
Conserved Bacterial RNase YbeY Plays Key Roles in 70S
Ribosome Quality Control and 16S rRNA Maturation

Asha Ivy Jacob1, Caroline Köhrer1, Bryan William Davies2, Uttam Lal RajBhandary1, and
Graham Charles Walker1,*

1. Department of Biology, Massachusetts Institute of Technology, Cambridge, MA
2. Department of Microbiology and Molecular Genetics, Harvard Medical School, Boston, MA

Abstract
Quality control of ribosomes is critical for cellular function since protein mistranslation leads to
severe physiological consequences. We report the first evidence of a ribosome quality control
system in bacteria that operates at the level of 70S to remove defective ribosomes. YbeY, a
previously unidentified endoribonuclease, and the exonuclease RNase R act together by a process
mediated specifically by the 30S ribosomal subunit, to degrade defective 70S ribosomes but not
properly matured 70S ribosomes or individual subunits. Furthermore, there is essentially no fully
matured 16S rRNA in a ΔybeY mutant at 45°C, making YbeY the first endoribonuclease to be
implicated in the critically important processing of the 16S rRNA 3' terminus. These key roles in
ribosome quality control and maturation indicate why YbeY is a member of the minimal bacterial
gene set and suggest that it could be a potential target for antibacterial drugs.
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INTRODUCTION
Given the intricacies of rRNA and ribosome biogenesis, quality control mechanisms are
critically required to eliminate defective ribosomes and thus ensure proper protein
translation. Studies to date have led to the conclusion that ribosome quality control in
bacteria acts mainly at the level of the unassembled 30S and 50S subunits (Basturea et al.,
2011; Deutscher, 2009). Although a late-stage ribosome quality control system [non-
functional rRNA decay (NRD)] that can act at the level of fully assembled ribosomes has
been characterized in eukaryotes (Cole et al., 2009; LaRiviere et al., 2006), a similar system
by which bacteria can specifically eliminate defective 70S ribosomes has not been reported
(LaRiviere et al., 2006). In this paper, we show that a highly conserved, previously
unidentified RNase, YbeY, plays critical roles in a hitherto undescribed mechanism of late-
stage 70S ribosome quality control in bacteria.
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YbeY (UPF0054 protein family) is found in nearly every sequenced bacterium (Davies and
Walker, 2008; Sonnhammer et al., 1997). Also, ybeY is one of the 206 genes postulated to
comprise the minimal bacterial genome set (Gil et al., 2004). ybeY is essential in some
bacteria (Akerley et al., 2002; Kobayashi et al., 2003), whereas in others (e.g. Escherichia
coli and Sinorhizobium meliloti), ybeY is not essential but its loss sensitizes cells to a wide
variety of physiologically diverse stresses, including heat (Davies et al., 2010; Davies and
Walker, 2008; Rasouly et al., 2009). Structural studies of E. coli YbeY and its orthologs
have led to the suggestion that YbeY is a metal-dependent hydrolase. Despite these
structural insights and extensive screening, the biochemical activity of YbeY and its
orthologs has remained elusive (Oganesyan et al., 2003; Penhoat et al., 2005; Zhan et al.,
2005).

Our recent studies of the physiological roles of YbeY led us to consider the possibility that it
might be an RNase, rather than a protease as has been previously suggested (Oganesyan et
al., 2003; Penhoat et al., 2005; Zhan et al., 2005). We recently found that YbeY is involved
in the processing of all three rRNAs (Davies et al., 2010). Furthermore, ybeY shows strong
genetic interactions with rnc, rnr and pnp, whose products RNase III, RNase R and PNPase
play important roles in both rRNA maturation and RNA degradation (Bollenbach et al.,
2005; Davies et al., 2010; Deutscher, 2009; Purusharth et al., 2007; Walter et al., 2002). The
almost complete lack of properly matured 16S rRNA 3' termini in the ΔybeY Δrnr and
ΔybeY Δpnp mutants (Davies et al., 2010) was of particular interest because no RNase has
yet been implicated in this critically important processing step (Deutscher, 2003). Additional
observations that tie YbeY to RNA metabolism include our finding that the S. meliloti YbeY
ortholog SMc01113 affects the regulation of some sRNAs and their mRNA targets, and the
structural similarities that bacterial YbeYs share with the MID domain of the eukaryotic
Argonaute protein (Pandey et al., 2011).

Here, we show that YbeY is a single strand specific endoribonuclease that plays key roles in
two crucial physiological functions, a hitherto unrecognized late-stage 70S ribosome quality
control system that is particularly important under stress, and in processing of the 16S rRNA
3' terminus. These critical roles of YbeY account for its presence in most bacterial genomes
and its inclusion in the minimal bacterial gene set.

RESULTS
YbeY is a metal-dependent ribonuclease

YbeY belongs to the UPF0054 family characterized by a three histidine H3XH5XH motif
that coordinates a metal ion thought to be zinc. We report that purified YbeY is an RNase
that degrades total rRNA and mRNA effectively (Figure 1A and 1B). YbeY is substantially
less effective at degrading total tRNA in vitro (Figure 1A). For example, when a mixture of
rRNA and tRNA was used as a substrate, rRNA was degraded but tRNA was not (Figure
1A). However, partial degradation of tRNA was observed when YbeY was approximately in
2-fold excess compared to the substrate (Figure S1A). RNase A, used at the same
concentration as YbeY, efficiently degraded both rRNA and tRNA (Figure 1A). As expected
for an RNase, YbeY was unable to degrade either double or single stranded DNA (Figure
S1B and S1C). Consistent with its predicted metal-dependent hydrolase activity, the RNase
activity of YbeY was inhibited by 50 mM EDTA (Figure 1A).

