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Abstract

The bacterial ribosomal protein S15 is located in the platform, a functional region of the

30S ribosomal subunit. While S15 is critical for in vitro formation of £. coli small subunits
(SSUs), it is dispensable for /n vivo biogenesis and growth. In this work, a novel synergistic
interaction between 7ps0, the gene that encodes S15, and r7¢ (the gene that encodes RNase 111),
was uncovered in £. coli. RNase 111 catalyzes processing of precursor ribosomal RNA (rRNA)
transcripts and thus is involved in functional ribosome subunit maturation. Strains lacking S15
(4rpsO), RNase 11 (4rne) or both genes were examined to understand the relationship between
these two factors and the impact of this double deletion on rRNA processing and SSU maturation.
The double deletion of rpsOand rnc partially alleviates the observed cold sensitivity of ArpsO
alone. A novel 16S rRNA precursor (17S* rRNA) that is detected in in free 30S subunits of Arnc
is incorporated in 70S-like ribosomes in the double deletion. The stable accumulation of 17S*
rRNA suggests that timing of processing events is closely coupled with SSU formation events /n
vivo. The double deletion has a suppressive effect on the cell elongation phenotype of 4rpsO. The
alteration of the phenotypes associated with S15 loss, due to the absence of RNase 111, indicates
that pre-rRNA processing and improvement of growth, relative to that observed for ArpsO, are
connected. The characterization of the functional link between the two factors illustrates that there
are redundancies and compensatory pathways for SSU maturation.
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Introduction:

The ribosome is a universally conserved machine that carries out the crucial process of
translation. Ribosomal rRNA (rRNA) forms the catalytic core of the ribosome, while
ribosomal proteins (r-proteins) provide structural scaffolding for efficient rRNA folding,
tertiary structure formation, and changes to fidelity and accuracy [1, 2]. Prokaryotic
ribosome biogenesis has emerged as an attractive antibacterial target; some antibiotics have
been shown to directly bind to precursor ribosomal subunits and alter biogenesis and growth
[3-5]. To date, it is still difficult to separate the effects of these antibiotics on the process of
translation versus the process of subunit biosynthesis [5, 6]. Thus, a deeper understanding
of the prokaryotic ribosomal subunit biogenesis cascade /n vivois crucial to dissecting

and identifying antibiotic resistance mechanisms (via separation of function) and novel
targets for antimicrobials [2, 7, 8]. The production of mature £. coli small subunits (SSUs),
containing 16S rRNA and 21 r-proteins, requires that the pre-rRNA transcripts undergo

a series of rRNA folding, modification, and cleavage events [1, 9-11]. The timing and
substrate requirements for these modification and processing events are some of the least
understood aspects of prokaryotic ribosome biogenesis.

Emerging evidence from our group and others suggests that multiple pathways can be used
during pre-SSU intermediate maturation into functional 30S subunits [12-14]. The pre-SSU
rRNA is transcribed as part of a longer transcript containing other functional RNAs (23S
rRNA, 5S rRNA, and tRNAS). Soon after or during transcription of the operon such that the
full-length 16S rRNA and flanking regions have been synthesized, it is generally observed
that RNase 111, an endoribonuclease, cleaves the primary transcript when the regions
flanking the mature 16S rRNA sequence folds into a double-stranded structure [15, 16]. This
cleavage releases 17S rRNA, a precursor of 16S rRNA (Figure 1.B) [9], which contains 5’
leader (115 nucleotides) and a 3’ trailer (33 nucleotides) sequences appended to 16S rRNA
(see Figure 3.C). These additional sequences are ultimately processed by other nucleases

to produce mature length 16S rRNA [9, 15, 17-19] (Figure 1.B). This /n vivo cleavage

of pre-rRNA appears to occur concurrent with r-protein binding, folding, and modification
events [1, 9, 10]. Given the multifaceted processing, a large number of component parts, and
the existence of multiple pathways, there is still much to be understood about this process
and the relevant components.

Bacterial RNase 11 is likely the best studied of the nucleases involved in pre-rRNA
processing [20], and the catalytic domain of RNase 111, which cleaves double-stranded RNA,
is found in proteins across all domains of life [21]. Eukaryotic proteins containing the RNase
I11 domain (RIIIDs) are present in key post-transcriptional regulatory factors like Drosha
and Dicer [22]. They also play a role in the biogenesis of critical small interfering RNA
(siRNA) and microRNA (miRNA), which are effectors of RNA silencing [20]. A richer
understanding of the function of RNase 11 in bacterial ribosome biogenesis could inform
our understanding of how these proteins work across the phylogenetic spectrum.

Pre-rRNA maturation events appear to occur simultaneously with the binding of r-proteins
[11, 13, 23-25]. Although most small subunit r-proteins appear to play a role in assembly of
SSUs using mature 16S rRNA in vitro [26], in vivo, not all 21 SSU r-proteins are essential to
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produce functional SSUs [10]. Viable £. coli strains have been constructed containing single
deletions of genes encoding SSU r-proteins S6, S9, S13, S15, S17, and S20 [23, 25, 27]. The
phenotypic consequences to strains that carry these gene deletions are related yet variable
[20]. For example, deletion of rpsF (S6) in E. coliresults in an increase in free SSUs and
large subunits (LSUs) as well as tolerance for growth under high salt conditions [27]. The
deletion of rpsO (S15) results in severe cold-sensitivity, SSU maturation delays [24, 28], and
a cell elongation phenotype (this study). Given these multiple phenotypes associated with
deletion of rpsO[24], it is important to gain a further understanding of the roles of the 05O
gene product including genetic and functional interactions, and mechanisms that allow for
cell viability when rpsOis deleted.

In this study, we present evidence to link r-protein S15 and endoribonuclease, RNase Il1.
The work to explore this interaction begins to shed light on the integration of pre-rRNA
processing and the broader SSU biogenesis cascade and SSU function. We report that the
absence of the rmc (RNase 111) gene alleviates known growth and some ribosomal defects
associated with the ArpsO strain. The characterization of the RNase 11 deletion strain also
revealed a novel, previously uncharacterized pre-16S rRNA species that is longer than 17S
rRNA (named 17S* rRNA herein) and is detected in free subunits and 70S ribosomes. Here
the inter-dependency between RNase Il and S15 in E. coliis characterized, and these data
add to our understanding of rRNA processing and the complexity of SSU biosynthesis.

2. Results:

2.1. The absence of S15 severely impairs 16S rRNA maturation and causes ribosome

deficiency.

