly affected but 23S and 5S rRNA precursors do
accumulate, too.

Enterohemorrhagic Not essential. Slow growth at 30°C, 37°C, and 42°C; severe Decreased expression of type 3 secretion system genes; translation defect; [34]
E. coli (EHEC) swimming motility defect. accumulation of 17S rRNA and a decrease of mature 16S rRNA upon

shifting the culture to 45°C.
Yersinia Not essential. Severe growth defect at 4°C, 22°C, and 37°C; no Pervasive gene expression changes; global upregulation of virulence [30]
enterocolitica growth at 42°C; enhanced aggregation after overnight growth at plasmid-encoded genes; ‘cold-shock-like’ response; 16S rRNA is strongly

37°C; intolerance to heat shock and low pH; decreased arabinose and reduced; LSU rRNAs are not affected.
galactose utilization; inability to grow on myo-inositol; reduced
adhesion to HeLa cells but no effect on cell invasion.



Vibrio cholerae Essential. Depletion causes severe growth defect; small colonies; loss Deregulation of several SRNAs; impaired cholera toxin production; 70S [17]
of pigmentation; impaired biofilm formation; sensitivity to bile salts, ribosome assembly defect (paralleled by increased free subunits); 3’- and 5°-
heat and cold; virulence defect in an infant mouse model; sensitivity processing defect for 16S rRNA and accumulation of a 16S rRNA
to translational, transcriptional, and cell wall-targeting antibiotics, precursor; decrease of mature 16S rRNA; LSU rRNAs are not affected.
UV, and oxidative stress.

Pseudomonas Not essential. Moderate growth defect; severe virulence defectina  Pervasive gene expression changes; decreased catalase activity; low ¢° [19,
aeruginosa murine acute pneumonia model; enhanced cytotoxicity; sensitivity to transcription and translation; deregulated Rsm system; upregulated type 3 ~ 35]
oxidative stress; reduced biofilm formation. secretion system genes; downregulated type 6 secretion system genes; 70S

ribosome assembly defect (paralleled by increased free subunits);
accumulation of a 16S rRNA precursor; decrease of mature 16S rRNA.

Firmicutes

Bacillus subtilis Essential. Depletion causes growth arrest, which can be rescued by ~ 70S ribosomes are nearly undetectable (paralleled by increased free [9]
deletion of RNase R. subunits); slight accumulation of pre-16S rRNA; impaired 3’- but normal
5’-processing of 16S rRNA; LSU rRNAs are not affected.

Actinobacteria

Corynebacterium Not essential. Impaired growth. 4.5S RNA 3’-processing defect. [37]
glutamicum

Thermus-Deinococcus group

Thermus Not essential. Pervasive gene expression changes. [65]
thermophilus
Streptophyta
Arabidopsis thaliana Essential. Disruption causes pale-green leaves and cotyledons; slow Reduced chlorophyll content; decreased PSII supercomplexes, PSI [2]
(chloroplast) growth and developmental defects up to seedling lethality (if monomers/PSII dimers; moderately increased MHCII trimers; strong
expression is completely abrogated); diminished photosynthesis; decrease of some plastid-encoded proteins; no anomalies at the level of
lower amount of chloroplasts; abnormal thylakoid system. MRNAs and tRNAS; processing defect of 16S, 23S and 4.5S rRNAs
(accumulation of precursors with both ends unprocessed); mature 16S and
4.5S rRNAs are moderately decreased; 5S rRNA is not visibly affected.
Chordata
Homo sapiens Mitochondrially essential (knockout cells do not grow on non- Severe complex | and IV deficiencies; levels of multiple mitochondrial [3, 4]
(mitochondrion) fermentable carbon sources). Slow growth on glucose; enlarged and  transcripts are affected; mitochondrial translation is nearly fully
misshaped mitochondria with few cristae and other morphological abolished; the mitochondrial SSU is defective: 12S rRNA is decreased
defects; impaired cellular respiration; increased glycolysis. and unstable, several r-proteins in the head and the platform (uS11m,

bS21m, mS37) are depleted; mild LSU assembly defect; significant
misprocessing of tRNAS agy.