YbeY is a single strand specific endoribonuclease
To further characterize the RNase activity of YbeY, we used a synthetic 30 nucleotide (nt)
RNA substrate that mimics the 3' terminus of 16S rRNA in its unprocessed form. It contains
18 nt of the mature 3' terminus of 16S rRNA and 12 nt of the 3' terminal precursor sequence.
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YbeY can bind to this 30 nt single stranded RNA (ssRNA) in a concentration-dependent
manner in a gel shift assay (Figure S1D), albeit weakly. We attribute this weak binding due
the assay being carried out at 4°C and not 37°C at which YbeY efficiently degrades RNA.
To elucidate the substrate requirement of YbeY, equimolar amounts of protein and synthetic
oligonucleotide substrates was used. YbeY cleaved the 30 nt ssRNA substrate, producing a
distinct pattern that indicates a preference for cleavage after U (Figure 1C). However, YbeY
was unable to degrade double stranded RNA (dsRNA) (Figure 1D). We also examined
YbeY's ability to degrade a partially dsRNA substrate containing a ssRNA extension at the
3' end. YbeY cleaved the ssRNA 3' extension with a major cut after a U +1 from the
beginning of the duplex. It also cleaved weakly inside the double stranded portion of the
RNA substrate, even though it could not cleave dsRNA without a ssRNA 3' extension
(Figure 1E). We attribute this weak cleavage to transient melting of the dsRNA allowing
bound YbeY access to this portion of the RNA substrate. YbeY cleaved a hairpin substrate
with perfectly paired blunt ends after a U at the junction between the stem and the loop
(Figure 1F) and also weakly in the stem region, again possibly due to transient melting of
the dsRNA stem. The ability of YbeY to cleave hairpin structures explains its capacity to
degrade free total rRNA, in which hairpins are the most abundant secondary structural
element. Furthermore, YbeY cannot degrade a synthetic RNA substrate in which all 2'-
hydroxyl groups were substituted with 2'-O-methyl groups (Figure S2A).

To investigate the nature of the termini generated by YbeY's endoribonuclease activity, we
treated an RNA substrate blocked at both ends with YbeY. We found that we could label the
cleavage products with T4 polynucleotide kinase (PNK) and γ-32P-ATP, but not with T4
RNA ligase and 32P-pCp (Figure S2B), an observation indicating that YbeY cleavage
generates products containing 5' hydroxyl and 3' phosphate termini. Furthermore, the
treatment of YbeY-digested 5'-32P- labeled RNA with T4 PNK in the absence of ATP to
promote removal of the 3' phosphate (Cameron and Uhlenbeck, 1977), resulted in a shift in
mobility of the RNA products (Figure S2B), supporting the conclusion that YbeY cleaves
RNA to generate a 3' phosphate.

YbeY cleaved ssRNA substrates 10 nt or longer but did not cleave a 7 nt substrate despite
the presence of a site that is cleaved in the context of larger oligoribonucleotides (Figure
1G). The length requirement of YbeY is different from that of a typical oligoribonuclease,
which prefers 2–5 nt long substrates (Ghosh and Deutscher, 1999), and from a degradative
RNase like RNase A that degrades oligoribonucleotides of varying lengths to
mononucleotides (Arraiano et al., 2010; Condon and Putzer, 2002). Consistent with being a
heat shock protein (Rasouly et al., 2009), YbeY has good RNase activity at 37°C and 45°C,
although it decreases at 65°C (Figure S2C).

Conserved histidine H114 and arginine R59 are required for the RNase activity of YbeY
In previous work we had shown residues H114 and R59 to be important for the in vivo
function of YbeY, specifically for survival under heat shock (Davies et al., 2010). H114 is
part of the conserved histidine triad involved in metal binding, while R59 is part of a highly
conserved cluster of amino acids on the other side of the cleft that have been suggested to be
important for YbeY activity (Pandey et al., 2011; Zhan et al., 2005) (Figure 2A). Using site
directed mutagenesis, we generated single mutants H114A, R59A and R59E as well as the
multiple mutants H114A H124A and R59E K61E (Figure S3A).

The mutant enzymes were purified to homogeneity and tested at a final concentration of 5
μM for RNase activity on total rRNA (Figure 2B) and the short 30 nt ssRNA substrate
(Figure 2C). All mutant enzymes have extremely low RNase activity. To obtain a degree of
RNA cleavage seen with 0.05 μM wild type YbeY, we required 10,000 fold more of any of
the mutant enzymes (Figure 2C). Prolonged incubation of the substrate with 5 μM
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concentration of mutant enzymes also did not yield a degree of cleavage comparable to that
with 100-fold less of the wild type YbeY (Figure S3B). Finally, the mutant proteins are
inactive on dsRNA, dsRNA with a ssRNA 3′ extension, and hairpin substrates (Figure
S3C).

The results clearly show that H114 and R59 are required for the RNase activity of YbeY.
Since the single mutants H114A and R59E showed such a drastic decrease in RNase activity
on their own, we were unable to detect any further decrease from additionally mutating
H124 or K61. The triple histidine mutant (H114A H118A H124A) could not be purified
because it was very poorly expressed.