Cold-sensitivity is a hallmark phenotype of strains that are defective in ribosome biogenesis
[10, 29, 30]. We observed that the fitness of the ArpsO strain was considerably reduced
compared to wild-type E. coliat standard growth temperature of 37°C (Figure 2.A, wild-
type: cross marks and ArpsO: open circles). As previously reported, [24, 28], ArpsOis viable
but exhibits extreme cold-sensitivity (Figure 2.A, righi). In earlier work, primer extension
analysis revealed the presence of a precursor 16S rRNA in free SSUs in the ArpsO strain
[28]. To investigate, in a more quantitative manner, the effect of S15 on SSU maturation,
30S subunits were fractionated from wild-type and ArpsO strains, rRNA was extracted,

and then analyzed by northern blotting (Figure 2.B). SSU ribosomal peaks were collected

in three contiguous fractions (as described in Materials and Methods) and the isolated

RNA was probed using primers for leader (5), trailer (3”), and the mature regions of 16S
rRNA. In Figure 2.B, fraction 2 represents the apex of the fractionated 30S subunit peak
(see Figure S3 for labeled ribosome profiles). The presence of bands detected with both

the leader and trailer probes indicates the presence of 17S rRNA (Figure 2.B). At 37°C,
increased accumulation of 17S rRNA was observed in ArpsO SSUs compared to SSUs
isolated from the wild-type strain (Figure 2.B, leader and trailer probes). The amount of
17S rRNA was notably increased at lower temperature (25°C) and in 4rpsO SSUs compared
to wild-type SSUs grown under the same conditions. The relative amounts of 17S/16S rRNA
in 30S subunits was quantified by densitometry (see Materials and Methods). At 25°C, the
ArpsO 30S subunits contain over ~30-fold more 17S rRNA and a decreased fraction of
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mature 16S rRNA relative to the wild-type counterparts (Figure 2.C). These data suggest
that ribosome biogenesis delays are exacerbated and the formation of mature 16S rRNA is
severely affected in ArpsO at low temperature.

In ArpsO, a significant deficiency of 70S ribosomes was observed compared to wild-type at
both temperatures (Figure S4). 17S rRNA could not be detected in these 70S-like ribosomal
fractions by northern blotting (data not shown), but the presence of 17S rRNA in 70S-like
fractions was characterized using modified 3’-5 RACE [20] and is discussed in detail in this
study (Figure 6 and Figure 7). These analyses reveal that ArpsO not only leads to a marked
70S deficiency, but the cold-sensitive phenotype is correlated with exacerbated maturation
defects and the accumulation of 17S rRNA-containing 30S subunits in ArpsO.

2.2. The deletion of RNase Il results in the accumulation of a novel precursor SSU rRNA
processing intermediate.

RNase 111 cleavage is one of the first steps in wild-type SSU biogenesis, and results in the
release of 17S rRNA from the primary transcript [16]; 17S rRNA is subsequently processed
to mature 16S rRNA by a variety of enzymes [14, 15, 17-19, 31]. Despite its function in
processing precursor rRNA, RNase 111 is not essential for viability in £. coli, and strains
lacking the rmc gene do not exhibit dramatic growth defects [16, 31]. Additionally, £. coli
strains bearing a r71c deletion are able to form fully mature 16S rRNA (Figure 1.B and
Figure 3.B), which is indicative of the high functional redundancy of £. co/i 16S rRNA
processing enzymes [20] and in SSU biogenesis more broadly [12, 13].

While mature 16S rRNA can be formed in the absence of RNase 1ll, the pathway for
maturation remains unclear. To investigate how the absence of RNase 111 might influence
SSU bhiogenesis, rRNA from 30S subunits and 70S ribosomal particles from Arrc were
analyzed. The sucrose gradient profiles of Arncribosomes did not display any significant
difference compared to wild-type (Figure S4), indicating that the formation of free
ribosomal subunits and assembled 70S ribosomes is not perturbed in this strain (Figure 3.A).
The rRNA isolated from the ribosomal peaks was analyzed using modified 3’ to 5 RACE
[20] to reveal 16S rRNA-containing species. Interestingly, we observed a novel, immature
rRNA species, longer than 17S rRNA in 30S subunits formed in 4rnc grown at 25°C

(called 17S* rRNA here) (Figure 3.B and 3.C). TOPO-TA cloning of RACE products [14]
(see Materials and Methods) and subsequent sequencing revealed that 17S* rRNA contains
133 nucleotides upstream of the mature 5’ end of 16S rRNA (leader) and 49 nucleotides
downstream at the mature 3’ end of 16S rRNA (trailer) (Figure 3.B). Thus, this intermediate
contains additional sequences at both ends as compared to 17S rRNA (Figure 3.C and Figure
S8) and was detected at both temperatures tested (Figure 3.B represents samples from 25°C).
This intermediate appears to be the product of cleavage events (and not simply transcription;
see Figure S8) as the 5’ is shorter than the expected start from either promoter and the end is
ligatable as evidence by its detection via RACE. Although precursors longer than 17S rRNA
have been observed in a Arnc strain [18, 32], to our knowledge, the 17S* rRNA species has
not been reported previously in a Arne strain or any other strain [16, 32]. It is important to
note that this precursor (17S* rRNA) is not detected in the 70S ribosomal fraction in Arnc
(Figure 3.B), which could explain the lack of an overt ribosomal abnormality and changes
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in growth. The small difference in size between 17S and 17S* rRNA makes it difficult to
detect using northern blot analysis and thus could have gone undiscovered. Furthermore,
we observed, using both northern blotting and modified 3’-5" RACE, the accumulation of
immature 16S rRNA in SSUs from wi/d-type strains grown at low temperature (Figure S5).
The accumulation of 17S rRNA in wild-type free 30S subunits has been previously reported
[18, 33]. However, in comparison to Arnc, we observed that wild-type 30S subunits have an
enhanced phenotype of immature 16S rRNA accumulation. We were unable to resolve 17S
rRNA and 17S* rRNA (the novel species that accumulates in Arnc; see Figure S5.A) via
northern blotting. However, using modified 3’-5" RACE we could resolve the immature 16S
rRNA species of different lengths and quantify the band intensities (Figure 3.C and Figure
S5.B). An increased proportion of mature 16S rRNA, relative to immature 16S rRNA, was
observed in 30S subunit fractions from Arnc isolated at 25°C compared to these populations
in the parental strain grown under same conditions. This is noteworthy because it suggests
that in absence of RNase 111, 16S rRNA processing is not thwarted, but instead might
proceed unimpeded. However, there are other aspects of 16S rRNA maturation that might
be incomplete even if end processing is advanced. The identification of 17S* rRNA is both
novel and significant for further characterization of SSU maturation overall and the role of
RNase Il is this process.

2.3. Cold-sensitivity associated with deletion of rpsO is partially suppressed by co-
deletion of rnc.

Previous proteomic analysis has shown that RNases and biogenesis factors associate
preferentially with SSU intermediates relative to mature 30S subunits [13]. Initial
observations using mass spectrometry (LC-MS/MS; two technical replicates for each
strain and temperature), we observed that some RNases were differentially detected in
ArpsO SSUs at both temperatures compared to wild-type SSUs at the same temperatures
(Supplemental Table 1 and 2; see Materials and Methods). This pattern of association of
ribonucleases with 4rpsO SSUs led us to explore potential functional interactions between
S15 and RNases involved in 16S rRNA processing. Because the mass spectrometry data
were not from biological replicates and thus were only suggestive, we took a genetic
approach to create double deletions of some of the ribonucleases detected by mass
spectrometry (RNase G - ArngArpsO, RNase R — ArnrArpsO, RNase 1l - ArnbArpsO and
RNase I - ArncArpsO). We found that the cold-sensitive phenotype of ArpsO was not
altered upon deletion of these ribonucleases (data not shown), except in the case of RNase
I11. The phenotype of the double deletion, ArncArpsO is described below.

The gene coding for RNase 11 (r1¢) was deleted from ArpsO and its parental strain.

The growth of four strains - wild-type, Arnc, ArpsO, and ArncArpsO - was compared
(Figure 4.A and 4.B). The deletion of rnc exacerbates the slow growth effect of ArpsO at
37°C (Figure 4.A [eft plate). Intriguingly, at lower temperature, the deletion of rrcin the
ArpsO background mildly suppressed the growth defect of ArpsO (Figure 4.A right plate).
The growth curves reveal a slight growth defect in the absence of rncthat is noticeable
only in liquid culture and the growth defect does not worsen at 25°C as seen in ArpsO
(Figure 4.B). As expected, ArpsO displays reduced growth compared fo wild-type and
Arncat 37°C as well as severe cold-sensitivity. The double deletion (4rncArpsO) exhibits
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marginally improved fitness at lower temperature. In liquid culture, this is best evident after
approximately 20 hours of growth (Figure 4.B, right). The absence of RNase 1l appears to
be slightly beneficial to growth of ArpsO at low temperature. In order to confirm that the
suppression conferred by the deletion of rncis not strain-dependent or due to spontaneous
mutants, we tested the growth of a second genetic background, BW25113 bearing the double
deletion [in addition to W3110, the background used for the RNA analysis experiments
herein (Figure S2, liquid media growth and S6, solid media growth)]. The results for both
backgrounds are very similar and indicate a mild suppression of the ArpsO growth defect in
the absence of rnc.

To determine if the presence of RNase Il is detrimental under conditions where biogenesis
is already delayed (such as low temperature or the absence of S15), we expressed the gene
encoding RNase 111 using an inducible system (pBAD) in wild-type, Arncand ArpsO. In all
backgrounds, the expression of exogenous RNase Il results in a distinct growth defect at
37°C but not at 25°C. The 25°C plates were incubated longer (see Materials and Methods)
for comparison across all strains, but still no substantial change in growth is observed when
RNase Il is expressed, compared to the empty vector control, at lower temperature (Figure
4.C).

We observed similar results when comparing growth of these strains in liquid culture
(Figure S7). We characterized growth of plasmid-borne cultures (wild-type. blue, Arnc:
green, ArpsO: red, and ArncArpsO. purple) in the presence of glucose (suppressed, /ef?) or
arabinose (induced, righi) at 28°C (see Materials and Methods). The induction of RNase

I11 expression (Figure S7, pBAD-rrc, arabinose) leads to decreased growth in all strains,
including Arnc, suggesting that exogenous expression of RNase 111 leads to reduced growth.
These data suggest that the level of RNase Il is crucial and can have specific impacts on
growth.

Conversely, the induction of S15 expression from a vector in a wild-type background,

with the normal chromosomal copy of 7psO, had no impact on growth rates (Figure S7,
pBAD-rpsO, arabinose). Plasmid-driven S15 expression was able to partially complement
growth of the ArpsO strain, but expression of S15 from the plasmid led to slower growth of
Arne (Figure S7, pBAD-rpsO, green). Moreover, induction of S15 expression in the absence
of rmceliminated the growth advantage afforded by the combined deletion of rpsOand rnc
(Figure S7, pBAD-rpsO, purple). The improved growth at lower temperature in ArpsO due
to the absence of RNase Il indicates that RNase |11 uniquely impacts 16S rRNA maturation
in ArpsO. Thus, presence of RNase |11 appears to be disadvantageous under two conditions:
- at 37°C (when RNase 111 expression is driven from an inducible promoter) and in 4rpsO
(when RNase Il is expressed from its endogenous chromosomal locus). Both genetic states
create similar ribosome biogenesis problems indicating the 7 vivo relevance of multiple
pathways during SSU biogenesis. The unique phenotypes upon exogenous expression of
RNase 111 and S15 suggests that there is a critical balance between the two factors and their
impact on normal SSU biogenesis remains to be investigated.
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2.4. A cell elongation phenotype observed in ArpsO is suppressed by the deletion of rnc
further supporting a functional interaction between these two loci.

Ribosome biogenesis is a highly coordinated process and changes in the synthesis of mature
ribosomes can influence other physiological processes /in vivo [27, 34, 35]. Growth of ArpsO
at low temperature revealed that this strain was more susceptible to cell lysis compared

to the wild-type strain grown under the same conditions (see Materials and Methods). To
understand this observation, we analyzed cell morphology using phase-contrast microscopy.
Cultures from ArpsO exhibited a highly elongated morphology compared to wild-type
cultures (Figure 5.A). The absence of S15 leads to a significant increase in cell length
(average cell length of wild-type.: 2.27 um; ArpsO: 4.15 um) (Figure 5.B, red). This could
explain lysis during growth in liquid culture since longer cells would be more susceptible

to lysis via agitation due to shear force action on these cells (Figure 5.A). Other ribosome
biogenesis defects have also been associated with an elongated cell phenotype [36, 37].
This phenotype is most easily explained by defective ribosomes formed in the absence of
S15 changing cellular functions due to changes in translational capacity and not by another
separate role for S15 /n vivo.