YbeY together with RNase R is involved in the removal of defective non-translating and
translating 70S ribosomes in vitro: a new mechanism of ribosome quality control in E. coli

Since the ΔybeY mutant accumulates 70S ribosomes containing substantial amounts of
misprocessed RNA (Davies et al., 2010), the impaired translational efficiency and fidelity of
these defective 70S ribosomes could account in part for the highly pleiotropic phenotype of
the ΔybeY mutant. Furthermore, RNase R, with which YbeY shows a strong genetic
interaction (Davies et al., 2010), has been implicated in rRNA degradation/RNA quality
control as well as in rRNA maturation (Bollenbach et al., 2005; Deutscher, 2009; Purusharth
et al., 2007). Together with our discovery that YbeY is an RNase, these in vivo results led us
to consider the possibility that YbeY, either by itself or in concert with RNase R,
participates in a ribosome quality control system.

To test this hypothesis, 30S ribosomal subunits and 70S ribosomes were purified from wild
type E. coli and the ΔybeY mutant. The 30S subunits and 70S ribosomes from the wild type
strain contain mainly mature 16S rRNA (Figure 3A). The 30S subunits isolated from the
ΔybeY mutant contained considerably less mature 16S rRNA and, in addition, several faster
migrating rRNA species (Figure 3B). Furthermore, the 70S ribosomes purified from the
ΔybeY mutant showed the presence of the 17S rRNA precursor, low amounts of mature 16S
rRNA, and a faster migrating rRNA species distinct from 16S rRNA (Davies et al., 2010)
(Figure 3B).

30S subunits and 70S ribosomes isolated from wild type and ΔybeY cells were incubated
with (i) YbeY, (ii) RNase R, (iii) equimolar amounts of YbeY and RNase R, and (iv)
equimolar amounts of YbeY H114A H124A and RNase R. RNA was isolated from these
samples and the rRNA profile was analyzed. rRNA from 30S subunits and 70S ribosomes
isolated from the wild type strain remained unaltered under all conditions (Figure 3A).
Similarly, rRNA from 30S subunits isolated from the ΔybeY mutant remained unaffected
under all conditions (Figure 3B).

A strikingly different result was obtained with the defective 70S ribosomes isolated from the
ΔybeY mutant. Neither YbeY nor RNase R on its own affected the rRNA profile of these
70S ribosomes. However, when YbeY and RNase R were added together, the rRNA in these
70S ribosomes was completely degraded (Figure 3B). No degradation was seen when YbeY
H114A H124A was substituted for YbeY, indicating that the catalytic activity of YbeY is
required. Decreasing YbeY while keeping RNase R constant reduced the degradation of
defective 70S ribosomes (Figure S4A). When normal (MC4100 wild type) and defective
(ΔybeY mutant) 70S ribosomes were mixed together and co-incubated with YbeY and
RNase R, only a portion of the rRNA, most likely derived from the defective ribosomes, was
degraded (Figure S4B).

To ascertain whether this phenomenon is specific to ribosomes isolated from ΔybeY or is
instead reflective of a general rRNA/ribosome quality control mechanism, we repeated the
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same set of experiments with ribosomes isolated from wild type E. coli cells treated with the
aminoglycoside antibiotic kasugamycin, a drug to which the ΔybeY mutant is very sensitive
(Figure S4C). Kasugamycin inhibits canonical translation by preventing the binding of
initiator tRNA to the 30S ribosomal subunit and induces the formation of 61S ribosomes
that lack several proteins of the small ribosomal subunit (Kaberdina et al., 2009). 30S
subunits and 70S ribosomes isolated from wild type E. coli treated with 200 μg/ml of
kasugamycin showed the presence of 17S and 16S rRNA. Similar to the ΔybeY mutant,
several truncated species of rRNA were also present in the 30S subunits (Figure 3C). The
30S subunits and 70S ribosomes from the kasugamycin-treated cells were incubated with
YbeY and RNase R and analyzed as described above. rRNA from 30S subunits remained
unaffected under all conditions tested. The rRNA profile of 70S ribosomes remained
unaltered in the presence of YbeY or RNase R, individually. However, when these two
enzymes were added together, rRNA from 70S ribosomes from kasugamycin-treated cells
was completely degraded (Figure 3C). The mutant YbeY enzyme lacking RNase activity
had no effect on its own or when added together with RNase R, thus demonstrating that the
RNase activity of YbeY is required in this case as well.

To determine whether YbeY and RNase R together can distinguish between misassembled
non-translating 70S ribosomes and defective 70S ribosomes that are part of the translating
pool, we carried out the above assay on polysomes isolated from MC4100, MC4100 ΔybeY
and MC4100 treated with kasugamycin. The amount of ribosomes and polysomes isolated
from kasugamycin-treated cells were approximately two fold lower than from untreated wild
type cells. Similar to the results obtained with 70S ribosomes, YbeY and RNase R together
efficiently degraded rRNA in polysomes from the ΔybeY mutant and MC4100 treated with
kasugamycin, but did not degrade the rRNA in polysomes isolated from wild type cells
(Figure 3D). These data indicate that YbeY and RNase R together not only recognize and
eliminate non-translating 70S ribosomes; they can also eliminate defective 70S ribosomes
that are part of translating polysomes.

In summary, our in vitro results suggest a general physiological role for YbeY together with
RNase R in the specific removal of defective 70S ribosomes from the cellular pool, thereby
allowing translation to proceed effectively under standard growth conditions and under
stress. The striking sensitivity of ybeY mutants to a wide variety of harmful agents (Davies
et al., 2010; Davies and Walker, 2008), including kasugamycin, is consistent with this
YbeY-dependent system of 70S ribosome quality control being especially important under
stressful conditions.

In vitro degradation of defective ribosomes by YbeY and RNase R requires the ribosomes
to be in the assembled 70S state and is mediated by the defective 30S ribosomal subunit

We tested whether 50S and 30S subunits obtained by dissociating the defective 70S
ribosomes from the ΔybeY mutant are substrates for YbeY and RNase R. As above, YbeY
and RNase R degraded the rRNA of 70S ribosomes isolated from the ΔybeY mutant
efficiently. However, the RNA profiles of 30S and 50S subunits derived from the very same
pool of 70S ribosomes were not affected by the combination of these two RNases (Figure
4A). These observations provide strong additional support for our suggestion that YbeY and
RNase R function together in a hitherto unrecognized quality control mechanism that acts at
the level of assembled 70S ribosomes.

The ΔybeY mutant is reported to have both defective 30S and 50S subunits (Davies et al.,
2010; Rasouly et al., 2010). To determine whether this unique 70S ribosome quality control
is mediated specifically by either the defective 30S or 50S subunit, we purified subunits
from wild type and the ΔybeY mutant. The subunits were mixed at equimolar
concentrations in different combinations and incubated with YbeY and RNase R (Figure
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4B). As expected, 70S ribosomes resulting from the mixing of wild type 30S and 50S
subunits were not degraded, whereas 70S ribosomes resulting from the mixing of 30S and
50S subunits from the ΔybeY mutant were effectively degraded. When the 30S subunit from
wild type was mixed with 50S subunit from the ΔybeY mutant no degradation of the
resulting 70S ribosome was observed, indicating that defective 50S from the mutant does
not initiate 70S ribosome degradation. In contrast, when the 30S subunit from the ΔybeY
mutant was mixed with the 50S subunit from the wild type, the resulting 70S ribosome was
completely degraded. Taken together these results provide strong evidence that this YbeY/
RNase R-dependent 70S ribosome quality control recognizes the presence of a defective 30S
subunit in a 70S ribosome and not the 50S ribosomal subunit. Interestingly, the presence of a
defective 30S subunit in a 70S ribosome leads to degradation of its partner 50S subunit,
even if that 50S subunit is not defective.

A heat-stressed ΔybeY mutant is deficient in processing of the 16S rRNA 3′ terminus and
accumulates 17S rRNA and 16S* rRNA

As mentioned above, prior to our discovery that YbeY is an RNase we had obtained data
indicating that YbeY is involved in the processing of all three rRNAs (Davies et al., 2010).
Since YbeY is a heat shock protein and the ΔybeY mutant is temperature-sensitive (Davies
et al., 2010; Rasouly et al., 2009), we sought to gain additional insights into the roles of
YbeY in rRNA maturation and ribosome quality control by investigating the effects of
subjecting a ΔybeY mutant to heat stress.

There was virtually no change in the rRNA profile of the wild type strain shifted from 37°C
(Davies et al., 2010) to 45°C. In contrast, the rRNA of the ΔybeY strain changed
remarkably from that seen at 37°C (Davies et al., 2010), as the amount of 16S rRNA
decreased drastically and was barely visible after 60 min of exposure to heat, while the
levels of 17S and 16S* rRNA remained relatively stable throughout (Figure 5A). Mapping
of the 16S rRNA 5' and 3' termini confirmed the drastic reduction of mature 3' terminus to
nearly undetectable levels in the ΔybeY strain (Figure 5C). Both termini of the 17S rRNA
precursor and a small amount of the mature 5' terminus, most likely derived from 16S*
rRNA, were still present at 45°C (Figure S5A). An rRNA profile similar to that of wild type
was restored to the ΔybeY strain at 45°C by ectopically expressing YbeY (Figure 5B and
5C). Northern hybridization using a probe complementary to 33 nucleotides of the mature 3'
terminus of 16S rRNA did not show hybridization to the 16S* rRNA (Figure S5B),
consistent with the truncation of the 3' end of 16S rRNA by several nucleotides. This would
make 16S* rRNA essentially incompetent for translation of canonical mRNAs (Shine and
Dalgarno, 1975; Vesper et al., 2011).

When new RNA synthesis was blocked with rifampicin just prior to the temperature shift, a
constant level of mature 16S rRNA was present in the wild type strain, both at 37°C and
45°C (Figure 6A). For the ΔybeY mutant, at 37°C, early time points showed the
characteristic rRNA pattern previously reported (Davies et al., 2010) with similar amounts
of 17S, 16S and 16S* rRNA. However, after 40 min, the amounts of 16S and 17S rRNA
species decreased and 16S* rRNA was the major species present (Figure 6A). Strikingly,
when the ΔybeY mutant was shifted to 45°C, there was a complete loss of 16S rRNA and a
steady decrease in 17S rRNA within 30 min along with constant levels of 16S* rRNA
throughout. Mapping of the 5' and 3' termini of 16S rRNA isolated from rifampicin-treated
cells corroborated these observations (Figure S6). This complete loss of 16S rRNA at 45°C
explains why approximately 99% of ΔybeY cells die within an hour of being shifted from
37°C to 45°C (Figure 6B). As expected (Rasouly et al., 2009), YbeY expression in wild type
cells increased upon a shift to 45°C to a degree similar to that of the heat shock protein
GroEL (Figure 6C).
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These results suggest that when ΔybeY cells are subjected to heat stress, the absence of
YbeY's endoribonuclease activity results in a failure to carry out correct processing of the 3'
terminus of the 17S rRNA precursor to generate the mature 16S rRNA; instead 17S rRNA is
converted to 16S* rRNA (Figures 5 and 6). Furthermore, the observation that the 16S*
rRNA species accumulates in the ΔybeY mutant under these conditions is consistent with
the aforementioned role of YbeY in ribosome quality control.