Next, we examined whether the functional interaction observed between RNase Il and S15
extended to the cell elongation phenotype. The increase in cell length observed in ArpsO
(4.15 pm) was significantly suppressed in ArncArpsO (2.34 um) resulting in cell length close
to wild-type (2.27 pm) (Figure 5.B). Additionally, we observed that the deletion of rncalone
leads to a significant decrease in cell length (4rnc: 1.23 um) (Figure 5.B). Whether the
suppression of the ArpsO growth defect by deletion of rnc and the observed decrease in cell
length in Arnc are mechanistically related is not clear. However, it is clear that these two
gene products impact the same phenotypic outcomes in opposing manners, supporting that
in vivoa critical balance between the two factors is important.

2.5. RNA analysis of ArncArpsO (double) reveals a population of 70S ribosomes
containing predominantly mature 16S rRNA.

The deletion of the gene encoding S15 results in a significantly reduced growth rate,
particularly at low temperatures, 70S deficiency, and a severe SSU rRNA processing defect.
Upon comparison of the ribosome profiles of wild-type and Arnc, we observed no apparent
defects (Figure 3.A), whereas ribosome profiles from both ArpsO and ArncArpsO showed

a significantly reduced proportion of 70S-like particles (Figure 6.A). Moreover, ArncArpsO
contained additional peaks in the vicinity of 70S ribosomes (70S-like species) at both
temperatures examined. The ribosomal peaks from three independent experiments were
used to quantify the percentage of ribosomal subunits and 70S fractions. Figure S4 shows

a graphical comparison of the proportion of ribosomal fractions in wild-type and Arnc at
37°C and in ArpsO and ArncArpsO at two different temperatures. The area represented by
additional peaks could not be reliably measured for ArpsO but was consistent enough to

be calculated for the double deletion. The significance in differences between ribosomal
peaks were tested using Welch’s t-test is shown in Figure S4 (Materials and Methods) [38].
There was a significant 70S deficiency observed in 4rpsO and ArncArpsO when compared
to wild-type. A table of p valuesis provided in Figure S4 and all values less than 0.05 are
in red. For analysis, RNA was extracted from each peak observed by sucrose sedimentation
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(Figure 6.A) and was subjected to modified 3’-5’ RACE analysis (standard modification
described in Materials and Methods and as used previously [13, 14]). These RACE analyses
result in PCR products, which are products of amplification of different 16S rRNA species,
which are discussed herein. For each condition, peak 4 corresponds to the fraction right of
the 70S peak (Figure 6.A). The presence of this “second” peak (peak 4) was more prominent
in the double deletion compared to the ArpsO strain (Figure 6.A). The presence of mature
and immature 16S rRNA in all fractions was examined by modified 3’-5 RACE (Figure
6.B). In ArpsO, the peak corresponding to free 30S subunits (peak 1) contained 17S rRNA
as well as other immature forms 16S rRNA — which are fully processed at the 3’ end but
containing immature residues at the 5’ end [(a) in Figure 6.B(1)] or are fully processed

at the 5’ end but contains immature residues at the 3’ end [(b) in Figure 6.B(l) and see
Figure 3.C for schematic]. Strikingly, the SSU fraction of ArncArpsO (peak 1) also contains
immature rRNA, but predominantly in form of 17S* rRNA [Figure 6.B (l1) and Figure

3.C], Note that peak 2 corresponds to 50S subunits in all samples based on the presence of
23S rRNA (Figure 6.C). Detection of 16S rRNA in the 50S subunit fraction by modified
3’-5” RACE is likely due to the amplification of 16S rRNA contamination from overlapping
tails of the adjacent peaks. At both temperatures, “peaks” 3 and 4, from all 4 strains, are
70S populations as they contain 23S rRNA as well as 16S rRNA at roughly appropriate
stoichiometry (Figure 6.C). Ribosomal RNA isolated from ArpsO (peaks 3 and 4) contained
partially processed 16S rRNA that resolved between 17S and 16S rRNA bands (labeled (a)
and (b)) at both temperatures tested [Figure 6.B(l)]. However, these intermediate species
[Figure 3.C; 16S rRNA (a) and (b)] that are processed at either end (but not both) are not
detected in ArpsOArnc. Notably, peak 4 from ArncArpsO ribosomal fractionation contained
predominantly mature 16S rRNA [along with 23S rRNA (Figure 6.C)] at both temperatures
[Figure 6.B (11)]. While 17S* rRNA is clearly detected in the 70S ribosomal fractions (peak
3) in the ArncArpsO deletion, the second population of 70S (peak 4) consists largely of
mature 16S rRNA. Thus, unlike ArpsO, the ArncArpsO contains one predominant immature
SSU rRNA - 175* rRNA. The double deletion also appears to have two distinct populations
of 70S ribosome-like particles, one containing predominantly 17S* rRNA and another (to
the left of it) containing predominantly fully processed 16S rRNA [Figure 6.A and 6.B(11)].

The appearance of additional 70S-like particles in the double deletion [Figure 6.B(11)]
suggests that deletion of /ncand thus removal of RNase 111 may help suppress the defects
associated with subunit association [28] and allow formation of 70S ribosomes containing
mature rRNA or in 70S-like particles, 17S* rRNA maybe a substrate for further maturation
thus producing a sub-population of 70S ribosomes containing mature 16S rRNA. These
findings are consistent with suppression of cold-sensitivity associated with ArpsO by
deletion of rnc. The highly conserved sequences, across different operons [39], that flank
mature 16S rRNA (leader and trailer) are crucial for folding events during SSU maturation
[13, 40]. Thus, the absence of /¢ may slow initial steps in pre-SSU rRNA processing,
allowing SSU intermediates formed in the absence of S15 to fold and/or associate with 50S
subunits before 17S* rRNA is further cleaved or folded into a structure conducive for further
processing.
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3. Discussion:

In vitro experiments have shown that S15 is a primary binding ribosomal protein, as it is
one of the six SSU proteins to bind directly and independently to 16S rRNA during SSU
assembly [26, 30]. The association of S15 with 16S rRNA is required for subsequent binding
of specific proteins during the /n vitro SSU assembly cascade and for the formation of
functional SSUs [24]. While indispensable for /in vitro assembly of £. coli 30S subunits,

E. coli S15 is dispensable for viability in vivo[28]. Similarly, RNase I11, an endonuclease
that cleaves the primary transcript of rRNA early in the processing cascade [9], is also
dispensable for growth (Figure 4.A) and strains lacking r71¢ do not have obvious ribosomal
defects (Figure 3.A) except the accumulation of a novel intermediate SSU pre-rRNA, 17S*
rRNA (Figure 3.B). While readily detectable in 30S subunits, this precursor is not a major
component of the assembled 70S ribosomes (Figure 3.B and Figure 7). Changes in fitness
and pre-SSU rRNA processing in a strain that lacks both S15 and RNase 111, indicates

that specific processing events are coupled with different assembly pathways. The highly
redundant nature of ribosome biogenesis offers a clear selective advantage over a single
pathway or highly funneled cascade.