DISCUSSION
YbeY is a single strand specific endoribonuclease with unique substrate specificity

We have discovered that the highly conserved E. coli protein YbeY, which is present in
most sequenced bacterial genomes and is part of the minimal bacterial gene set, is a single
strand specific metallo-endoribonuclease. YbeY has the unusual ability to degrade free
rRNAs, a property of E. coli RNases that it shares only with RNase R and RNase A
(Arraiano et al., 2010; Deutscher, 2009). Furthermore, YbeY is the first endoribonuclease to
be described that has the remarkable ability to specifically cleave rRNA in defective 70S
ribosomes but not in dissociated 30S and 50S subunits derived from these defective 70S
ribosomes. This unique substrate specificity of YbeY distinguishes it from currently known
RNases. Furthermore, YbeY is also the first endoribonuclease to be implicated in the
critically important maturation of the 3' terminus of 16S rRNA.

A model for YbeY-dependent 70S ribosome quality control
We propose a model for ribosome quality control that can function at the level of both non-
translating and translating 70S ribosomes in E. coli (Figure 7). YbeY acts as a sensor of
defective 70S ribosomes mediated by defective 30S subunits and initiates degradation of
70S ribosomes by making one or more endonucleolytic cuts in the rRNA. In principle,
YbeY could recognize rRNA perturbations in defective 70S ribosomes through an exposed
single stranded portion of rRNA due to misprocessing or misfolding of rRNA, damage to
rRNA by environmental factors, absence of certain base modifications, or absence or
unbalanced amounts of certain ribosomal proteins (Liang et al., 2009; Roy-Chaudhuri et al.,
2010; Siibak et al., 2011). After the primary cut(s) by YbeY, RNase R could unwind the
rRNA with its helicase activity (Awano et al., 2010) and continue the degradation of rRNA
exonucleolytically, which may be further assisted by YbeY. Recent evidence in vivo
(Basturea et al., 2011; Davies et al., 2010) is consistent with PNPase also contributing to this
quality control-associated degradation once the single stranded RNA ends have become
accessible. Additionally, the ability of YbeY and RNase R to degrade polysomes from the
ΔybeY mutant and kasugamycin-treated cells indicates that defective 70S ribosomes in
these cells can participate in translation and that this late-stage quality control is an
important check point to avoid protein mistranslation. Our results suggest that 70S ribosome
quality control is extremely important for cell survival under a wide variety of stresses,
which could in part explain the high conservation of YbeY and RNase R throughout
evolution.

Nonfunctional rRNA decay (NRD) is an important late-stage ribosome quality control
system in Saccharomyces cerevisiae, that detects and degrades rRNA with deleterious point
mutations in the peptidyl transferase or the decoding centers present in fully assembled
ribosomes or ribosomal subunits (Cole et al., 2009; LaRiviere et al., 2006). Although the
YbeY-dependent late-stage 70S quality control system shares the characteristic with NRD of
acting at the level of fully assembled ribosomes to detect and degrade rRNA present in
defective ribosomes, its specificity appears to differ from that of eukaryotic NRD (Muth et
al., 2000; Powers and Noller, 1990, 1993; Thompson et al., 2001). Moreover, unlike NRD
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that is triggered in the yeast proteasome, the bacterial YbeY-mediated 70S ribosome quality
control is initiated by a nuclease.

The defective ribosomes utilized in this study were obtained from the ΔybeY mutant and
from wild type cells treated with kasugamycin, a drug to which the ΔybeY mutant is
extremely sensitive. In both cases, polysomes, 70S ribosomes, and the ribosomal subunits
contained increased amounts of misprocessed rRNAs, most notably misprocessed 16S
rRNA. Additionally, some ribosomes from kasugamycin-treated cells have been reported to
lack several ribosomal proteins yielding 61S ribosomal particles (Davies et al., 2010;
Kaberdina et al., 2009)] that were likely included in our 70S ribosome preparation. Our
electrophoretic analyses suggest the defective 70S ribosomes obtained from both the ΔybeY
mutant and kasugamycin-treated cells are mixtures of abnormal ribosomes containing 17S
rRNA precursor or misprocessed 16S rRNAs along with normal ribosomes containing
mature 16S rRNA. Nevertheless, all of the rRNAs present in 70S ribosomes was degraded
by YbeY and RNase R in vitro. Thus, the subset of apparently normal ribosomes carrying
mature 16S rRNA obtained from the ΔybeY mutant and from kasugamycin-treated cells,
must in fact contain abnormalities that can be detected by the YbeY/RNase R 70S ribosome
quality control system. Furthermore, the substantially lower amount of ribosomes obtained
from kasugamycin-treated cells suggests the YbeY/ RNase R quality control system has
been saturated so that the defective 70S ribosomes and polysomes we isolated are those that
have escaped this critical checkpoint.

Importantly, our results indicate this YbeY-dependent system of 70S ribosome quality
control is mediated exclusively by a defective 30S ribosomal subunit and not by a 50S
subunit. In fact, when normal 50S subunits are mixed with defective 30S subunits, YbeY
and RNase R effectively degrade the resulting 70S, even though the 50S subunits on their
own cannot be degraded. Whether this degradation of the 70S complex formed by normal
50S and defective 30S subunits is due to improper assembly of the subunits because of
inherent defects in the 30S subunits isolated from the ΔybeY mutant and from
kasugamycin-treated cells or due to destabilization of the 70S ribosomes subsequent to the
degradation of the defective 30S subunits is under investigation.

The substrate and enzyme were used at approximately equimolar concentrations in our in
vitro assays. While this could be considered a high concentration for an RNase, given that
YbeY is involved in highly specific, controlled processing and degradative events in living
cells, it is not surprising that its specific activity is relatively low compared to some
degradative RNases. Also, it is extremely likely that YbeY action in vivo is subject to
multiple layers of regulation like that of RNase R, which also degrades free RNA substrates
relatively non-specifically (Awano et al., 2010; Chen and Deutscher, 2010; Liang and
Deutscher, 2010, 2012). Such in vivo regulation could limit the extensive degradation of the
defective 70S ribosomes that is observed in vitro, thereby allowing a sub-population of these
ribosomes to participate in translation.

A model for participation of YbeY in 16S rRNA maturation
In E. coli, the 16S, 23S, and 5S rRNAs are cotranscribed as a single RNA molecule that is
then converted to three precursors, each of which undergo further 3' and 5' processing to
yield the final mature rRNAs. Although the extensive rRNA maturation defects observed in
the ΔybeY mutant in vivo (Davies et al., 2010) do not distinguish between a direct or
indirect involvement of YbeY, our identification of YbeY as an endoribonuclease suggests
that it could be playing a direct role in 16S rRNA processing that becomes essential at 45°C.
Correct processing of the 3' terminus of 16S rRNA is critical (Inoue et al., 2003; Sato et al.,
2005; Wireman and Sypherd, 1974), whereas mutations affecting the maturation of the other
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rRNA termini do not have strong phenotypic consequences (Li and Deutscher, 1995; Li et
al., 1999, 1999a, 1999b).

Our results suggest that the endoribonuclease YbeY (Figure 7) acts at or near the 16S rRNA
3' terminus maturation site, generating a 3' phosphate. Additional enzymes, possibly acting
in a redundant fashion, would be required for the final maturation step. Since very little
mature 16S rRNA 3' terminus can be detected in either a ΔybeY Δrnr mutant or a ΔybeY
Δpnp mutant grown at 37°C (Davies et al., 2010), RNase R and PNPase are possible
candidates to carry out this additional 3' end processing. RNase R can cleave RNA
substrates that have a 3' phosphate (Cheng and Deutscher, 2002) and has been implicated in
the processing of the 3' terminus of 16S rRNA in other organisms (Bollenbach et al., 2005;
Purusharth et al., 2007), while PNPase plays a role in the 3' processing of the 23S rRNA in
Arabidopsis thaliana chloroplasts (Walter et al., 2002). Another candidate is YbeZ, a phoH
paralog, usually found in an operon with ybeY, that could potentially function as a
phosphohydrolase (Kazakov et al., 2003) to remove the 3' phosphate generated by YbeY.

If the RNase activity of YbeY does play a direct role in 16S rRNA 3' maturation, then some
other factor(s) would be necessary to restrict YbeY's relatively non-specific
endoribonuclease activity to the appropriate region of the 16S rRNA precursor. In addition
to ribosomal proteins that are present in the newly assembled ribosomal particles still
containing immature rRNA (Mangiarotti et al., 1974), Era, an essential highly conserved
cellular GTPase implicated in ribosome maturation (Verstraeten et al., 2011), is an attractive
candidate. Era interacts with the 3' terminus of the 16S rRNA in a manner that leaves three
nucleotides of the mature 3' terminus of 16S rRNA protruding out of the Era/16S rRNA
complex (Tu et al., 2009). Interestingly, era is found in the same operon as ybeY in many
bacteria, while in Clostridiales BVAB3 str. UP119-5 ybeY and era are fused into a single
gene.

Finally, our observations suggest that the sensitivity of a ΔybeY mutant to a variety of
stresses [this work; (Davies et al., 2010; Davies and Walker, 2008; Rasouly et al., 2009)]
results from the accumulation of translationally impaired or incompetent ribosomes (Davies
et al., 2010) that have resulted from the combination of the strong defects in maturation of
16S rRNA 3' terminus and the concomitant loss of the critical 70S ribosome quality control
system.

Concluding remarks
Our results provide striking evidence that YbeY is an important RNase involved in late-
stage 70S ribosome quality control and in maturation of the 3' terminus of the 16S rRNA. In
addition, YbeY might contribute to sRNA regulation (Pandey et al., 2011) by functioning in
an as-yet uncharacterized pathway for sRNA-mediated regulation of mRNA. Intriguingly,
the mammalian counterpart of YbeY localizes to the mitochondria (Pagliarini et al., 2008),
so it will be interesting to determine if YbeY has related roles in mitochondrial RNA
metabolism. Finally, the critical physiological roles of the highly conserved YbeY protein
make it a potentially interesting target for the development of a new class of antibiotic or an
antibiotic adjuvant.

EXPERIMENTAL PROCEDURES
Strains, growth conditions and DNA manipulations

Wild type strain MC4100 (Casadaban and Cohen, 1979) and MC4100 ΔybeY (Davies et al.,
2010) were grown aerobically in Luria-Bertani (LB) at 37°C. Antibiotics were used at the
following concentrations, kanamycin 25 μg/ml, kasugamycin 200 μg/ml, rifampicin 400 μg/
ml, chloramphenicol 100 μg/ml and ampicillin 100 μg/ml. Allele transfers were done by P1

Jacob et al. Page 9

Mol Cell. Author manuscript; available in PMC 2014 February 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transduction. DNA manipulations were performed according to the methods of Sambrook
(Sambrook and Russell, 2001).