The 5’ leader and 3’ trailer sequences of 16S rRNA form a double-stranded RNA stem

loop which, in the predominant pathway characterized in wild-type E. coli, is cleaved

by RNase Il to release of 17S rRNA from the rest of the primary rRNA transcript that
consists of both LSU and SSU rRNA (Figure S1) [41]. These spacer sequences flanking
16S rRNA are highly conserved and play an important role in biogenesis [15, 16]. The 17S
rRNA is considered the predominant pre-rRNA of 30S subunits and serves as a scaffold for
multiple coordinated events during SSU biogenesis [13, 14]. The region cleaved by RNase
I11 consists of conserved sequences (U3 box A-like sequence) that are known to act in cisto
chaperone the formation of the SSU central pseudoknot [42], thus supporting the importance
of spacer sequences in the step-wise processing and folding of rRNA. We demonstrated
using 3’-5” RACE that a precursor longer than 17S rRNA, 17S* rRNA, accumulates in

the absence of RNase 11 (Figure 3.B). To the best of our knowledge, this 17S* rRNA
species has not been identified in previous studies of RNase Il1-deficient mutants or in other
strains, although precursors longer than 17S rRNA have been reported [18, 32]. Hence, its
identification is both novel and significant for further characterization of RNase 11l and S15
function in SSU maturation and to exploring the plasticity of the SSU biogenesis cascade.

The absence of RNase 111 could briefly (given the lack of impact on doubling times) delay
16S rRNA maturation and thereby create a lag or shift in the biogenesis cascade that is
advantageous in the absence of S15. The activity of RNase 11l influences gene expression at
the MRNA level [43]; whether the impact on doubling times and the suppression phenotypes
are a direct effect of RNase 111’s function in rRNA processing remains to be investigated.
However, it is important to note that in the double deletion, free 30S subunits contain 17S*
rRNA species while 70S ribosomes appear to contain 17S* rRNA, 17S rRNA, as well as
mature 16S rRNA (Figure 6.B (11)). Interestingly, these species were not all present in

the same 70S ribosomal population but are distributed in two 70S-like particles (Figure

6.A and Figure 7). These heterogeneous 70S populations indicate a potential suppression
mechanism in the ArncArpsO strain that is directly related to RNase 111’s function in 16S
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rRNA processing. [44]. The presence of a 70S population containing 17S* rRNA suggests
that the additional spacer sequences in 17S* rRNA (Figure S8) may allow S15-devoid
SSUs to fold better/differently and play a role in biogenesis akin to the role played by the
leader and trailer sequences of 17S rRNA [13, 14]. Additionally, a second 70S population
containing predominantly mature 16S rRNA suggests that could be the reason for the mild
suppression of growth defect in ArncArpsO. Similar to the proposed function of 17S rRNA,
17S* rRNA could also serve as a platform for assembly, especially under cold-sensitive
conditions (such as ArpsO deletion). Such a mechanism could allow the cell to survive

the stress of cold-sensitivity by delaying the step-wise processing and accumulating 17S*
rRNA-containing SSUs (Figure 7).

It is important to note that there is only a subtle growth advantage of ArmcArpsO over ArpsO
at lower temperatures (Figure 4.B). This emphasizes the significant effect that temperature
has on ribosome maturation [45]. Whole-cell models of in vivo assembly have recently
predicted 30S subunit biogenesis intermediates and pathways at high and low temperatures
[12]. Kinetic modeling has also shown that S15, along with S4, participates in nucleation
events crucial to 30S subunit formation [12]. However, in these models, only 25 percent of
30S subunits were found in active translation, which is different from /n vivo estimates of
over 70 percent [46]. Inclusion of interactions between r-proteins and accessory factors, such
as the one discussed herein between S15 and RNase 11, will enhance predictions of these /n
ViVO processes.

Changes in ribosome biogenesis are evidenced by changes in growth rate as well as protein
translation [11, 12, 36, 47]. There is also evidence of the coupling of cell division and
ribosome biogenesis in bacteria [48]. Here, we observed an S15-dependent cell elongation
phenotype (Figure 5). The cell elongation phenotype of ArpsO was significantly suppressed
in the absence of RNase I11. Intriguingly, the single deletion of rncalso exhibited a slight
decrease in cell length. This is noteworthy because it supports the hypothesis that a balance
between the two factors, S15 and RNase Ill, is critical /n vivo. Because S15 and RNase

I11 have primary roles in maturation, it is also likely that changes in cell division and
growth rate are secondary effects of improperly or decreased mature ribosomes. Further
investigation is required to confirm this hypothesis.

It has been previously demonstrated that the impairment of RNase 111 activity suppresses
cold-sensitive mutants of nus transcription factors [49]. This study suggests that the absence
of RNase 111 might allow proper folding of the precursor 16S rRNA transcript in 7us mutants
where transcription and processing of rRNA is already delayed [49]. This supports our
hypothesis that slowing rRNA processing in the absence of RNase 111 could support multiple
pathways of SSU maturation, especially in conditions where biogenesis is hindered. This is
further corroborated by the growth data in Figure 4.C, in which the presence of exogenous
RNase 11 leads to growth defects at 37°C but not at 25°C. Therefore, we speculate that

rnc deletion allows diversification of pathways leading to 30S subunit maturation in a 7psO
deletion strain.

It is well established that the incorporation of pre-16S rRNA in translating ribosomes is
associated with decreased fidelity [50]. Although there is evidence of gate-keeper factors
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that prevent this incorporation [51-53], it remains unclear what mechanism regulates the
inclusion or exclusion of pre16S rRNA-containing 30S subunits into the 70S ribosomes.
Here we detected immature 17S rRNA (in ArpsO) and 17S* rRNA (ArncArpsO) that can be
incorporated into 70S-like ribosomes (Figure 7). It is likely that 70S ribosomes containing
mature 16S rRNA, and not 17S* rRNA, in AmcArpsO are crucial for improved growth,
relative to ArpsO, however, this remains to be fully established. Understanding the dynamics
and importance of these different 16S rRNA forms is also critical to further understanding
gate-keeper mechanisms. The identification of new, functionally interacting partners in
ribosome biogenesis such as the one described in this paper brings us one step closer to
understanding pathways of pre-30S SSU intermediates.