Purification of YbeY
YbeY was purified by affinity, ion exchange and size exclusion chromatography (details in
supplement).

In vitro RNA cleavage assays using YbeY, RNase R and RNase A
All YbeY RNase assays were carried out in 50 mM HEPES pH 7.5 in a 20 μl volume and
used 0.05 – 500 μM of purified YbeY (wild type or mutant protein) on different RNA
substrates as indicated. RNase R (Epicenter) and RNase A (Ambion) were used at a final
concentration of 5 μM each. Further information is provided in extended experimental
procedures.

Polysome/Ribosome purification and subunit fractionation
Polysomes, 70S ribosomes, 50S and 30S subunits from MC4100, MC4100 ΔybeY, and
MC4100 treated with 200 μ/ml of kasugamycin were isolated as described previously
(Etchegaray and Inouye, 1999) with minor modifications as described in extended
experimental procedures.

rRNA analysis
rRNA was extracted from log phase cultures grown at 37°C, after heat shock at 45°C, and
after blocking transcription with rifampicin at 37°C and 45°C at the indicated time points, or
from purified ribosome fractions using a Qiagen RNeasy Plus Mini Kit. 16S and 23S rRNAs
were separated using Synergel/agarose gel electrophoresis as described (Wachi et al., 1999).
A detailed description of the mapping of the 5' and 3' termini of 16S rRNA is provided in
extended experimental procedures.

Western blot and Northern blot methods
Both these techniques were done as per standard protocol (Brown et al., 2004; Gallagher et
al., 2008). Details are provided in extended experimental procedures.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• YbeY is a previously unrecognized endoribonuclease with unusual
characteristics

• YbeY and RNase R together participate in bacterial 70S ribosome quality
control

• Defective 30S ribosomal subunit mediates the 70S ribosome quality control
mechanism

• YbeY RNase is essential for the maturation of the 3' terminus of 16S rRNA at
45°C