4. Materials and Methods:

4.1. Strains, plasmids, and Growth conditions

The S15 deletion strain, ArpsOin E. coli BW25113 was obtained from the KEIO collection
[54]. The ArpsO::kan knockout in the W3110 background was constructed by the insertion
of a kanamycin cassette into the 7psO ORF using P1 transduction [28]. The RNase Il
deletion strain contained a chloramphenicol maker in the MG1655 E. coli strain replacing
the rnc gene (Arnc::caf) and was a kind gift from Dr. Graham C. Walker. The double
deletion (4rpsOArnc) was created by P1 transduction of the kanamycin and chloramphenicol
knockout cassettes containing complete deletion of the reading frames of rpsOand rnc
respectively, into W3110 (used in the majority of growth analyses and Figure 2) and
BW25113 (used in experiments for rRNA analysis and cell length measurements in Figure
5 and 6) backgrounds. The replacement of the target areas in the chromosome, with the
appropriate cassette, were verified by PCR with primers designed to confirm the absence

of the rpsOand rnc genes. For complementation studies, pBAD-rpsO and pBAD-rnc

were generated by cloning the ORF of each gene using restriction sites (Ncol and Xbal)
into a pBAD/His vector from Invitrogen. Both proteins were expressed from an arabinose-
inducible promoter and 0.2% arabinose was used to induce gene expression. Serial dilutions
of log-phase, plasmid-borne cultures were spotted on LB agar containing 100 ug/mL
ampicillin and 0.2% arabinose. An empty vector (pBAD/His) was used as control in these
growth experiments (Figure 4.C). For comparison of growth under pBAD-rrc expression,
the LB plates were grown for 48 hours at 25°C. For all liquid growth studies, all cultures
were grown with agitation in LB broth without antibiotic (ampicillin) except for plasmid
maintenance. Three growth experiments were performed for each strain and condition. The
starting Agog for each culture, in each experiment, was ~0.02. Growth was measured in 96
well plates at 25°C and 37°C using a BioscreenC (Growth Curves, USA) and readings were
taken every hour. We observed increased lysis of 4rpsO cultures (of 100mL or more) when
grown at 200 rpm or higher. Hence, we reduced the shaker rate to 170 rpm for cultures
grown for harvesting. The liquid growth study for plasmid borne expression of RNase I11
and S15 were done at 28°C (Figure S7) because we wanted a slightly more robust growth to
observe any complementation. The growth data were analyzed and plotted using Graphpad
Prism. Each growth curve data point for growth data in Figure S7 is the average of three O.D
measurements. The growth curves in Figure 2.A and 4.B have been plotted with standard
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deviation as error bars. For ribosome isolation, cell growth was stopped at ~Aggg= 0.4 by the
addition of ice to the cultures after which the cells were pelleted and frozen at —80°C.

4.2. Sucrose Gradient Fractionation of Ribosomes

Frozen cell pellets (see above) were resuspended and lysed as previously described [13, 52].
After lysis, equivalent amounts of the cleared lysates were loaded onto 10-40% sucrose
gradients [52] containing 50mM Tris-HCI (pH 7.8), 10mM MgCl, and 100mM KCI.
Ribosomal peaks (30S, 50S, and 70S) were separated by centrifugation (Beckman SW-41
rotor) at 25,000 rpm, 4°C for 16 hrs. The sucrose gradients were analyzed using a Biocomp
Piston Gradient Fractionator and Biocomp Model 251 Gradient Profiler. Ribosomal RNA
concentrations were measured in real-time using a Bio-Rad Econo UV Monitor. The profiles
were analyzed using Image J to calculate the area under the peaks. The peaks were labeled
end-to-end for consistency and area for each peak was calculated. The area was represented
as a fraction of total (all peak areas for each sample) and plotted as bar graphs. Three
biological replicates were used in the analysis and standard deviation was calculated. A
Welch’s unpaired t-test was done to determine significance in differences between strains
[38].

4.3. RNA Isolation and analysis:

The rRNA from three peak fractions (4rpsOin Figure 2.B) was analyzed by northern

blot (1, 2, 3), where fraction 2 represents the top of the peak and fractions 1 and 3

were collected on either side of the peak (Figure S3). Ribosomal RNA was purified by
Phenol/Chloroform extraction as described [55] and subject to northern blotting. Samples

of rRNA were separated using 2% denaturing formaldehyde/agarose gels (25 cm. gel

length) run at 60 V for 16 hours using a peristaltic pump to circulate running buffer.

After electrophoresis, agarose gels were soaked in 0.5X TBE for 30 min. The gels were

then blotted onto GeneScreen Plus (PerkinElmer) using a BioRad Trans-Blot SD Semi-Dry
Electrophoretic Transfer Cell at a power setting of 3 mA/cm? for 30 min. After transfer,
blots were blocked in ULTRAhyb-Oligo Buffer (Applied Biosystems) for 1 hour in a Hybaid
H-9360 hybridization oven set at 42°C. Probes were made using oligonucleotides specific to
sequences in either the mature 16S RNA (5'-CGCATTTCACCGCTACA-3"), 5" leader - 5'-
CGTGTTCACTCTTGAGACTTGG-3’ or 3’ trailer - 5'-CAAAGTACGCTTCTTTAAG-3".

Probes were 32P end labelled (200 pmols in 40 pL) using T4 Polynucleotide Kinase (New
England Biolabs). Oligonucleotides were heated at 64°C for 5 min. and then chilled prior
to the addition of 5 uL. T4 PNK Buffer, 100 uCi y P32 ATP and 2 uL of T4 Polynuclotide
Kinase. Labeling reactions were done at 37°C for 20 min. after which they were incubated
at 65°C for 20 min. to stop the reaction. Unincorporated P32 was removed using a BioRad
Micro Bio-Spin Chromatography Column.

For analysis of the northern blots (see above), the area of each band at the 16S rRNA and
17S rRNA position was calculated using Image J. The area for three 30S subunit fractions
(1,2,3) were summed for each sample and represented the band intensity for that sample.
For example, all three fractions displayed 17S band in the ArpsO 25°C sample. The three
band areas were calculated separately and summed. The band intensities from each blot
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(16S rRNA probe, 17S rRNA leader probe, and 17S rRNA trailer probe) were normalized
separately by using the wild-type 37°C sample as base-line=1. The other three samples
wild-type 25°C, ArpsO 37°C, and ArpsO 25°C are represented as a fraction of 1 and the data
provided as three graphs in Figure 2.C. In Figure S5, the band intensities were calculated
using Image J. The band intensity was measured for each band and presented as a percent of
total band intensity for the lane.