Jacob et al. Page 14

Mol Cell. Author manuscript; available in PMC 2014 February 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. YbeY is a metal-dependent single strand specific endoribonuclease
Purified YbeY was used at a concentration of 5 μM in all assays unless mentioned
otherwise. (A) YbeY is able to degrade total rRNA (3.8 μM) isolated from E. coli. tRNA
(4.5 μM) is a relatively poor substrate for YbeY. When rRNA (3.8 μM) and tRNA (4.5 μM)
were mixed, YbeY preferentially degraded the rRNA. YbeY is inhibited by 50 mM EDTA.
RNase A (5 μM) was used as control to show degradation of the mixture of rRNA (3.8 μM)
and tRNA (4.5 μM). The positions of the 23S, 16S, 5S rRNA and tRNA are indicated. (B)
YbeY cleaves folA mRNA (4.0 μM) generated by in vitro transcription. Digestion products
were analyzed by Synergel/agarose gel electrophoresis. (C)–(G) In vitro cleavage assay to
identify the substrate requirement of YbeY using short synthetic oligoribonucleotides.
Assays were performed using YbeY (5.0 μM) and 5'-32P-labeled oligoribonucleotides (5.0
μM); (C) ssRNA, (D) dsRNA, (E) dsRNA containing a single stranded extension at the 3',
(F) hairpin substrate with perfectly base paired blunt ends, (G) ssRNAs 7, 10, 12, 20 and 30
nt long. Digestion products were analyzed by polyacrylamide gel electrophoresis. OH−,
alkali ladder. ▼ indicates sites of cleavage by YbeY on the substrate (see also Figure S1 and
S2).
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Figure 2. RNase activity of YbeY requires the histidine H114 residues and conserved amino acid
residue R59
(A) Model of YbeY generated in PyMOL (http://www.pymol.org) using Swiss Prot Entry
P77385 (Zhan et al., 2005), showing the positions of conserved residues R59, K61, H114,
H118 and H124 in the proposed RNA channel (highlighted in orange). (B) – (C) RNase
activities of YbeY wild type and mutant proteins (H114A; H114A H124A; R59A; R59E;
R59E K61E) on (B) total rRNA (3.8 μM) isolated from E. coli and (C) a short 30 nt ssRNA
substrate (5.0 μM) as shown in Figure 2A. Digestion products were analyzed by Synergel/
agarose or polyacrylamide gel electrophoresis, respectively. RNase concentrations between
0.05 and 500 μM were used as indicated (see also Figure S3).
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Figure 3. YbeY and RNase R together eliminate defective non-translating and translating
ribosomes
Polysomes, 70S ribosomes and 30S and 50S ribosomal subunits were isolated from wild
type MC4100 and ΔybeY, and wild type MC4100 treated with 200 μg/ml kasugamycin.
Ribosomal subunits (4.3 μM), 70S ribosomes (5.5 μM) and polysomes (3.9 μM) were
incubated with equimolar amounts (5 μM each) of (i) YbeY, (ii) RNase R, (iii) YbeY and
RNase R, and (iv) YbeY H114A H124A and RNase R as indicated. rRNA was thereafter
extracted from these samples and analyzed on a Synergel/agarose gel. (A) rRNA from 30S
ribosomal subunits and 70S ribosomes from MC4100 after incubation with YbeY and/or
RNase R. Total rRNA isolated from wild type cells was used as a marker. (B) rRNA from
30S ribosomal subunits and 70S ribosomes from the ΔybeY mutant strain after incubation
with YbeY and/or RNase R. Total rRNA isolated from the ΔybeY mutant strain was used as
a marker. (C) rRNA from 30S ribosomal subunits and 70S ribosomes from kasugamycin-
treated MC4100 after incubation with YbeY and/or RNase R. Total rRNA isolated from
kasugamycin-treated wild type cells was used as a marker. (D) rRNA from polysomes
isolated from MC4100, the ΔybeY mutant strain and MC4100 treated with 200 μg/ml
kasugamycin after incubation with YbeY and/or RNase R. Total RNA from wild type cells,
the ΔybeY mutant strain and wild type treated with 200 μg/ml kasugamycin, respectively,
was used as marker (see also Figure S4).
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Figure 4. Ribosome quality control requires 70S ribosome complex formation and is mediated by
defective 30S ribosomal subunit
70S ribosomes isolated from the ΔybeY mutant were dissociated by fractionation on a
sucrose gradient run at low magnesium concentration. (A) 50S and 30S ribosomal subunits
(4.3 μM each) were subjected separately to digestion with YbeY and RNase R and the
rRNA was analyzed on a Synergel/agarose gel. rRNA isolated from the ΔybeY mutant 70S
ribosome was used as a marker (see also Figure S4). (B) 50S and 30S ribosomal subunits
isolated from MC4100 and the ΔybeY mutant were mixed together in different
combinations as indicated at equimolar concentrations (3.8 μM each) and subjected to
digestion with YbeY and RNase R. rRNA was analyzed as described above.
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Figure 5. Thermosensitivity of the ΔybeY mutant can be attributed to the absence of mature 16S
rRNA and strong defects in processing of the 16S rRNA 3' terminus
Cells were grown to an OD600 of 0.3 at 37°C and shifted to 45°C. Aliquots of cells were
taken at time points indicated. (A) Total RNA extracted from MC4100 and the ΔybeY
mutant grown at 37°C and 45°C at different time points after temperature shift was analyzed
on a Synergel/agarose gel. Positions of the 23S, 17S, 16S and 16S* rRNA are indicated. (B)
– (C) Ectopic expression of YbeY rescues the 16S rRNA phenotype in the ΔybeY mutant at
45°C. (B) Total RNA extracted from MC4100, MC4100 ΔybeY and MC4100 ΔybeY
pYbeY grown at 37°C and 45°C was resolved on a Synergel/agarose gel. (C) The 5' and 3'
termini of the 16S rRNA were mapped by primer extension and specific RNase H cleavage
followed by Northern hybridization, respectively, as described (Davies et al., 2010). “P” and
“ M” indicate the positions of bands derived from the precursor and mature forms of the
rRNA (see also Figure S5).
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Figure 6. Severe 16S rRNA maturation defects of the ΔybeY mutant at 45°C are correlated with
a substantial decrease in viability
(A) In the absence of new rRNA synthesis, almost no mature 16S rRNA is observed 20 min
after the shift to 45°C in the ΔybeY mutant. MC4100 and the ΔybeY mutant were grown at
37°C to O.D600 of 0.3. Prior to temperature shift, rifampicin was added to the cultures at a
concentration of 400 μg/ml to block transcription of new rRNA and cells collected at
different time points after temperature shift from treated cells grown at 37°C and 45°C.
Total RNA was extracted and analyzed on a Synergel/agarose gel. (B) – (C) Decrease in
viability of the ΔybeY mutant within 1h exposure to 45°C and a two fold increase in YbeY
levels under heat shock. (B) A detailed time course was performed on wild type E. coli
MC4100 and the ΔybeY mutant at 45°C. Cells were grown to an OD600 of 0.3 at 37°C and
shifted to 45°C. Aliquots of cells were taken at time points indicated, 10-fold serially diluted
and 10 μl of each dilution were spotted on LB agar plates and incubated at 37°C. The
ΔybeY mutant is severely compromised for growth at 45°C and there is a substantial
decrease in viable cells within 1 hour of exposure to heat shock. (C) Levels of YbeY at 37°C
and 45°C in MC4100 cells carrying a FLAG tagged genomic copy were determined by
Western blot analysis using an anti-FLAG antibody. GroEL was used as control to ascertain
the heat shock response and OmpA was used as a loading control (see also Figure S6).
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Figure 7. Proposed model for ribosome quality control and 16S rRNA maturation by YbeY and
RNase R. (A) Role of YbeY and RNase R in 70S ribosome quality control
YbeY acts as a sensor for defective 30S ribosomal subunits and, along with RNase R, exerts
a key role in a unique quality control mechanism involving 70S ribosomes, but not
individual 30S and 50S ribosomal subunits. After YbeY initiates the degradation of
defective 70S ribosomes by making endonucleolytic nick/s in exposed single stranded
portion/s of the rRNA, RNase R unwinds the RNA with its helicase activity (Awano et al.,
2010) and continues the degradation of rRNA exonucleolytically, assisted further by YbeY.
(B) Role of YbeY and RNase R in 16S rRNA maturation and/or rRNA stability: YbeY
cleaves the 17S rRNA precursor endonucleolytically generating a 3' phosphate terminus at
or near the final maturation site. Processing may be completed by the activity of additional
RNases, such as RNase R, and/or a 3' phosphatase and may be further modulated by other
ribosome maturation factors including Era, KsgA, RbfA or RsgA (Campbell and Brown,
2008; Inoue et al., 2006; Tu et al., 2009; Xu et al., 2008). Maturation of the 16S rRNA 3'
terminus can stabilize and protect the rRNA making it inaccessible to further degradation by
other housekeeping RNases.
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