4.4. RNA analysis by 3'-5’ RACE

The rRNA from the 30S subunits as well as 70S ribosomal fractions from all strains were
analyzed by modified 3’-5" RACE. The wild-type and Arnc were compared in Figure 3;
distinct 30S and 70S populations were collected as shown in Figure 3.A. For comparison

of ArpsO and the double deletion (ArpsOArnc, four separate fractions were collected as
denoted in Figure 6.A. Modified 3-’5" RACE was performed as described [13, 20]. 200ng
of purified RNA was used for initial circularization with T4 RNA ligase (NEB) overnight
at 16°C. Reverse transcription was done using AMV reverse transcriptase (NEB) for 60
minutes followed by PCR amplification. The modification to the protocol includes two

heat denaturation steps — one carried out at 74°C and quickly cooled before ligation,

and another after reverse transcription (74°C for 15 minutes). The RACE PCR products
were gel purified using gel band purification kit from GE Healthcare, ligated into pCR

2.1 vector, and subcloned using TOPO-TA cloning kit (ThermoFischer Scientific). For

each sample, plasmids were isolated and sequenced (Genewiz) from 10-12 transformed
colonies. The reverse and forward primers used in the PCR can amplify and detect mature
and immature rRNA species (REV:5’-CGTTCGACTTGCATGTGTTAGGC-3’) and FOR:
5'-GAAGTAGGTAGCTTAACCTTCGGGAG-3’). The PCR products were resolved using a
2.5 % agarose gel. The control bands for 17S* rRNA (361 bp), 17S rRNA (327bp), and 16S
rRNA (179bp) species were collected from RACE experiments where the PCR product was
gel-purified, TOPO cloned, and sequenced. These DNA products were used as marker in
Figure 3.B.

4.5. Mass spectrometry:

The SSUs from wild-type and ArpsO cultures grown at two temperature conditions (25°C
and 37°C) were isolated from sucrose gradients. The samples were normalized for RNA
concentration (at 100 ng/uL) and mixed in SDS-PAGE gel loading dye [55]. To remove
sucrose prior to mass spec, the RNP samples were loaded on a 13% SDS-PAGE gel and
run until a band was resolved just below the well for each sample. For each sample, the
bands were excised and then the gel slabs treated with trypsin and the resulting peptides
were injected onto a Q Exactive Plus mass spectrometer connected to an Easy nLC1000
(Thermo Fisher — University of Rochester Mass Spectrometry Resource Laboratory https://
www.urme.rochester.edu/research/mass-spectrometry.aspx). Data dependent acquisition
(DDA) was employed to isolate and fragment precursor ions. The resulting data were
analyzed using Proteome Discoverer 1.4 software (Thermo Fisher) using Mascot (Matrix
Science). Percolator was used as the false discovery rate (FDR) calculator and peptides with
a g-value greater than 0.01 were filtered out. Peptide spectral counts were used to report
the relative the abundance of detected proteins. For each experiment, proteins detected with
a false discovery rate (FDR) of less than 1% are listed in Supplementary Tables 1 and 2.
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The raw data for the complete protein list is provided in Supplementary Table 1 and all
ribonucleases are provided in Supplementary Table 2.

4.6. Cell length measurements:

Cells from four strains grown at 25°C (wild-type, ArpsO, Arnc and ArncArpsO) were imaged
using phase contrast microscopy. Samples were prepared by mounting a 2-5 liters of log-
phase liquid cultures (LB media) on slides topped with coverslips. The 100X lens on the
Nikon Eclipse E600 instrument was used to capture multiple regions of each sample slide.
The cell length measurements were made using Image J using a measurement scale for each
image. The data was analyzed in Excel and plotted using Graphpad Prism (version 8.3). For
each strain, 100 measurements were averaged and plotted as a scatter plot in Figure 5.B. An
unpaired t-test was done to determine significance in differences between strains.

Supplementary Material

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

. The absence of ribosomal protein S15 results in impaired ribosomal rRNA
processing

. A novel precursor 16S rRNA accumulates in the absence of endoribonuclease
RNase 111

. Cold-sensitivity and cell elongation phenotypes are suppressed by deleting
RNase Il

. Altered incorporation of pre-16S rRNA in 70S points to a suppression
mechanism
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Figure 1: Schematic of 16S rRNA processing:
1.A) A schematic showing a generalized primary transcript of ribosomal RNA in £. coli.

The mature regions (16S rRNA: blue, 23SrRNA: green, 5S rRNA: yellow) are flanked by
precursor sequences that undergo subsequent processing by ribonucleases and are detailed
in 1.B. Sites of action of enzymes, RNase 11l and E known to release pre-rRNA from the
transcript are shown. P1 and P2 indicate alternative sites of transcription initiation (not
drawn to scale).

1.B) A detailed representation of 16S rRNA and its flanking precursor sequences that result
from RNase 111 cleavage is shown. 17S rRNA includes 16S rRNA (1542 nucleotides; b/ue)
along with the leader (5) and trailer (3’) sequences (cyan). The arrows depict the site of
cleavage by nucleases that act during the maturation of 16S rRNA. RNase 111 cleaves the
primary transcript to release 17S rRNA containing 115 nucleotides at the 5” end and 33

Biochimie. Author manuscript; available in PMC 2022 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Naganathan et al.

Page 20

nucleotides at the 3’ end. Endonucleases, RNase E and RNase G, and exonuclease, RNase

AM further process the leader region. Several exonucleases (PNPase, RNase PH, RNase R,
RNase I1) and endonuclease, YbeY are implicated in the processing of the trailer region to

form mature 16S rRNA.
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Figure 2: The absence of S15 severely impairs 16S rRNA maturation and causes ribosome
deficiency.

2.A) Growth curves of wild-type (cross marks) and ArpsO (gpen circles) strains, grown

at 37°C or 25°C. The X-axis indicates the average of three readings at Aggg and the

Y-axis indicates time (in hours). The error bars represent the standard deviation of three
independent measurements.

2.B) The ribosomal RNA isolated from 30S subunits of wild-type and ArpsO grown at

two temperature conditions (37°C and 25°C) were subjected to Northern blot analysis. The
results of northern blots using three probes examine: Leader, 17S rRNA; mature, 16S rRNA:
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and Trailer, 17S rRNA as shown. Three fractions isolated from free SSUs (see Figure S3)
are shown here as 1,2, and 3. Two species are indicated in the blots — the top band is

17S rRNA and the bottom band is 16S rRNA. The inset in the top right corner of the

blot indicates where the probes bind to detect either 16S or 17S rRNA. The presence of

17S rRNA is confirmed by leader and trailer probe binding in the higher molecular weight
position (indicated by arrow).

2.C) Quantification of northern results shown in Figure 2.B. Image J was used to calculate
band densities and area for the 16S rRNA and 17S rRNA bands. For each probe, the total
band intensity of the three 30S peak fractions was normalized as a fraction of wild-type at
37°C (see Materials and Methods). The band intensity was normalized individually for each
probe — 16S rRNA probe, 17S rRNA leader probe, and 17S rRNA trailer probe as shown
here in three graphs. For each graph, the wild-type at 37°C sample was used as base-line (1)
and the other samples (wild-type 25°C, ArpsO 37°C, and ArpsO 25°C) are represented as a
fraction of 1.
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Figure 3: The deletion of RNase 111 results in the accumulation of a novel precursor rRNA
processing intermediate

3.A) Sucrose gradient profile analyses of wild-type and Arncat 37°C and 25°C monitored at
Aosanm- The 30S subunit, 50S subunit, and 70S ribosome peaks are indicated.

3.B) Modified 3’-5" RACE of rRNA from the 30S subunit and 70S ribosome fractions

for wild-type and Arnc grown at 25°C. Primers specific to the 16S rRNA sequence were
used. The RACE products were separated and visualized on a 2.5 % agarose gel. The
electrophoresis gel image is shown here with control bands for 16S rRNA and higher
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molecular weight species (first two lanes). The control RACE products were obtained as
described in Materials and Methods.

3.C) Schematic of modified 3’-5" RACE products shown in Figure 3.B. These species were
identified by cloning and sequencing of the PCR products of different lengths as previously
described [14]. It should be noted that the extensions for 17S* rRNA are not drawn to scale.
The exact sequence is illustrated in Figure S8. The designations (a) and (b) indicate 16S
rRNA that is completely processed at one end while still retraining precursor sequence at the
other end. These designations are as previously described [13, 14].
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Figure 4: Cold sensitivity associated with deletion of rpsO is partially suppressed by co-deletion
of rnc.

4.A) Growth on solid media at two temperatures reveals a synthetic interaction between rnc
and rpsO. The gene coding for RNase 111 (r1¢) was deleted from a ArpsO background and
growth of four allelic strains (wild-type, Arnc, ArpsO, and ArncArpsO) at 37°C (left plate)
and 25°C (right plate) is compared in the £. colibackground, W3110.

4.B) Growth profiles of four strains (wild-type-cross mark; Arnc-closed squares; ArpsC-open
circles; and ArncArpsO-open triangles) at 37°C (left) and 25°C (right) are shown. The
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X-axis represents O.Dggg readings and the Y-axis represents time in hours. The average of
three experiments and the calculated standard deviation is represented for each time point.
4.C) The effect of RNase 111 expression using arabinose-inducible plasmid (pBAD) reveals
that cell growth is sensitive to RNase 111 levels. Strains containing either empty vector
(bBAD-E.V) or the same vector designed for arabinose inducible expression of RNase 111
(pPBAD-rnc) were grown in LB with ampicillin to early log-phase. Serial dilutions (1072,
1074, and 1075) were spotted on LB agar containing ampicillin (100ug/mL) and arabinose
(0.2%) and grown overnight at either 37°C (left) and 25°C (right). The images of the plates
were taken after 24 hours of growth for the 37°C condition and after 2-day growth for the
25°C condition.
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Figure 5: A cell elongation phenotype observed in ArpsO is suppressed by the deletion of rnc
further supporting a functional interaction between these two loci.

5.A) Log-phase cultures of strains wild-type, ArpsO, Arnc, and ArncArpsO grown at 25°C
were visualized under a phase-contrast microscope. One representative micrograph for each
strain is shown here.

5.B) Scatter blot representation of cell length measurements (100 cells/strain) for wild-type,
ArpsO, Arnc, and ArncArpsO grown at 25°C. The error bar is the standard deviation of

the average of 100 measurements (see Materials and Methods). The four samples shown
are: wild-type (blue), Arnc (green,), ArpsO (red), and ArncArpsO (purple) with average cell
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length of: 2.27 pm, 1.23 pm, 4.15 um, and 2.34 um respectively. The mean cell length

of wild-type was significantly different (using an unpaired t-test) from Arnc (* p <.0001)
and from urpsO (** p<0.0001). There was no significant difference in cell length between
wild-type and ArncArpsO (ns p=0.3935).
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Figure 6: RNA analysis of ArncArpsO (double) reveals a population of 70S ribosomes containing
predominantly mature 16S rRNA.

6.A) The sucrose gradient ribosome profiles of ArpsO and ArncArpsO (double) grown at
37°C and 25°C and measured at 254nm are shown. The sucrose gradient was fractionated
into four samples as denoted by peaks 1 to 4.

6.B(l) and 6.B (I1) Agarose gel electrophoresis images of modified 3’-5" RACE products
generated from different sucrose gradient fractions (as humbered in 6.A). Figure 6.B(I) and
6.B (1) are analyses from ArpsO and ArncArpsO, respectively. Processing intermediates are
shown in the schematic in Figure 3.C. The electrophoresis gel image is shown here with

235 rRNA

16S rRNA
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control bands for 16S rRNA, 17S rRNA, and 17S* rRNA. (a) and (b) denote the pre-16S
rRNA products (as shown in Figure 3.C), which are also identified by TOPO cloning and
sequencing (Materials and Methods).

6.C) Total RNA isolated from the peaks (6.A) were run on a denaturing agarose gel to
examine the rRNA content from all four fractionated peaks. 23S rRNA and 16S rRNA bands
are marked by controls in the first lane.
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Figure 7: A summary of rRNA analysis from single deletions of rpsO and rnc, and the double
deletion strain.

7.A) A wild-type strain contains a 70S peak representative of assembled 70S ribosomes with
30S subunits containing only mature 16S rRNA (yellow).

7.B) The deletion of rnc does not significantly impact processing. However, a precursor
longer than 17S rRNA (called 17S* rRNA,; orange) accumulates in free 30S subunits. The
17S* rRNA containing 30S subunits are not incorporated in the 70S fraction.

7.C) In the absence of rpsO, immature 16S rRNA, including 17S rRNA (red), 16S (a) and
16S (b) rRNA (brown) accumulates in both the free 30S subunits as well as 70S ribosomes.
30S subunits containing all immature rRNA can be detected in the assembled 70S peak.
7.D) When rncis deleted from a ArpsO strain, the double deletion strain exhibits a second
70S peak that contains predominantly mature 16S rRNA. Two striking features of the double
deletion strain are: 1) the presence of a longer 17S* rRNA as part of assembled 70S
ribosomes, and 2) the 17S* rRNA is not incorporated in both 70S peaks. One population of
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70S appears to contain mostly mature 16S rRNA. The two sub-populations of 70S particles
are indicated by dotted circles and labeled peak 3 and peak 4 (as shown in Figure 6).
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